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Introduction

Alexandre Alexakis, Norbert Krause, and Simon Woodward

Copper is a metal of choice in organometallic chemistry. It is also one of the first metals to be extensively used in organic synthesis. Early work in the 1960s focused on reactivity and chemoselectivity with stoichiometric organocopper and cuprate reagents. Over the years, it was realized that copper, as a transition metal, could also be used in catalytic amounts mainly associated with Grignard reagents.

The stereoselectivity aspect has also been addressed quite early, again with stoichiometric reagents. Logically, the next step was to apply these stereoselective processes to asymmetric synthesis, thanks initially to chiral auxiliaries. Excellent methodologies affording highly enantioenriched compounds emerged in the 1970s and 1980s. At the same time, purely enantioselective methods with chiral heterocuprates or ligands could not bring really viable solutions, with the notable exception of cyclopropanation. It has to be emphasized that most authors focused on the most popular reaction, that is, conjugate addition.

One of the problems in organocopper chemistry was the lack of mechanistic knowledge to better apprehend how a ligand could interact with the metal and the substrate. Considerable progress was made in the 1990s, particularly owing to new spectroscopic methods and density functional theory (DFT) calculations. Despite that, the design of chiral ligands remains essentially experimental.

Enantioselective and catalytic organocopper reactions really took off in the late 1990s. New ligands and new types of primary organometallics were introduced that allowed high ee's and high turnovers. Of course these turnovers do not match the levels of asymmetric hydrogenations, but they are quite good for C–C bond formation. Thus, asymmetric conjugate addition and allylic substitution afford, nowadays, excellent enantioselectivities (95–99%), both for tertiary and quaternary centers. Further, the range of substrates is becoming larger and larger, and the number of available chiral ligands is over 600, as disclosed in the last decade! With the development of new methodologies, there is a boom in the applications to synthesis of natural products, showing the increasing interest of the chemical synthetic community. A cursory search of the Scifinder database reveals that the field of enantioselective reactions promoted by copper has maintained remarkable growth in the period 1970–2012, with the number of publications doubling every 5–8 years (Figure 1).


Figure 1 Number of publications containing the keywords ‘enantioselective’ and ‘copper’ in the Scifinder database during the period 1970–2012.

[image: unfgy001]

The aim of this book is to capture the essence of this activity and introduce the reader to the variety of solutions for many reaction types involving copper catalysis. For the most popular reactions, conjugate addition and allylic substitution, a primary organometallic is needed. Therefore, a whole chapter is devoted to understand their subtleties and advantages and how they interact with copper salts. Asymmetric conjugate addition is a mature field and a chapter is devoted to the variety of substrates and experimental combinations. Multiunsaturated substrates, which were introduced more recently, add one more variable to the equation, that is, that of regioselectivity. Another chapter is devoted to allylic substitution, a truly fascinating reaction that differs considerably from reactions catalyzed by other transition metals (Pd, Ir, Mo, etc.). The extension of allylic substitution to other types of electrophiles, such as epoxides, is also described in a chapter dedicated to this. Another recent aspect is the use of noncarbon nucleophiles, such as B and Si, and a special chapter is devoted to this aspect. Reductions with intermediate copper hydrides have also been investigated with excellent results. Other chapters deal with less known reactions, such as the carbometallation, the additions to imines, and related systems. Special chapters are devoted to the older successful copper-catalyzed reactions, such as cyclopropanation and aziridination, and the use of copper(II) Lewis acids. In parallel to the synthetic aspects, mechanistic studies shed new light on the processes involved–two chapters concern these aspects. Finally, it should be recalled that all the new methodologies, asymmetric or not, catalytic or stoichiometric, show their true value when applied to total synthesis. This is why a whole chapter is devoted to synthetic applications.

We hope that this book will help the readers in finding their topic of interest and the best way to include this chemistry in their synthetic plans and applications.


Chapter 1

The Primary Organometallic in Copper-Catalyzed Reactions

Simon Woodward

1.1 Scope and Introduction

In this chapter, the term primary organometallic will mean both the terminal organometallic (RM) selected for a desired asymmetric transformation and those Cu-species that result once the RM is combined with a suitable copper precursor. A significant advantage in copper-promoted chemistry is the ability to access a very wide library of M[CuXRLn] species (M, main group metal; X, halide or pseudohalide; R, organofunction; L, neutral ligand) by simple variation of the admixed reaction components. Normally, the derived cuprate mixture is under rapid equilibrium such that if one species demonstrates a significant kinetic advantage, highly selective reactions can be realized. The corollary to this position is that deconvoluting the identity of such a single active species from the inevitable “soups” that result from practical preparative procedures can prove highly challenging. In this review, we concentrate on asymmetric catalytic systems developed in the last 10 years, but where necessary, look at evidence from simpler supporting achiral/racemic cuprates. Our aim is to try and present a general overview of bimetallic (chiral) cuprate structure and reactivity. However, given this extremely wide remit, the coverage herein is necessarily a selective subset from the personal perspective of the author. There are a number of past books of general use (either totally or in part) that provide good primers for this area [1]. Additionally, because of its relevance the reader is advised to also consult Chapter 12, which deals with mechanism.

1.2 Terminal Organometallics Sources Available

One partial representation of the totality of asymmetric processes promoted by copper and main group organometallic mixtures is given in Figure 1.11; where the height of the bar indicates published activity (n = number of papers, etc.) and the percentage in the black roundel is the fraction published in the last 5 years (2007–2012).


Figure 1.1 Approximate relative use (n) of group II–IV organometallics in copper-promoted asymmetric processes, and percentage increase of activity over 2007–mid 2012 (black roundels)1).

[image: c01fgy001]

The seven metals identified (Li, Mg, Zn, B, Al, Si, and Sn) form the basis of this overview. It should be noted that (i) the dominance of magnesium is due to numerous simple addition reactions where the resultant stereochemistry is controlled only by a chiral substrate; (ii) asymmetric reactions of the organometallics of the lower periods are still largely unreported; (iii) while all areas have developed, there has been especial interest in some metalloids in recent years (e.g., organoboron reactions); and (iv) the use of silicon organometallics is over reported in Figure 1.1 by the extensive use of silanes as reducing agents. The general properties of the organometallics used in asymmetric copper-promoted reactions are given in Table 1.1, compared with a generalized LCuR fragment. A common feature is their tendency to form strong bonds with oxygen, providing strong thermodynamic driving forces for additions to carbonyl-containing substrates. This tendency can be correlated to their relatively low electronegativities and high oxophilicities (“hardness” defined here as E(M − O)/E(M − S)]. The published Sn–O bond energy, derived from density functional theory (DFT) calculation, is probably somewhat underestimated in this respect. The reactivity of main group organometallics in Table 1.1 is reinforced by their weak M–C bonds. In fact, M–Me values are often upper limits – the bond energies of the higher homologs are frequently lower by 5–10 kcal mol−1 meaning that in mixed R1MMen the methyls can be used as a potential nontransferable groups. Similarly, significant increases in the reactivity of organoelement compounds across the series M(alkyl), M(aryl), and M(allyl) are observed. At least in the allyl case, this is correlated to the M–C bond strength, which is typically >10 kcal mol−1 lower than M–Me.

Table 1.1 Properties of main group organometallics used in asymmetric Cu-promoted processes in order of element electronegativity.a

[image: c01-tab-0001]
1.3 Coordination Motifs in Asymmetric Copper Chemistry

Copper-promoted asymmetric reactions frequently attain high enantioselectivity through reduction in substrate conformational mobility via two-point binding, as in the general copper(I) cuprates 1a,b or by η2-binding at chiral CuII complexes, generalized by 2 (Scheme 1.1). As copper(II) does not form organometallic species, and readily undergoes reduction to CuI in the presence of RM, we concentrate here mainly on the former (overviews of activation by 2 can be found through the work of Rovis and Evans [4]). One other common scenario is use of a chiral Lewis acid fragment linked to a simple heterocuprate via a bridging ligand 3.


Scheme 1.1 Generalized binding modes for Cu-promoted activation of prochiral substrates where MR is a main group organometallic, X is a halogen, D is a generalized two electron donor, and “bridge” is a generalized anionic ligand. Extension to analogous isoelectronic fragments (e.g., NR for O, etc.) is, of course, possible.

[image: c01scy001]

Clearly, in attaining enantioselective transition states for asymmetric reactions, the nature of the bridging ligand (typically a halide or pseudohalide) is at least as important as the identification of an effective chiral ligand (L*) in attaining effective docking of substrates in 1–3.

1.3.1 Classical Cuprate Structure and Accepted Modes of Reaction

1.3.1.1 Conjugate Addition

Owing to their initial discovery, an enormous degree of activity has focused on the structures and reactivity of the Gillman-type homocuprates (LiCuR2) and their heterocuprate analogs (LiRCuX, where X is the halide of pseudohalide [5]). In general, while these systems have provided underlying understanding of the basics of copper(I)/copper(III) organometallic chemistry they have not directly provided reagents that give highly selective catalytic asymmetric methodology. It is instructive to ask, “Why is this the case?” – a question that modern computational DFT understanding of the reaction course can cast light on. In classic conjugate addition, dimeric [LiCuMe2]2 reacts with cyclohexenone via transition state 4 [6], in which the enone-bound copper is formally at the +3 oxidation state (Scheme 1.2). One issue is that coordination of the d8 CuIII center with an additional neutral chiral ligand (e.g., a phosphine) has to compete with excess strong σ-ligands in the solution (e.g., Me−), and also from intramolecular donation from the enolate π-bond (which renders the Cu-center coordinatively saturated). Another issue is associated with the lability of any ([R–Cu–R]Li)n bridge. Although Li–O contacts in organocuprates are essentially covalent, an ionic formulation for 4 has been used here to emphasize the propensity of such units to exchange and associate. Such behavior is nicely demonstrated by the diffusion NMR studies of Gschwind [7], which measure the “size” of cuprates in solution allowing estimations of their identities. These studies show how easily cuprate-based bridges are readily displaced by tetrahydrofuran (THF) (leading to a catastrophic enone inactivation by loss of the Oenone···Li Lewis acid contact) or, alternatively, promotion of multiple species through aggregation of 4 in less polar solvents. This ease of displacement of homocuprate bridging groups by “lithium-liking” pseudohalides (e.g., alkoxide impurities in RLi or derived from halides in CuX precursors) sparked, even in the earliest days, ideas of avoiding such problems through heterocuprates LiRCuX* use (where X* provides a rigid ordered bridge promoting strong transfer of stereochemistry). The proposal of Dieter and Tokles 5 [8] (Scheme 1.2) is one such case. In fact, related species have been characterized in solution by NMR, of which 6 is a nice example [9].


Scheme 1.2 Transition state issues and heterocuprate solutions in early reagent-controlled asymmetric syntheses.

[image: c01scy002]

Chiral heterocuprates of types 5 and 6, and other species using alkoxide-based units, or related units controlling chirality through motif 3 (e.g., the sparteine-based reagents of Dieter [10]) have all provided rich structural chemistry [11] and effective asymmetric stoichiometric reagents for target synthesis [8, 10]. However, such chiral heterocuprate approaches have not transferred well to catalytic applications. Even the most effective system of van Koten [12] (Scheme 1.3) provides only a modest 76% eemax in the addition of MeMgI to benzylidene acetone. This is not due to a failure in chiral recognition by the cuprate derived from 7 but due to unavoidable transfer of the chiral thiolate donor to the terminal main group RM source, which is facilitated by the excess of MeMgI present in the catalytic system. This provides inactive magnesium chiral thiolates and highly debilitating racemic catalysis through small amounts of MgBr[CuMe2]. Davies et al. [13] has demonstrated an explicit case of the failure of a related “nontransferable” amido group in 8 as this undergoes rapid exchange on the NMR timescale leading, ultimately, to a mixture of homo and heterocuprates at 0 °C (Scheme 1.3).


Scheme 1.3 Exchange of hetero groups in chiral heterocuprates and effects on selectivity.

[image: c01scy003]

1.3.1.2 SN2′ Allylation Reactions

Despite early successes using chiral-leaving groups, before 1999 [14], CuL*-mediated asymmetric displacements of X (X = halide, OAc, OP(O)(OEt)2, etc.) from (E)-RCH=CHCH2X proved highly challenging. While it was clear that the selective transition state(s) were normally associated with anti γ-attack of the nucleophile on allyl electrophile, the structures were rather too reactive to be identified. Using DFT approaches, Nakamura has put forward the most useful picture of the reaction coordinate (Scheme 1.4) [15]. Oxidative addition of allyl acetate to Gilman's reagent defines the enantioface of the electrophile coordinated and through transition state 9 and delivers the symmetrical π-allyl complex 10. For clarity, the γ-carbon is emphasized (•). The symmetrical nature of 10-π and its ability to undergo classic π–σ interconversion indicates that, in substituted allylic systems, control of regiochemical issues is likely to be at least as great a challenge as inducing high levels of asymmetric selectivity. Support for these ideas comes from the interaction of theory and experiment. Replacing the CuMe2− fragment by MeCuCN− in the DFT modeled oxidative addition reveals two factors: (i) a slower oxidative addition, but (ii) high polarization of the Cu dxz-based highest occupied molecular orbital (HOMO) providing greater electron density trans to the CN group. This leads to more developed Cγ–Cu bond in transition state 11, which is retained in the resulting Me(CN)CuIII (allyl) intermediate (the analog of 10). Faster reductive elimination of this species is also predicted, minimizing π–σ interconversions. The predictions nicely account for the change of regioselectivity observed in the reactions of substrate 12 (Scheme 1.4).


Scheme 1.4 DFT modeling of SN2′ allylation regiochemistry (key bond lengths in angstrom next to Cγ–Cu).
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1.3.2 Motifs in Copper-Main Group Bimetallics and Substrate Binding

The ground-state structures of active copper reagents, especially those “loaded” with reaction substrates, are normally too labile to be isolated. While major progress has clearly been made through computational (DFT) approaches above, scanning crystallographic databases2 reveals a significant number of model compounds that provide insight into substrate binding. For example, a handful of CuOTf complexes indicate similar binding modes for alkenes, dienes, and alkynes (all Cu–C 2.05–2.22 Å with C=C ∼1.4 Å or C≡C ∼1.2 Å), phosphines (Cu–P 2.19–2.28 Å), and triflate (Cu–O 2.04–2.43 Å). Particularly, structures OFANAK [16] and HIZCIC [17] provide tantalizing hints that typical bridging ligands such as triflate and acetate will produce highly ordered bimetallic structures when presented with suitable RM (Scheme 1.5). For example, in addition to clearly showing the poorer binding of the trisubstituted alkene, stripping out the core of OFANAK provides a key CuOTf core well predisposed to bind enones and RM. Similarly, HIZCIC reveals the potentially tight and ordered structure that a bridging acetate can engender. For clarity, the C40H58N2O4 linker in HIZCIC is not shown. No structural data for carboxylate bridging between CuI and boron, aluminium, or silicon were found.


Scheme 1.5 Crystallographically characterized Cu(I) complexes as pointers to enone binding. Values next to bonds are interatomic distances in angstrom.

[image: c01scy005]

An additional range of X-ray structures are available providing insights into M-halide–Cu(I) motifs in nonisolable catalytic intermediates (M = Li, Mg, Zn, Si). These model compounds, together with selected inter Cu–X–M atomic distances are given in Scheme 1.6. In the case of Mg and Zn, only copper(II) models could be identified. By taking published average binding modes for the docking of carbonyl oxygen species with various main group metals [2] and a value of 2.15 Å for Cu–Calkene binding, then rough estimates of the optimal distance (d2) the bridging ligand which should separate the Cu···M pair by for an s-trans-enone 13 (such as cyclohexenone), are attained (table in Scheme 1.6).


Scheme 1.6 X-ray crystal structures of M–X–Cu model complexes (interatomic distances in angstrom) and their relationship to an idealized Cu···M bound s-trans-enone (d2 calculated from J mol models).
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As can be seen, for the table within Scheme 1.6, single halogen atom bridges typically place the key M···Cu bimetallic pair a little closer than the idealized binding mode. It can be surmised that the success of larger bridging groups (OAc, OTf, thiophene carboxylate, etc.) in asymmetric catalysis is due to their ability to increase the Cu/M separation into an optimal range.

In the sections that follow, we focus on information that is available in real-world copper-based asymmetric reagents focusing on evidence that points to the structure of the primary cuprate (or other) species involved. In looking for common features, the reactivity has been grouped by metal rather than by transformation. Again, a number of reviews, especially those concentrating on catalytic chemistry are pertinent [18].

1.4 Asymmetric Organolithium–Copper Reagents

Only very recently (2011) have organolithium reagents finally yielded to ligand-promoted asymmetric catalysis. Use of TaniaPhos LA with CuBr·SMe2 allows some utterly remarkable additions of alkyl organolithiums to (E)-cinnamyl bromides 14 (Scheme 1.7) with near perfect enantioselectivity [19]. This catalyst is able to promote the γ-selective allylation reaction with many desirable features: (i) ArBr exchange with nBuLi is avoided (run 3), (ii) alkyl substrates with poor steric profiles are tolerated (run 4), and (iii) even normal electrophiles for RLi (Boc groups and esters) are tolerated (run 6). The success of this chemistry is due to the reaction conditions – RLi is added slowly into a very nonpolar solvent mix at low temperature. Under these conditions, only compound 16 is formed and this is stable to excess RLi in solution. The use of nonpolar solvent is critical. Replacement of CH2Cl2 by Et2O results in the very fragile bimetallic 17 that readily expels the chiral ligand forming achiral LiCuMe2, a process that can be followed by 31P NMR spectroscopy. This decomposition pathway means that only low enantioselectivities are realized (28%) in Et2O. In CH2Cl2–hexane, the ee values realized for nBuLi addition to 14 are largely independent of the copper source used (CuBr·SMe2, CuCl, CuI, Cu(TC); TC, 2-thiophene carboxylate), suggesting that this is a rare example of direct reaction of a ligated organocopper reagent (17) without a ligand bridge (halide or alkyl) to Li-activated 14 (cf. Scheme 1.4). This idea is supported by the observation that similar excellent behavior is achieved for hindered iPr and sBu additions to 14 (X = Cl) using a simple phosphoramidite ligand. Clearly, mechanistic and calculative studies are needed to address this point (Scheme 1.7).


Scheme 1.7 Asymmetric SN2′ allylation with organolithium species.
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The same simple phosphoramidite LB has very recently allowed highly enantioselective desymmetrization reactions of exobicyclic alkenes (Scheme 1.8) [20]. However, in this case, no NMR studies were carried out on the primary organometallic, but clearly at least 1 equiv of Et2O is tolerated by the catalyst structure.


Scheme 1.8 Catalytic asymmetric desymmetrization of meso-bicyclic allylic epoxides.
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1.5 Asymmetric Grignard–Copper Reagents

While traditional magnesium cuprates “MgX[CuR2]·MgX2” are easily prepared by stoichiometric reaction of CuX with 2RMgX; extension to chiral heterocuprate versions of such chemistry have distinct limitations (see Section 1.1.1). The dramatic growth in this area in the last 10 years has come from utilization of chiral diphosphine-based copper(I) catalysts in nonpolar solvents, typically tBuOMe or CH2Cl2 [21], a concept whose genesis can be traced to the seminal use of monophosphines by Tomioka [22]. The primary organometallics involved in conjugate addition reactions have become unmasked through NMR studies. For example, the isolated Josiphos complex [CuBrLC]2 readily catalyzes the addition of a wide range of Grignard reagents to various α,β-unsaturated carbonyl compounds with good to excellent enantioselectivity (Scheme 1.9). Addition of excess MeMgBr to [CuBrLC]2 in CH2Cl2 led to formation of a major new species that was assigned structure 18 with a Cu–Me signal present at about δH −0.3, compared to the free MeMgBr at δH 1.64 [23]. The Cu:Me ratio in 18 was determined by integration of the methyl signal against the aryl region of the ligand. Traces of a second species were identified by 31P NMR but its nature could not be ascertained; however, 18 was entirely converted to this entity when it was exposed to air at −60 °C. Conversely, when [CuBrLC]2 was reacted with MeLi in CH2Cl2, only 19 was formed. The presence of MgBr2 in 18 was confirmed by its precipitation as its dioxane coordination polymer. In stoichiometric reactions with (E)-BuCH=CHCOMe, each of the three species behave differently: 18 gives mostly 1,4-addition in 92% ee; 19 only traces of 1,4 addition in 62% ee; and the unknown species (δP +13.6, −19.1) 1,4-addition in 90% ee. In general, each of the species 18 and 19 is rather fragile and small changes in the reaction conditions dramatically change their populations, as can be seen in Table 1.2.


Scheme 1.9 Primary organometallics in conjugate additions promoted by Josiphos LC.
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Table 1.2 Primary organometallics in asymmetric 1,4 RMgX additions at about −60 °C.



	Reaction conditions
	Major species present



	CuBr·SMe2 + LC + MeMgBra
	Mixture containing no 18



	[CuBrLC]2 + excess MeMgBr (CH2Cl2, Et2O, or toluene)
	18



	[CuBrLC]2 + excess MeMgCl (CH2Cl2)
	19



	[CuBrLC]2 + excess MeMgI (CH2Cl2)
	Exchanging mixtures



	[CuBrLC]2 + excess MeMgBr (THF)
	19



	[CuBrLC]2 + >2 equiv MeLi (CH2Cl2)
	LC + LiCuMe2




a Reaction solvent not defined.

The rate of conjugate addition of RMgBr to Michael acceptors does not completely correlate to the concentration of 18 (specifically, its higher ethyl homolog) and this points to the involvement of a second species (as in the uncharacterized δP +13.6/−19.1 entity of Scheme 1.9). The presence of two cuprates in these Grignard-based systems is supported by the chemistry of Loh [24] (Scheme 1.10). Unfortunately, further structural data was not extractable from the 31P NMR experiments – the signals in Loh's experiments are rather broad (such behavior is expected [25]) and no other nuclei were studied. On the basis of the (+)-ESI mass spectrum of the NMR sample, showing a cluster of isotopic peaks at around m/z 1445, the two species were assigned to ion-pairing isomers of the formula [Cu(LD)2][MgMeBrI]. However, this may be an artifact of the electrospray MS technique as such a latter complex is predicted to show m/z 1665 (C97H83BrCuIMgP4) and the applicability of ESI-MS to sampling labile Mg/Cu organometallic systems has not been widely demonstrated. In contrast to the species of Feringa (18 and 19), it is clear that the catalytically competent primary organometallic must contain at least two LD as the system shows a nonlinear product ee dependence when the ee of LD is varied.


Scheme 1.10 Primary organometallics in conjugate additions promoted by (+)-2,2′-bis(di-p-tolylphosphino)-1,1′-binaphthyl (Tol-BINAP) LD.
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What the fate of the chiral-ligated cuprates in Scheme 1.9 and Scheme 1.10 is, after addition of suitable Michael acceptors, is unclear – no new compounds are detected in solution, which just begins generating enolate product. By analogy with Scheme 1.1 and Scheme 1.2, the presence of π-bound enone substrates and a transient CuIII intermediate has been postulated. From a practical point of view, it is worth noting that equivalent additions of sp2 (vinyl/aryl) Grignard reagents to enones have proved much more challenging for asymmetric catalysis suggesting a greater lability. Systems using moderately polar 2-methyl-THF and ligand LE have proved the most effective (Scheme 1.11) but little is known about their intimate structure.


Scheme 1.11 1,4-Addition of sp2 Grignards promoted by LE.
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Similarly, while effective methods for catalytic asymmetric SN2′ allylation of RMgX reagents have recently become available [21], no attempts to reveal their exact primary structure through NMR has been successful thus far – again they appear highly labile. One clever approach to improving enantioselectivities is to build into the substrate a potential catalyst-directing group – an approach popularized by Breit and Schmidt [26]. However, using allylic dichloride 20 allows the product to retain a much more useful, and low mass, electrophilic site (Scheme 1.12) [27]. Coordination of one chloro group, either directly to Cu or via a magnesium bridge, orders the transition state derived from 21, simultaneously delivering high enantioselectivity and Z selectivity in 22. Falciola and Alexakis [28] have similarly proposed that a suitable (filled) ligand orbital stabilizes the CuIII transition state 24 in selective transformation to 25 using the (S,S,S) diastereomer of LF and other closely related ligands. The proposed interactions of Scheme 1.12 are closely akin to those discovered computationally in the cuprate 11 (Scheme 1.4).


Scheme 1.12 Proposed direct (n → d) or MgX-bridged contact control in asymmetric SN2′ allylation reactions.
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1.6 Asymmetric Organozinc–Copper Reagents

Although publications on asymmetric copper-catalyzed additions of organozinc reagents have become legion over the last 20 years, relatively few of these explicitly set out to probe the structure of the active copper reagent. Of the primary zinc organometallics, diorganozinc (ZnR2) reagents are by far the most useful; the highly sluggish reactivity of organozinc halides (RZnX) limits their asymmetric applications in copper chemistry despite the early success of “Knochel-type” reagents (RZnCuCNX) [29]. While RZnX can be turned into more reactive ZnR2 via Lewis acid-promoted Schlenk processes (Equation 1 and Equation 2, Scheme 1.13) [30] the presence of these additional promoters can cause problems – as in the formation of (±)-26 during attempted asymmetric additions of BnZnBr. Nevertheless, such approaches can be moderately successful, as in BuZnCl minimization/activation in SN2′ chemistry (Scheme 1.13) [31].


Scheme 1.13 Promoted zinc Schlenk equilibria processes as routes to diorganozincs.
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Information on the nature of the organocopper species formed after transmetallation with ZnR2 is not helped by the paucity of kinetic and NMR solution studies of such systems. In a seminal study, Noyori used ReactIR to obtain high quality kinetic data for ZnEt2 1,4-addition to enones promoted by very low levels of a 1 : 1 mix of PhSO2NHBn and CuX (X = OTf, CN) [32]. This kinetic order dependence in this system is [Cu+L]1[ZnEt2]1[enone]1 and the reaction was modeled by a rate law involving rapid preassociation of the components followed by rate-limiting conversion of an “activated complex” 27. Unfortunately, supporting NMR data for 27 could not be attained. The unknown CuR3Zn motif in 27 was assumed to be required to form a cuprate of sufficient reactivity for 1,4-insertion. Such analyses exclude any bridging ligand roles for triflate/cyanide – which could avoid the need for the unprecedented CuR3Zn “higher order” cuprate in 27. For example, structure 28 could equally be in accord with the kinetic data. In an asymmetric version of this chemistry (via modification of the sulfonamide ligand), Piarulli [33] determined the rate dependence of the components to be [Cu+L]1[ZnEt2]0[enone]1, implying rapid transmetallation in this system. For more typical chiral PY3 donors (phosphoramidites, phosphites), the exact composition of the organometallic resulting from mixtures of enone, ZnR2, CuX, and used in asymmetric 1,4-additions is also contentious. Accurate kinetic data for these systems is notoriously hard to attain and the only published study fits almost equally well first- and second-order analyses of [Cucat] and [ZnEt2] [5e, 34]. Direct NMR data of the “loaded” π-enone complexes is hard to attain owing to their high reactivity and the fast ligand exchange of CuI d10 centers. In the absence of direct evidence, proposals 29–31 have arisen (Scheme 1.14). Intermediate 29 has its origins in the original suggestion of Noyori that (fast) kinetic association of a second molecule of ZnR2 is necessary to provide a cuprate of sufficient reactivity. Complex 31 has some supporting evidence based on diffusion-ordered NMR spectroscopy (DOSY) studies of the precatalytic mixtures of CuBr and LG [35]. As the molecular volume of the complex is ligand dominated, the measured diffusion coefficients correlate to the number of ligands present. At 1 : 1 CuBr:LG ratios, (CuBrLG)3 of unknown structure is present. At greater relative ligand concentrations (typically the Cu:L is 1 : > 1.5 in many asymmetric reactions), the tetrahedral–trigonal dimer Cu2Br2(LG)3 is formed (cf. 31, Scheme 1.14) which is in equilibrium with other species via ligand association processes. The cleanest speciation was observed in CDCl3; in more typical conjugate addition solvents (toluene, THF), a more complex mixture of exchanging complexes was formed. However, these DOSY studies have not yet been extended to real catalytic mixtures containing organometallics.


Scheme 1.14 Mechanistic proposals for active cuprate structure in conjugate addition of ZnR2; L* is a generalized PY3 donor, of which LG is just one specific example.
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In the absence of direct experimental observation of enone π-complexes in this area, DFT computational studies have been carried out, which lend support to proposal 31. A computationally less expensive PBE1PBE hybrid functional approach allows rapid in silico screening of the accessibility of 29–31, among others, and this indicates that the latter is highly favored – much higher energy barriers to the formation of other species are encountered. In particular, computational attempts to attain the association of additional ZnMe2 (i.e., motif 29) failed – only facile dissociation of the zinc resulted. The reaction coordinate of the addition of ZnMe2 to acetal-protected 32 was studied in detail and a viable transition state for the insertion of Cu–Me into the π-complex 33 was detected, whose calculated energy barrier was close to the experimentally observed value (Scheme 1.15) [36]. Interestingly, a closely related geometry has been calculated recently for (admittedly Cu-free) addition of CH2(ZnCl)2 to acrolein [37]. In copper-catalyzed asymmetric 1,4-additions of ZnR2, most interest has focused on the screening of libraries of chiral ligands, of which huge ranges now exist [38]. However, owing to the bimetallic nature of the active catalyst, the nature of the bridging ligand may be at least as important to attaining high enantioselectivities, even though it is itself normally achiral. Evidence for this can be seen in the large range of ee values attained from the same chiral ligand as a function of CuX precursor in ZnEt2 additions in typical experimental optimizations [39]. Such effects become increasingly apparent when the potential bridging ligands are “built into” the fabric of the chiral ligand. Two instructive recent examples are the extended carboxylate in LH [40], which allows stereocontrolled 1,6-additions (affording 34); and LI, which allows enantiofacial reversal depending on the copper precursor used [41] (Scheme 1.16). While the structures of the key transition states in these reactions are not known, they clearly point to effects related to the structures of Scheme 1.5.


Scheme 1.15 A calculated π-complex in the 1,4-addition of ZnMe2 to dienone 32.
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Scheme 1.16 Internal bridging ligand outcomes in ligands LH and LI.
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Direct experimental information on primary transmetallation events in SN2′ allylic substitution is sparse – mechanistic speculation being the norm. Through a series of chiral ligand modifications, Hoveyda was able to argue that reactive intermediates 35a,b are responsible for the high enantioselectivity observed in γ-selective reaction of ZnEt2 of allylic phosphates with his dipeptide-based ligands (Scheme 1.17). It is the terminal amide that plays the important organizational role – changing R from H to CH2C(O)OtBu in the initial amino acid has only a minor effect. The requirement for pseudohalide-to-copper bridging is not so clear cut in N-heterocyclic carbene (NHC)-based catalysts, while this has been proposed for noncopper systems [42]. Direct stoichiometric reaction of 36a with enantiopure propargylic phosphates affords allenes with almost perfect chirality transfer to 37 [43]. Two points are of note: (i) racemization of the product allene 37 is minimal and (ii) in the published structures of isolated versions of such complexes, no indications of additional binding to the copper have been seen, the geometry being perfectly linear [44].


Scheme 1.17 Stereochemical observations in SN2′ allylations with peptidic and NHC-based ligands.
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1.7 Asymmetric Organoboron–Copper Reagents

The widespread commercial availability of the pinacol-based diboron reagent (pin)B–B(pin) (pin = pinacolato = OCMe2CMe2O) since about 2005, has fostered a meteoric rise in interest in asymmetric borylation due, in part, to the known utility of B–C bonds for further manipulation with retention of stereochemistry (e.g., oxidation and cross-coupling applications) [45]. The high strength of the B–O bond (Table 1.1) predicts that additions to carbonyls, Michael acceptors, and allylic electrophiles with oxy-leaving groups should all be favored, if electronegativity issues can be overcome in the transmetallation to copper (see Table 1.1). One successful strategy is the use of NHC ligands on copper, to obtain strongly stabilized Cu–B species, such as 38 (Scheme 1.18). These show remarkable stoichiometric transformations to stable (and, in many cases, crystallographically characterized) products, which, in many cases, can be rendered catalytic [46]. While this area is still in its infancy, asymmetric versions have been developed using chiral NHC ligands such as LJ that allows access to the equivalent Cu–B motifs (Scheme 1.18).


Scheme 1.18 Reactive entities in borylation reactions and associated catalytic processes.
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The requirement for additional solvolytic alcohols or Lewis acids to attain catalytic turnover is a common feature of these processes – most notably in the work of Yun (use of ROH) and Shibasaki (use of in situ LiX) [45]. Similar approaches have been demonstrated [47]. DFT calculations provide insights on the need for these additives by indicating that the borylation of α,β-unsaturated substrates proceeds via borocupration, rather than direct 1,4-addition, affording 39 as the kinetically favored product due to the high B–C bond strength (about 85 kcal mol−1) (Scheme 1.19) [48]. Conversion of the C-enolate 39 is rapid if Y = aryl, H but slow if Y = OR. Rapid protonolysis of 39 is given credence by the high deuterium incorporation observed in related experiments using MeOD [49] and by very recent studies demonstrating association of ROH with 39 by ESI-MS [50]. The Lewis acid promoters are thought to coordinate the carbonyl function of 39 activating it to transmetallation – but no theoretical study of this process has been made. The calculations of Scheme 1.19 were carried out with L = PMe3 and these have not been repeated with the typical chiral ligands (e.g., LC) used in asymmetric catalysis. While computationally more expensive, such an approach would be useful in identifying potential key stereo-defining substrate–catalyst interactions.


Scheme 1.19 Mechanistic pathways in borylation of α,β-unsaturated Michael acceptors.
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Applications of (pin)B–B(pin) to asymmetric SN2′ allylation are also attractive as these directly provide allylboranes – classic stalwarts of asymmetric synthesis. Again, chiral diphosphines and NHC complexes have proved the most attractive promoters and both of these also provide clues into the nature of the primary organometallics. Recently, unprecedented stereoconvergent transformations of both acyclic and cyclic allylic ethers have been demonstrated (Scheme 1.20) [51]. The stereoconvergence of these reactions to single enantiomers with very high ee values is hard to explain by classic copper(III) π-allyl chemistry (cf. Scheme 1.4) that is expected to lead to observation of some α-coupled products, which is not the case. In light of the observations of Scheme 1.19, one alternative explanation is cuproboration via 40 and 42 leading to a transient σ-copper alkyl that then expels (pin)BOR on attack of the external diboron species. Such a mechanism would lead the selectivity to arise only through complexation of one π-face of the alkene avoiding the need for a range of different diastereomeric transition states to act kinetically very similarly. Finally, it is interesting to speculate if the features of Scheme 1.20 will extend into SN2′ additions of ArB(OR)2 to allylic substrates for which good, nonasymmetric, precedents already exist [52].


Scheme 1.20 Stereoconvergent substrate-binding modes in SN2′ borylation reactions.
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1.8 Asymmetric Organoaluminium–Copper Reagents

Although alanes, AlR3, have become recognized as some of the most effective terminal organometallics for asymmetric conjugate addition and SN2′ allylation strategies [53], information on the intimate structure of the primary organocopper species involved in these reactions is distinctly sparse. They are popularly assumed to be “mechanistically analogous” to additions of the equivalent diorganozinc reagents, yet there are significant differences – wildly differing enantiofacial selectivities; under near identical conditions to their zinc counterparts, the observation that the CuI source [Cu(MeCN)4]BF4 (which contains no strong “bridging ligand”) is often effective points to the “zinc-like” analogy for Cu/Al systems being a poor one. Early low level PM3 studies on the rather too labile sulfide LK has suggested structures 43 and 44 for the major π-enone precursor and conjugate addition pathway (Scheme 1.21) [54] but this ligand is unrepresentative of most of the “modern” generation.


Scheme 1.21 PM3-derived primary organometallics in CuI/LJ-catalyzed conjugate addition to linear enones.
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Some definitively characterized Cu–R species have been prepared via organoaluminium reagents (Scheme 1.22). Significantly, air-sensitive 45 has been characterized both in solution and crystallographically [45a, 55] and these are of clear relevance to organoalane 1,4 and SN2′ reactions catalyzed by chiral NHC complexes. The B3LYP/6-31G(d) calculated bond dissociation energy (BDE) of the Cu–Me in 45 is ∼80 kcal mol−1. The high oxophilicity of AlR3 reagents can cause problems with ligand stability. For example, phosphoramidites coordinate AlMe3 in nonpolar toluene or CH2Cl2 leading to adducts of type 46 and rapid cleavage to 47 (Scheme 1.22) [56]. Related processes in NHC chemistry are known, as in the formation of 48, but this is slow (20 h) and less likely to compete in the presence of Cu(I) sources [42].


Scheme 1.22 AlMe3-promoted transmetallations; bond distances for 45 and 48 in angstrom.
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Finally, it is important to realize that, the role of bridging ligands in asymmetric cuprates, while recognized as important, is not very well understood. Thus, although simple examples of such motifs are well characterized – as in the crystal structures of XARDUR and XARFON (Scheme 1.23) extrapolation to predicted selective asymmetric intermediate, such as 49, is presently just mechanistic speculation and further computational and spectroscopic studies are sorely needed here.


Scheme 1.23 Bridging ligand roles; distances in angstrom.
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1.9 Asymmetric Silane and Stannane Copper-Promoted Reagents

Organosilane reagents engage in a wide range of copper-catalyzed transformations of enones, allylic(pseudo)halides, and carbonyl compounds via primary organometallics of the types: LCuR, LCuH, and LCuSiR3. While the majority of the asymmetric processes that have arisen use chiral phosphines to produce the desired induction, the intermediates in such reactions have proved too labile to allow study. Conversely, NHC species (although mostly achiral) allow insights into structure and reactivity. Scheme 1.24 shows crystallographically characterized examples derived from (NHC)CuX transmetallation with appropriate organosilanes [57]. Direct comparison of their Cu–Cα electron density via their 13C NMR spectra is unfortunately not possible as this was only provided for 52. The formation of the latter may be a good model for similar processes occurring in the catalytic enone reduction chemistry of Lipshutz and Krause [58] (Scheme 1.24). The presence of (n-octyl)SiF3 is vital for effective catalysis, but how this aids transmetallation is presently unknown. Similarly, 50 directly enters into catalytic 1,2-additions to aldehydes and is therefore clearly related to imine 1,2 allylation, of which formation of 53 is a nice example [59].


Scheme 1.24 Organocopper species via transmetallation from Y3Si-R and applications; 50 ex. (allyl)Si(OMe)3, 51 ex. TMSCF3, 52 ex. EtCCEt and HSiEt3. Distances in angstrom.
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Recent contributions have been made in understanding of asymmetric reductions of carbonyl compounds. These reactions are believed to involve initial formation of a chiral copper hydride that inserts into the C=O bond to deliver a product alkoxide that then undergoes transmetallation to close the catalytic cycle (Scheme 1.25). DFT modeling of this proposed pathway suggests that the rate determining step for the process is transmetallation of copper alkoxide intermediate. The absence of any nonlinear effect (NLE) in the product ee when scalemic mixtures of a chiral ligand are used point strongly to mononuclear catalysis. However, kinetic analysis of the reaction of acetophenone and Ph2SiH2, under CuCl/NaOtBu/1,1′-binaphthyl (BINAP) catalysis yields the component dependency: [ketone]1[silane]1[CuL]0.5. The half dependence in catalyst concentration is believed to indicate that the resting state of the catalyst is the copper dimer 54 [60]. Very recently an example (2011, structure INIRIH) of such a species has been characterized where the bridging hydrides were crystallographically located [61]. The cycle of Scheme 1.25 is also in accord with recent (2011) studies using C2-chiral NHC ligands [62]. Two further interesting facts are (i) the calculated energy barriers for the cleavage of the initial mononuclear alkoxide are unexpectedly high and (ii) that test stoichiometric reactions of LCuH species, in the absence of excess silane, fail. Kleeberg et al. [63] has explicitly characterized 55, which results from (NHC)Cu-SiMe2Ph addition to TolCHO. This undergoes slow cleavage with (pin)B-SiMe2Ph to give the equivalent silyl product.


Scheme 1.25 Copper hydride involvement in asymmetric ketone reduction; distances in angstrom.
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Until comparatively recently copper-catalyzed 1,4- and SN2′ additions of Cu-SiR3 have resisted attempts to render them efficient asymmetric processes. In essence the issue is that the generalized asymmetric copper(I) silyl 56 must compete against ligand free silyl cuprates or other main group silyl anions for addition to the substrate (Scheme 1.26) [18k]. The latter species are easily formed in even slightly “ionizing” reaction mixtures and their rates of addition are comparable (or even better!) than addition of most examples of 56. Successful solutions to this problem center around use of the reagents PhMe2Si-SiMe2Ph 57 and PhMe2Si-B(pin) 58 to afford clean transmetallation to 56 with the formation of only covalent (non promoting) by-products. A simple model for 56 is available in crystallographically characterized SAKRUR, which was attained from the reaction of CuCl, PMe3, and Ph3SiLi in early work [64]. Once the restrictions of Scheme 1.26 were realized, then ligand screening soon revealed a range of chiral phosphines and NHC ligands able to deliver good to excellent levels of enantioselectivity for conjugate 1,4-additions (for details see Ref. [18k]).


Scheme 1.26 Competition in transmetallation in asymmetric silylation; distances in angstrom.
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The situation is even more problematic in SN2′ allylation chemistry. While transmetallation to copper from a variety of “R3Si−” sources is facile, Oestreich has shown that facile σ–π–σ interconversion occurs in allylcopper species derived from Zn(SiPhMe2)2, containing LiCl, leading to rapid erosion of and induced stereochemistry [65]. While use of reagent 58 allows effective “ligand free” systems for silylation of (E)-cinnamyl chloride type allylic electrophiles, the use of BINAP or Josiphos ligated equivalents gave only low conversions to racemic products [66].

Well characterized species involved in cuprostannation remain essentially unreported, apart from the (IPr)CuSnPh3 complex of Sadighi which shows an almost linear CNHC–Cu–Sn motif with a Cu–Sn bond distance of 2.47 Å [67]. This species shows a strong tendency to react with EX electrophiles fashioning EPh and SnPh2. The relationship of such isolated complexes to tin-based enantioselective catalysis largely remains to be defined. For example, in the reaction of allylstannanes with 2-nitrosopyridine no transmetallation to copper(I) is proposed, the latter acting only as a Lewis acid [68].

1.10 Conclusions

Even within the short space of this overview, it is clearly seen that, while the intimate structures of the primary organometallics present in enantioselective cuprate reagents are becoming better defined, a very wide range of factors can perturb their constitutions. In particular, the simplest reaction parameter – the solvent, can have a profound effect in directing the chiral cuprate from simple ligated organocopper species to complex bridged structures containing a wide range of gegenion Lewis acids.3 Controlling such effects for effective asymmetric catalysis requires a mixture of “discovery” and “design” approaches [54].
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Chapter 2

Copper-Catalyzed Asymmetric Conjugate Addition

Alexandre Alexakis, Norbert Krause, and Simon Woodward

2.1 Introduction

The conjugate addition of a nucleophile to an acceptor-substituted alkene or alkyne belongs to the fundamental C–C and C–heteroatom bond forming processes in organic synthesis [1]. Named after the American chemist Arthur Michael (1853–1942) [2], it combines excellent reactivity with a high thermodynamic driving force as a π-bond is converted into two σ-bonds, and a highly stable metal salt is usually present in the coupled product. For the formation of a carbon–carbon bond by Michael addition, organocopper compounds are the nucleophiles of choice, used either as stoichiometric reagents (often cuprates) or preferably in catalytic amounts [3–5]. Most importantly, a stereogenic center is usually generated in the Michael addition to acceptor-substituted alkenes, a fact that renders the reaction of high interest for stereoselective organic synthesis. This fact had already been recognized in the early days of organocopper chemistry. Among different possible strategies (Scheme 2.1), diastereoselective additions of simple achiral alkyl- or arylcopper reagents to chiral Michael acceptors have been firmly established [6] and employed frequently in target-oriented synthesis, for example, by taking advantage of Oppolzer's bornane sultams as chiral auxiliaries [7]. Obviously, extra steps are necessary to cleave and recover the covalently bound auxiliary. Nevertheless, this was state of the art in the 1980s.


Scheme 2.1 Three potential strategies for asymmetric Michael reactions.
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For performing enantioselective 1,4-additions with prochiral Michael acceptors, chiral organocopper reagents have to be used. It has been known for a long time that mixed heterocuprates of the general formula R(L)CuLi bearing a covalently bound alkoxy, amino, or sulfur ligand selectively transfer the carbon group R to the substrate, whereas the “dummy ligand” L remains at copper. Thus, by rendering this ligand chiral, so-called chiral cuprates R(L*)CuLi are formed wherein naturally occurring alcohols or amines (e.g., ephedrine and proline derivatives) control the stereochemical course of the transfer of the group R to the Michael acceptor [6]. Although this approach has finally proven to be successful in terms of high enantioselectivities, stoichiometric amounts of the copper metal salt and chiral ligand are required, which usually cannot be recovered. Another drawback is high substrate specificity; that is, a certain chirally modified reagent often gives high stereoselectivities with only one or very few Michael acceptors. Finally, in solution, organocopper compounds show dynamic behavior with equilibria between several species. If this leads to the formation of achiral, but more reactive cuprates, a loss of enantioselectivity is unavoidable. A representative example for the use of chiral cuprates in enantioselective Michael additions, which was studied extensively in the 1990s, is shown in Scheme 2.2 [8].


Scheme 2.2 Early use of a ‘chiral cuprate’.
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In order to approach the “holy grail” of enantioselective Michael addition, that is, the use of catalytic amounts of both the copper salt and the chiral ligand, the concept of ligand-accelerated catalysis has to be applied [9]. Thus, in a catalytic system characterized by dynamic ligand-exchange processes, the presence of a suitable ligand can lead to the formation of a highly reactive and selective catalyst by self-assembly. If a chiral ligand is used, a stereoselective reaction may be favored over a nonselective one. The proof of principle was reported by Alexakis in 1993 [10], showing that it is indeed possible to perform copper-catalyzed enantioselective Michael additions using neutral phosphorus ligands (Scheme 2.3). The key to success was the use of organozinc reagents as the bulk nucleophile instead of the more reactive Grignard reagents; the latter provided inferior selectivities caused by the presence of achiral copper species.


Scheme 2.3 First use of diorganozinc reagents in catalytic asymmetric conjugate addition (ACA).
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Numerous research groups all over the world have picked up this principle and have developed the copper-catalyzed enantioselective Michael addition into one of the most thoroughly examined and universally applied synthetic methods in organic chemistry [11]. Key findings in the last decade were the development of phosphoramidites into a class of chiral ligands that afford excellent enantioselectivities with almost any type of Michael acceptor, the extension of the method to Grignard reagents that are much more versatile and readily available than organozinc compounds, and the application of the method to the highly enantioselective formation of quaternary stereogenic centers.

2.2 Conjugate Addition

2.2.1 The Nucleophile

Lithium cuprates (Gilman reagents) have traditionally been used for conjugate addition [12]. Cuprates could also be prepared from other organometallic reagents (Mg, Zn, Al, Ti, Hg, Zr, etc.) [13]. In a catalytic process, the usual primary organometallic reagent, since the pioneering work of Kharash and Tawney [14], has been a Grignard reagent [15]. Early work on asymmetric conjugate addition (ACA) has focused on these primary organometallics, however, with limited success [6a]. In fact, it was the introduction of dialkylzinc reagents in 1993 that allowed the start of efficient and highly enantioselective ACA [10]. Later, triorganoaluminium reagents were also successful [16]; and finally, after a decade, new experimental conditions allowed Grignard reagents to become very efficient [17]. The family of primary organometallics is still expanding, with recent examples based on organozirconium [18], organoboron [19], or organosilicon reagents [20]. A special separate chapter is devoted for these reagents (Chapter 1).

The choice of primary organometallics is intimately dependent on the copper source, on the solvent, and on the choice of chiral ligand.

The main advantage of dialkylzinc use is their low reactivity. This brings another advantage, that is, high functional group compatibility [21]. Such functionalized zinc reagents have been successfully used in ACA, without interference of the functional group on the enantioselectivity [22]. However, this advantage comes with a drawback: the low reactivity does not allow ACA reactions to be conducted on poorly reactive substrates, such as ethylenic esters or trisubstituted ethylenic ketones. Although new ligands such as N-heterocyclic carbenes (NHCs) have been found to increase the reaction rate [23], the reactivity of Me2Zn, the most interesting for synthetic purposes, is still limited [24]. Among the chiral ligands, phosphoramidites and phosphites remain the most popular, whereas phosphines are not recommended for use with ZnR2 reagents.

Thus, Et2Zn remains the most common representative of this class of organometallics as the lowest cost member of the commercially available dialkylzinc reagents: only Me2Zn, Et2Zn, n-Bu2Zn, i-Pr2Zn, and ZnPh2 are also available. Attempts have been made to circumvent this problem by preparing diorganozinc reagents by transmetallation from organolithium [24] or Grignard reagents [25]. The resulting Li or Mg salts need however to be removed, either by filtration or centrifugation. This also points to the solvent: dialkylzincs are always used in less polar solvents such as toluene, CH2Cl2, or Et2O, which can facilitate removal of salt by-products.

Triorganoaluminium reagents are more reactive than diorganozincs. They are the only organometallic that can be used in a tetrahydrofuran (THF) solvent. The commercial availability is also quite limited: Me3Al, Et3Al, n-Pr3Al, n-Bu3Al, i-Bu3Al, n-Hex3Al, n-Oct3Al. However, alkenyl aluminiums are easily prepared by hydroalumination of alkynes (Scheme 2.4), and therefore this class of organometallics is the only readily available source for the transfer of this type of organic group [26]. The enhanced reactivity of triorganoaluminium reagents stems from the higher Lewis acidity of Al (vs Zn), allowing ACA reactions on more challenging substrates, such as trisubstituted enones. Even Me3Al is highly reactive, making it the reagent of choice for the transfer of this group. It should be pointed out that Me3Al is also the cheapest Me-organometallic, owing to its industrial use in Ziegler–Natta polymerizations.


Scheme 2.4 Hydroalumination is a potent source of vinyl nucleophiles for ACA reactions.

[image: c02scy004]

Grignard reagents are the most reactive of the common terminal organometallics. They also have the big advantage of being commercially available with a variety of R groups. Alternatively, they are very easy to prepare, even on large scale. Care should be taken with regard to the solvent: only Grignard reagents in Et2O are compatible, as THF does not allow good enantioselectivity in the ACA process, even in small amounts. Most ACA reactions with Grignard reagents are done in less polar solvents, such as Et2O, methyl tert-butyl ether (MTBE), Me-THF, or Et2O–CH2Cl2 mixtures.

The main drawback of Grignard reagents also stems from their intrinsic reactivity. If the conjugate addition is not a fast enough process, direct attack on the carbonyl group can become the dominant process. The chiral ligand employed for 1,4-addition of Grignards is usually different than for other organometallics: diphosphines (1,1′-binaphthyl (BINAP) or ferrocene families) are preferred rather than phosphoramidites. More recently, NHCs have also been shown to be highly efficient.

2.2.2 The Copper Salt

The nature of the copper salt is of crucial importance both for the reactivity and the enantioselectivity. Selecting an optimal Cu-precursor is intimately associated with the type of primary organometallic reagent and the chiral ligand used.

Copper halides (CuI, CuBr, or CuCl) are not suited with diorganozinc reagents, particularly when phosphoramidite ligands are involved [27]. Most often, Cu(OTf)2 or CuOTf·0.5C6H6 is used. Other Cu carboxylates are also extensively employed, particularly copper thiophene carboxylate (CuTC) [28]. The alkyl carboxylate, copper(II) naphthenate (CuNp), is a very convenient soluble copper salt of very low cost. When chiral NHCs are used, Cu(OTf)2 or CuOTf·0.5C6H6 are normally the preferred salts, unless the Cu–NHC complex is directly used. Alternatively, the NHC can also be introduced as its silver complex, with subsequent transmetallation to copper, often using CuOTf2 happening in situ.

The behavior of triorganoaluminium reagents is rather similar to that of R2Zn. Again, CuTC and CuNp are the most often used copper precursors. In THF solvent, [Cu(CH3CN)4]BF4 is a convenient salt, providing better 1,4-selectivity [16, 29].

With Grignard reagents, the situation is rather different. Copper halides (CuI, CuBr, or CuBr·Me2S) have mainly been used, along with diphosphine ligands (BINAP or ferrocene families) [11j]. With NHC as chiral ligands, the best precursor Cu salt is, by far, Cu(OTf)2 [30].

2.2.3 The Ligand

The chiral ligand is not only essential for the enantioselectivity, but it also has a dramatic accelerating effect on the rate of reaction [9]. This is a very important point as it minimizes the possible background achiral reaction. Although most early ligands are based on phosphorus, the general trend nowadays is to go to NHC ligands as they offer the highest potential for strong ligand-accelerated catalysis.

The first efficient ligands, with dialkylzinc reagents, were of phosphite [31] or phosphoramidite type [22a, 32]. Most rely on a chiral C2 symmetric diol (tartrate or α,α,α,α-tetraaryl-1,3-dioxolane-4,5-dimethanol (TADDOL), for example) or phenol (binaphthol, bisphenols) and a chiral alcohol or amine (Scheme 2.5). This brings two diastereomeric species, of which one is a matched combination and the other a mismatched one [33]. Most often, the chirality of the diol part normally imposes the absolute stereochemistry, but not always.


Scheme 2.5 Modular chiral phosphites and related ligands.
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Phosphine ligands (such as BINAP or ferrocene-type) were not among the best with dialkylzinc reagents. Exceptions include ACA reactions on α,β-ethylenic aldehydes [34] or on nitroalkenes [35]. However, other phosphorus-based ligands have been used, such as the following (Scheme 2.6) [22b, 36].


Scheme 2.6 Chiral phosphine ligands of utility with ZnR2 reagents.
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Besides phosphorus-based ligands, a few other ligands have shown to have good-to-high efficiency. Some examples rely on chiral thiols, imines, and bis(oxazolines) (Scheme 2.7) [16, 37].


Scheme 2.7 Less common ligands in asymetric conjugate addition (ACA).
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With triorganoaluminium reagents, essentially the same type of ligands are recommended. However, it was noticed that Me3Al could react with phosphoramidites by cleavage of the P–O bonds (Scheme 2.8) [38]. This is the reason why aminophosphine ligands were introduced [39]. It turns out that their efficiency is as good, or even better, than that of phosphoramidites [40].


Scheme 2.8 Instability of phosphoamidites to Me3Al compared to stable aminophosphines.
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Again, in some cases, such as keto esters [41] and nitroenynes [35b], diphosphine ligands appear to be a better choice, although the reasons for this are not well understood.

Historically, many different chiral ligands were tested with Grignard reagents in the earliest developments of the ACA reaction, all with limited success. A breakthrough came in 2004 when it was shown that ferrocene-type diphosphines could act as very efficient ligands with this type of organometallics, provided less-coordinating solvents were used [17]. Many cyclic and acyclic enones gave high ee values. Of particular interest was the reaction with α,β-unsaturated esters [42] and thioesters [43], with (+)-2,2′-bis(di-p-tolylphosphino)-1,1′-binaphthyl (Tol-BINAP) or ferrocene-type ligands (Scheme 2.9).


Scheme 2.9 Chiral ligands for asymmetric conjugate additions of Grignard reagents.
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Another class of ligands that attracted interest with Grignard reagents was that of the NHCs [44]. Indeed, it was found that this combination was the best for ACA reactions to trisubstituted enones [30], giving rise to all-carbon quaternary centers. However, these new ligands are not restricted to Grignard reagents. They have been very successful also with diorganozinc [24, 45] and triorganoaluminium reagents [46]. Some representative examples are shown in Scheme 2.10.


Scheme 2.10 NHC ligands for asymmetric conjugate addition reactions.
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The intrinsic basicity of Grignard reagents allows the direct use of the imidazolium precursor to NHC, whereas diorganozinc and triorganoaluminium reagents usually require the preformed silver or copper carbene complex.

2.2.4 Scope of Michael Acceptors

Typically, the experimentalist considering asymmetric 1,4-copper chemistry faces the question, “Does a viable method exist for my substrate?” Scheme 2.11 attempts to provide a guideline to this question showing substrate “state of play” for conjugate additions up to mid-2013. The area of the gray circle is proportional to the approximate number of enantioselective additions known for that substrate in the Scifinder database. Several factors are immediately obvious: (i) simple and linear and cyclic enones represent mature methodology for which many possible solutions already exist – for example, more than 4000 catalytic asymmetric additions to cyclohexenone alone have been reported. (ii) The availability of viable asymmetric methodology closely parallels the known [1] Michael acceptor ability of the substrates. For example, simple mono α,β-unsaturated esters are much more challenging, especially for less reactive nucleophiles, such as organozinc reagents. (iii) Despite explosive activity in this area in the last 10 years, some substrate types are surprisingly underrepresented (for example, seven-ring lactones/lactams) while others, that might have been imagined to be highly challenging (e.g., enals) have already been (at least partially) overcome. An encyclopedic overview of substrate types in Scheme 2.11 is given in Section 2.2.4.1, Section 2.2.4.2, Section 2.2.4.3, Section 2.2.4.4, and Section 2.2.4.5; by necessity, the coverage is selective with a focus on asymmetric catalysis and recent work (rather than on the use of diastereoselectivity and chiral auxiliaries).


Scheme 2.11 Common copper-promoted asymmetric 1,4-conjugate additions as a function of substrate type. The gray circle areas are directly proportional to the number of known catalytic stereoselective reactions for that substrate, P = H or a suitable protecting group, Q = O or NP, and so on.
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In the searches leading to Scheme 2.11, the enone bond was restricted to an unsubstituted CH=CHR unit (to allow a direct comparison), but of course, asymmetric 1,4-additions are not limited to this motif. The presence of a α-methyl group, as in 1 (Scheme 2.12) is often tolerated but larger steric profiles in this area of the substrate typically cause problems. Similar steric factors dramatically lower the reactivity of β,β-disubstituted Michael acceptors, but this is considered in Section 2.2.5. Conversely, the presence of additional electron-withdrawing groups (EWGs) dramatically increases the propensity for 1,4-addition and an extensive chemistry of alkylidene malonates 2 (EWG = CO2R) and related derivatives such as Meldrum's acid 3 has built up (see Section 2.2.4.3). Finally, nontypical acceptors such as pyridinium salts 4 and others (pyridines, sulfones) are also known (considered in Section 2.2.4.5).


Scheme 2.12 Additional substrate types in copper-promoted 1,4-addition.
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2.2.4.1 Enones

Typical enones encountered in asymmetric 1,4-addition are shown in Table 2.1, which also summarizes their known scope, advantages, and issues/limitations. These are specifically exemplified below. Often heteroatom substitution of CH2 groups α or β to the C=C are tolerated as are the use of dienone motifs.

Table 2.1 Enones used in asymmetric 1,4-additions.

[image: c02-tab-0001]

Stereoselective addition of ZnEt2 and AlEt3 to 2-cyclohexenone or chalcone is a mature field [11c]. Further investigation is unwarranted as catalysts (<5 mol%) that can deliver 95–98% or higher ee are now common place (e.g., cyclohexenone [47]; chalcone [48] among others). More interesting is the overall substrate diversity shown by the “privileged” phosphoramidate catalyst family shown in Scheme 2.13. The presence of CY2 unit at the 4-position of six-ring acceptors is commonly associated with highly enantioselective systems (e.g., 5). Similarly, it seems that the ortho/meta region of the =CHAr group of chalcones is close to the ligand's sphere of influence. For example, strong ee dependence of product 6 on the meta substituent: 3-Br (>99.5% ee) versus 3-NO2 (88% ee) [41]. Similarly, the enantioselectivity in 7, fell from about 90% (chalcone) to 77% ee on introduction of a 2-Cl unit, and further still (34%) when Zni-Pr2 was used [49]. Conversely, the same 2-Cl unit was critical to attaining high ee values in simple chalcone analogs (admittedly with a different ligand) [50]. Only substituents bearing lone pairs show these effects, suggesting that coordination (as opposed to steric) factors operate. In ZnR2–phosphoramidite catalysis, it has been normal to use (E)-enones in acyclic cases. It is expected that use of their (Z)-isomers would lead to enantiomeric products when using the same stereoisomer of the ligand. However, the situation is complicated by poorer recognition of the (Z) motif by most catalysts and in situ isomerization [51]. Enantiofacial selection is routinely affected by aggregation triggered by bridging ligands [52] or solvent choice [53] in M[CuXRL*n] catalysis. Such factors, in part, explain the paucity of kinetic resolution protocols – the work of Tomioka being a notable exception [54] (Scheme 2.14). While a range of five-substituents (trimethyl silane (TMSN3), Me, and aryl) is viable, the performance of the six-substituted cases was more problematic. While this could be improved by use of Zni-Pr2, a more effective strategy was to alkylate the kinetic by-product, providing 8 in high ee and ∼9 : 1 dr.


Scheme 2.13 Substrate diversity for modular phosphoramidate copper(I) catalysis with ZnR2 and AlR3 (R = Me, Et). For specific ligands, see [41, 49, 50, 55–62].
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Scheme 2.14 Kinetic resolution strategies for five- and six-substituted cyclohexenones.
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For simple enones, other contemporary challeges include: (i) attaining widespread functional group tolerance (FGT) in the enone; (ii) overcoming poor yields associated with additions to cyclopentenone (and other reactive enolates that oligomerize their starting enones) [63]; (iii) substrates of type 1 with large R3 units causing poor catalyst binding or favoring carbonyl attack [64]; and (iv) increased FGT and/or diversity in the organometallic nucleophile. For the latter, use of diphosphine systems with widely available Grignard reagents (Scheme 2.15) offer attractive alternatives to the approaches of Section 2.2.1. Limitations exist – FGT issues and, additionally, α-branching in the Grignard and/or enone substituents can significantly lower ee values. The high reactivity of the derived magnesium enolates is a significant recompense, for example, as demonstrated by the formation of 9 through intramolecular closure of 10 [65].


Scheme 2.15 Diphosphine copper(I) catalysis with RMgX. For specific ligands, see [17, 65–68].
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Small ring-saturated heterocycles are present in many targets of biological interest and this has sparked interest in heteroatom analogs of five- to seven-ring enones. Recent developments in this area are summarized in Scheme 2.16.


Scheme 2.16 Catalysts for small ring heterocycles. For specific conditions, see [69–72].
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The ease of access to i-Bu2Al(CR1=CHR2) units via hydroalumination offers great flexibility in this area, as indicated by the rapid assembly of the Lasubine-type core 11 in 95% ee [70]. This should be compared with the normal restrictive choice of commercial diorganozinc nucleophiles. Additionally, the success of the endocyclics in Scheme 2.16 should be compared to the much less developed exocyclic heteroatom chemistry – for example, for 12, specialist conditions were required [72].

2.2.4.2 Enals

Prior to 2005, enals were underutilized substrates because of fears over 1,2-addition being dominant. However, the “flip side” of this position (if highly enantioselective conjugate addition is realized, the β-substituted aldehydic products are of high utility) has driven development of the field. Crudely, three strategies exist (Scheme 2.17): (A) Using lower reactivity ZnR2 and efficient catalysts gives synthetically useful selectivities. The ee values prove somewhat unpredictable – R1 = i-Pr gave 60% ee but cyclohexyl 90%, while the chemoselectivity is good to excellent [34]. Using a Tol-BINAP/Cu(TC) system for AlkMgBr addition to crotonaldehyde gave a more uniform stereoselectivity (∼85% ee) but with much poorer chemoselectivity. (B) Preconversion of the CHO group can be used to moderate its electrophilicity – most simply by imine 13 formation; the lowest ee was associated with addition of Zni-Pr2 [73]. A clever related strategy is one-pot formation of α-haloacetates 14. It is not known whether these are configurationally stable under the reaction conditions, but fast racemization seems likely. Copper-catalyzed SN2′ addition of RMgBr, followed by base-promoted hydrolysis of the resultant enolacetate led indirectly to the aldehyde. Branched Grignards and MeMgBr were not so tolerated in this reaction, giving low ee products (∼50% and 70% ee respectively) [74].


Scheme 2.17 Three strategies for direct use of enals. For specific conditions, see [34, 73–75].
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Strategy C involves formation of the organocatalytic intermediate 15 (which could be detected by ESMS) using Jørgensen's catalyst (25 mol%) [75]. This is intercepted by a simple Ph3PCuR cuprate with remarkable selectivity. However, it remains to be seen if this synergistic approach to catalysis can find general application. A more robust approach is subsequent use of “route A aldehydes” as simple organocatalytic substrates [76].

2.2.4.3 Nitroalkenes

Strongly polarized nitroolefins constitute some of the most popular substrates for ACA and the types employed are shown in Scheme 2.18 – (E)-nitrostyrenes and acrylates have been by far the most investigated.


Scheme 2.18 Substrate diversity for additions to nitroalkenes. For specific cases, see [35b, 40, 47b, 77–82].
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Electron-releasing (deactivating) substituents in p-YAr nitrostyrenes have limited or no negative effect on the ee for ZnEt2 addition with the most selective ligands [47b, 77, 78] but are a sterner test for underperforming systems. Similarly, o-YAr nitrostyrenes often fall victim to steric effects [83]. Finally, there have been issues noted in underperformance for alternative ZnR2 reagents (R = i-Pr, Ph) compared to diethylzinc [84]. Transformations of highly reactive nitroacrylates (R1 = CO2R) can be carried out at low catalyst loadings [85] (down to <1 mol%) and the resultant nitronate anions are easily intercepted to provide Mannich-type products, such as 16 [80], or their acyclic analogs [86]. Generally, the most successful ligands have been atropos/tropos phosphoramidites, such as 17 [47b] and 18 [40]. However, it is worth noting that additions to nitroalkenes are often more sensitive to minor ligand/reaction modifications than the comparable equivalent enone additions. Besides (E)-nitroalkenes, only limited substrate motifs have been investigated thus far; this is due, in part, to the issues of synthesizing geometrically pure di- and trisubstituted precursors. Compound 19 [40] and additions to β,β-disubstituted cases are rare examples [87].

2.2.4.4 α,β-Unsaturated Amide and Ester Derivatives

From the outset, carboxylate derivatives have played a defining role in ACA. An early example is Sakai's highly diastereoselective reaction 20 [88], and recently Olivo's similar use of thio-oxazolidinone auxiliaries, as in 21 (Scheme 2.19) [89].


Scheme 2.19 Auxiliary-controlled addition to esters and amides.
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An unpleasant truth is that less reactive organometallics (ZnR2, AlR3, etc.) normally provide cuprates of insufficient reactivity for direct 1,4-addition to simple α,β-unsaturated esters and amides RCH=CHC(O)YR (Y = O, NR). Three alternative strategies to overcome this difficulty have been deployed – all “borrowing” concepts from the stoichiometric auxiliary chemistry: (i) use of a removable surrogate/auxiliary in the substrate in which post 1,4-addition is removed to reveal the acid; (ii) use of substrates containing additional EWGs/activating groups; and (iii) employment of highly reactive RCuIL* systems (via extreme ligand acceleration or nucleophilic RMgX use). These approaches are considered sequentially below.


i. Removable surrogates/auxiliaries. Reactivity issues can be “side-stepped” by use of a surrogate enone as in 22 where hydrolysis of the ketol, post 1,4-addition, reveals the carboxylic acids (Scheme 2.20) [90]. Approaches based on the “oxazolidinone auxiliary-like” substrates 23 are also highly effective allowing addition of a range of diorganozinc species – again due to presumed additional coordination. Use of phosphoramidites is preferred owing to the complexity of the Hoveyda peptidic ligand and the nonavailability of its enantiomer. Pineschi and Feringa, nicely used the protecting group of α,β-unsaturated lactam 24 in a similar manner. Substrates of type 23 additionally demonstrate a large range of Cu(II)L*-triggered reactions with stabilized nucleophiles (silyl enol ethers in particular, cf. “Evans chemistry”). As these reactions do not involve Cu–R bonds they are beyond the scope of this section; however, some details may be found in Chapters 11 and 12. While Cu(I)(diphosphine) catalysis has reached a sublime level of utility (see Section (iii) below), there remain some problematic situations where surrogate and auxiliaries can be useful. For example, the strong Me–Mg bond of MeMgBr lowers catalyst reactivity in Josiphos-based catalysts – this activity can be recovered through the (presumed) increased copper coordinating ability of thioesters. The resulting enolates may be used in selective aldol reactions. Finally, asymmetric 1,4-addition of copper allyl systems is rather underreported but some progress could be attained with a combined Duphos-auxiliary approach.

ii. Additional activating groups. C=C-Acceptor functionalization with further EWGs is a “balancing act” – too much activation can result in overly facile background (noncatalytic) reactions that erode stereoinduction derived from L*CuR. For example, while highly enantioselective additions to activated coumarins 27 and 28 were realized increasing the reactivity of the nucleophiles, just slightly, to vinyl alanes led to racemic products 29 (Scheme 2.21). Malonates, providing 30, also frequently suffer from such problems. The situation can sometimes be improved by use of Meldrum's acid derivatives (3) – but here stereoinductions are best described as variable.

iii. Ligand acceleration and nucleophile promotion. While α,β-unsaturated esters are undoubtedly worse Michael acceptors than enones, simple five- and six-ring lactones are sufficiently reactive to engage with AlR3/ZnR2 additions – provided sufficient ligand-accelerated catalysis is provided by L*CuR. Optimal systems include Chan's diphosphites [96], Hoveyda's peptidic phosphines [71], and Mauduit's carbenes [45, 97] when using less reactive terminal organometallics (Scheme 2.22). Similarly, using high reactivity Grignards is possible with a range of mono and, particularly, bidentate phosphorus ligands (Scheme 2.22). In fact, CuX (X = Br, I) in conjunction with either Tol-BINAP or Josiphos-type ligands have become about as close as one can get to a generic system for asymmetric addition of RMgX to acyclic ester species. The range of transformations carried out by these simple systems in recent years is really quite remarkable (Scheme 2.23). Loh's Tol-BINAP/CuI system is perhaps the most useful [98] as it alone provides excellent enantioselectivities for the addition of MeMgBr to simple α,β-unsaturated methyl esters and is tolerant of the E/Z bond geometries (which cleanly give opposite enantiomeric products).




Scheme 2.20 Removable surrogate/auxiliary approaches to 1,4-additions to α,β-unsaturated acid derivatives. For specific cases, see [90–95].
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Scheme 2.21 C=C-Activation approaches to 1,4-additions to Michael acceptors. For specific cases, see [99–104].
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Scheme 2.22 Preferred systems for asymmetric 1,4-additions to simple lactones. For specific cases, see [17, 45, 66, 71, 96, 97, 105].
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Scheme 2.23 Diphosphine systems for asymmetric 1,4-additions of RMgX to acyclic α,β-unsaturated esters. For specific cases, see [42b, 65, 94, 98, 106–108].
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One deficiency of Tol-BINAP/CuI is that proximal heteroatoms can cause ee reductions (as in 32), presumably by competing coordination. This can be overcome by use of silyl protecting groups. For example, this overrides the intrinsic (diastereo) selectivity in the substrate leading 33.

2.2.4.5 Other Michael Acceptors

As can be seen from Scheme 2.11, even in 2013, the region of chemical space explored for copper-catalyzed ACA is still relatively small despite the huge progress of the last decade. Numerous opportunities exist for other “niche” substrates and some of these are shown in Scheme 2.24. In ZnR2 addition to unsaturated sulfones (providing 34), the use of a SO2py unit is vital for turnover, but R1 can have minimal steric profile (e.g., gives 93% ee for ZnEt2 addition). Use of Zn(OMe)2 + RMgCl also allows the addition of Pr, Bu, PhCH2CH2 in 89–98% ee for the best substrates. Branched zinc nucleophiles (Ph, Cy) are, however, not tolerated (<17% ee). This ACA reaction represents an unusual case where a diphosphine (BINAP) is the optimal ligand for ZnR2 addition. While additions to the analogous vinyl phosphorous species have not yet been reported, the presence of the stoichiometric auxiliary chemistry of 35 suggests this should be viable [109]. Further, wide vistas exist for additions to more unusual activated double bonds as in Lam's use of vinyl pyridine 36 and other related heterocycles. However, at this stage, only hydride has been successfully transferred, not C-nucleophiles. Finally, by working at low temperature and using specialized phosphoramidites, Feringa has managed to carry out enantioselective additions of n-alkyl organozincs to in situ formed pyridinium salts 4 (branched nucleophiles were not suitable). These reactions provide piperidones on workup – themselves useful substrates for ACA reactions (see also Scheme 2.16).


Scheme 2.24 Asymmetric 1,4-additions to “other” substrates. For specific cases, see [109–113].
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2.2.5 Formation of All-Carbon Quaternary Stereocenters

Among the various aspects of conjugate addition, the problem of formation of all-carbon quaternary stereocenters is an interesting challenge, as many natural compounds possess such features (Scheme 2.25) [114].


Scheme 2.25 Natural products containing chiral quaternary centres.
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Three-substituted Michael acceptors suffer from a lack of reactivity due to steric congestion. Under usual conditions (Et2Zn with phosphorus-based ligands), 3-methyl 2-cyclohexenone does not react at all. Enhanced reactivity can be brought about in several ways (Scheme 2.26):


	use of highly electrophilic substrates

	Lewis acid activation

	choice of a better nucleophilic system.




Scheme 2.26 Strategies for activating substituted acceptors for asymmetric conjugate addition.

[image: c02scy026]

In 2005, Hoveyda [87] showed that the increased reactivity of nitroolefins allow such a reaction in good yields and enantioselectivities (Scheme 2.27), although this kind of substrates undergo very easy deconjugation [115].


Scheme 2.27 Additions to disubstituted nitroolefins.
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Later on, Fillion and Wilsily [116] disclosed an interesting example with highly reactive alkylidene malonates derived from Meldrum acid (Scheme 2.28). A similar approach, with doubly activated systems, was also proposed by Hird and Hoveyda [117] with 2-carbomethoxy 2-cyclohexenone. In all these examples, the poorly reactive Me2Zn did not provide the expected adduct.


Scheme 2.28 Electronic activation of disubstituted substrates.
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It is well known that dienophiles can be activated by Lewis acids – for example, in Diels–Alder reactions. This also holds for conjugate addition. Instead of dialkylzinc, Alexakis used the more Lewis acidic triorganoaluminium species as nucleophiles, leading to rapid, near quantitative additions. The enantioselectivities are excellent both with phosphoramidite [118] or, better, with SimplePhos-type ligands [40]. The required cyclic three-substituted enones can be easily prepared from commercial 3-ethoxy cyclohexenone. Me3Al is the reagent of choice, but other commercial triorganoaluminiums also react as well. The R-substituent can be a primary or secondary alkyl chain, an aromatic group with either electron donating or EWGs, or even an unsaturated or functionalized chain (Scheme 2.29).


Scheme 2.29 Conjugate addition of R3Al to 3-substituted cyclohexenones.
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Apart from the commercially available trialkylaluminium reagents, it is possible to generate aryl or alkenyl aluminium reagents by lithium–halogen exchange, followed by transmetallation with Et2AlCl or Me2AlCl [119]. Another possibility is to take advantage of the hydroalumination reaction of alkynes [120] to get an easy entry to vinylic aluminium reagents. In all cases, the enantioselectivities are >90% (Scheme 2.30).


Scheme 2.30 Addition of organoalanes to disubstituted enones.
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Apart from cyclic enones, the reaction could be extended to poorly reactive lactams (Scheme 2.31) [121].


Scheme 2.31 Conjugate addition to lactames.
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Other interesting substrates are oxa-bicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylates, which, upon ring opening, afford highly functionalized products (Scheme 2.32) [122].


Scheme 2.32 Chiral quaternary fragments synthesised from ACA reactions of alanes.
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Another way to increase the reactivity is to use more reactive nucleophiles, such as Grignard reagents. These types of reagents are already known to undergo copper-catalyzed conjugate addition in simple racemic transformations [12, 15]. For the asymmetric version, it turned out that only NHC ligands allow a clean and enantioselective reaction [30]. Phosphorus-type ligands are either poorly enantioselective or afford considerable amounts of 1,2-adducts. Many C2 symmetric or nonsymmetric NHCs have been disclosed [123], the best ones being those bearing an additional hydroxy appendage [124]. The large availability of commercial Grignard reagents, or their easy preparation, allows for a variety of structural motifs to be added (Scheme 2.33) [125].


Scheme 2.33 NHC promoted Grignard additions.

[image: c02scy033]

It turns out that not only are NHCs efficient for enantioselectivity but they also enhance the reactivity of otherwise poorly transferred dialkylzincs [23] and organoaluminiums. Although the least reactive Me2Zn does not react, the reaction could be extended to trialkylaluminium reagents, including Me3Al [46]. In addition, aryl and alkenyl aluminium [120b] reagents could be added in good yields and enantioselectivities (Scheme 2.34).


Scheme 2.34 NHC promoted organoalane additions.
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2.3 Trapping of Enolates

Conjugate addition always affords a metal enolate, which is usually protonated by water. However, this enolate can also be trapped with other electrophiles, thus generating a second stereocenter [126]. Although not often complete, the control of this stereocenter is relatively easy in cyclic systems, where a preference for a trans relationship, with β-substituent, often dominates. In acyclic systems, this control is more difficult, unless a chiral electrophile is used.

Whatever the case, the reactivity of this enolate strongly depends on the nature of the metal, copper being present in catalytic amount. Of the usual three metal enolates, zinc is the least reactive. It has been shown that this enolate is dimeric, with a Zn bridge on the oxygen atom (Scheme 2.35) [127].


Scheme 2.35 Dimeric nature of zinc enolates.
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Aluminium enolates are somewhat more reactive, particularly when their Lewis acidic character helps the reaction. Magnesium enolates are by far the most reactive and their reactivity is well documented from all the previous literature on achiral conjugate addition reactions [126]. In fact, the reactivity of Zn and Al enolates is the least explored as these metals were essentially ignored in the achiral literature. An additional problem may arise with these enolates: an alkyl group that is still linked to the metal can also react with the electrophile, needing thus an excess of this electrophile.

The allylation of Zn enolates with allyl halide or allyl acetate has been first explored and was shown to necessitate an additional Pd catalysis (Scheme 2.36) [128]. However, if activated allylic electrophiles are used, this Pd catalysis is useless [129]. The applications of these reactions in synthesis of natural products are described in the devoted chapter.


Scheme 2.36 Allylation of zinc enolates.
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Few other alkylations have been reported: the benzylation requires 10 equiv of benzyl iodide, and excess hexamethylphosphoramide (HMPA) [130]. There is also a single example with homoallyl iodide, with again a large excess of reagent and HMPA as cosolvent (Scheme 2.37) [22b].


Scheme 2.37 Alkylation of zinc enolates under forcing conditions.
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There are no reports on alkylation or allylation of aluminium enolates. In fact, the reaction with allyl iodide generates a highly Lewis acidic by-product, R2AlI, able to cleave Et2O or THF. A way to circumvent this problem is to switch to alanates by addition of MeLi on the Al enolate [131]. Thus, benzylation becomes a high yielding process, with, in addition, two examples of propargylation (Scheme 2.38).


Scheme 2.38 Benzylation of aluminium enolates.

[image: c02scy038]

In contrast, Mg enolates are more reactive, needing only an additional polar cosolvent (THF or HMPA) and often the more reactive iodide. Thus, allyl iodide, methyl iodide, benzyl iodide, and propargyl bromide have been reported to react quantitatively (Scheme 2.39) [132].


Scheme 2.39 Alkylation of magnesium enolates.
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An interesting allylation reaction has been described with allylic epoxides and with both Zn and Al enolates. Mg enolates are poorly reactive. Addition of Pd catalyst improves the yields. The reaction occurs only in an SN′ way (Scheme 2.40) [133].


Scheme 2.40 Reaction of zinc enolates with allylic epoxides.
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The aldol (or similar) reaction occurs well with Zn [128a], Al [134], and Mg enolates [94]. Benzaldehyde or other aldehydes afford the aldol product in good yields. In cyclic systems, the cis/trans ratio is largely in favor of the trans product (>9 : 1); however, the new stereocenter is not controlled. Usually, these aldol products either undergo elimination or are oxidized to the corresponding diketone. An exceptional case was described for the synthesis of prostaglandin PGE1 methyl ester, where a good selectivity was achieved [135]. An intramolecular aldol reaction is also reported. Although the ee is excellent, the diastereoselectivity is poor (Scheme 2.41) [136].


Scheme 2.41 Trapping of zinc enolates with aldehydes.
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A way to completely control the aldol reaction is to use chiral acetals [137] and a Lewis acid (Scheme 2.42). The chiral auxiliary can then be removed under mild conditions [138]. Simple acetals react in a similar manner. Of interest is the reaction with orthoformate, which affords a selectively masked dicarbonyl product [138a]. It is also possible to take advantage of the Lewis acidic character of Al enolates to react them with α-aminoethers [139].


Scheme 2.42 Reaction of various enolates with aldehyde equivalents.
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The reaction with imines affords a mixture of diastereomers with Zn enolates. However, using chiral imines allow an excellent control of all the stereocenters [140]. With Mg enolates, a relatively good diastereoselectivity could be obtained, but not with phosphate imines [141]. Surprisingly, with acyclic enones and Zn enolate, a good stereochemical control was achieved (Scheme 2.43) [142].


Scheme 2.43 Metal enolate addition to imines.
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Zinc enolates are able to undergo Michael addition. An intermolecular example is shown below on nitrostyrene, with a very good stereocontrol [143]. Similar intramolecular Michael reactions have also been described, affording bicyclic compounds with very good diastereoselectivity (Scheme 2.44) [144].


Scheme 2.44 Zinc enolate addition to further Michael acceptors.

[image: c02scy044]

The covalent character of Zn enolates allows an easy cyclopropanation to form cyclopropanols. In fact, excess Et2Zn was used to generate in situ the required reagent with CH2I2. Further reaction of these cyclopropanols allowed an interesting ring expansion (Scheme 2.45) [145].


Scheme 2.45 Zinc enolate cyclopropanation.

[image: c02scy045]

Enolate α-halogenation can be carried out with molecular iodine or bromine or with N-iodosuccinimide (NIS), N-bromosuccinimide (NBS) or N-chlorosuccinimide (NCS) on Zn [146] and Mg enolates [132], but not on Al enolates [40]. The resulting α-bromo or chloro enones were obtained as 70/30 (trans/cis) mixtures, whereas β-alkyl α-iodo cyclohexanones were 90/10 thermodynamic mixtures in favor of the cis compound (Scheme 2.46) [61].


Scheme 2.46 Enolate halogenation.

[image: c02scy046]

Trapping the enolate at oxygen is possible in different ways. For example, silylation can be done with Me3SiCl, or better with Me3SiOTf [147]. The resulting silyl enol ether can be further transformed in many different ways. This is particularly interesting for reactions that are not easy directly with the metal enolate (Scheme 2.47).


Scheme 2.47 Formation and utility of silylenol ethers.

[image: c02scy047]

The main problem with TMS enol ethers is their sensitivity toward hydrolysis, particularly when 3,3-disubstituted cyclohexanones are involved. The O-acetylation could be an alternative, as the resulting enol acetates are perfectly stable, and can easily regenerate the Li enolate [118b]. An interesting example is also the O-triflation, that provide the enol triflate, which in turn can be reacted further under Pd catalysis (Scheme 2.48) [148].


Scheme 2.48 Formation of enol esters.

[image: c02scy048]

From the above examples (which are by no means exhaustive), it can be concluded that the tandem conjugate addition-enolate trapping provides powerful tools for the elaboration of more complex synthons. Their application to the synthesis of natural products is therefore described in Chapter 14.
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Chapter 3

Copper-Catalyzed Asymmetric Conjugate Addition and Allylic Substitution of Organometallic Reagents to Extended Multiple-Bond Systems

Matthieu Tissot, Hailing Li, and Alexandre Alexakis

3.1 Introduction

Copper-catalyzed asymmetric conjugate addition (ACA) and allylic substitution of organometallic reagents belong to the reactions of choice for the creation of stereogenic centers via carbon–carbon bond formation. Over the last three decades, many efficient reaction conditions have been developed, involving a wide range of substrates and various organometallic reagents such as diorganozinc, triorganoaluminium, and Grignard reagents. Recently, increased interest has been directed toward polyenic Michael acceptors and polyenic allylic substrates. These substrates differ from the classic ones because they possess additional conjugated unsaturations. Consequently, this type of electrophile infers different possible nucleophilic attacks bringing interesting challenges for organic chemists in terms of control of regioselectivity and enantioselectivity. In this chapter, we review all the relevant developments in this field.

3.2 Copper-Catalyzed Asymmetric Conjugate Addition (ACA) to Polyconjugated Michael Acceptors

3.2.1 Background

As mentioned above, copper-catalyzed ACA is a highly valuable synthetic method for the creation of tertiary and quaternary stereogenic carbon centers via carbon–carbon bond formation. Many reaction conditions have been developed to allow highly enantio- and regioselective ACA of various organometallic species, such as diorganozinc, triorganoaluminium, and Grignard reagents, to an important range of Michael acceptors, among which the most popular are enones and nitroolefins. However, during the last decade, an increasing interest has been displayed for the ACA to polyconjugated Michael acceptors. We define this class of Michael acceptors as polyconjugated because they differ from the typical Michael acceptors by an extension of the conjugated system with double or triple bonds. This extension of the conjugation implies regioselectivity issues as the copper reagents can react not only at the typical 1,4 position but also at the 1,6 or even 1,ω positions if additional unsaturations exist. This variety of possible nucleophilic attacks can deliver many isomers upon hydrolysis or electrophilic trapping as depicted in Scheme 3.1. Thus, control of the regioselectivity outcome of the ACA to this polyconjugated system presents a great challenge. However, as we shall see, copper catalysis has been demonstrated to be highly efficient for achieving high regio- and stereoselectivity.


Scheme 3.1 Regioselectivity with polyconjugated Michael acceptors.

[image: c03scy001]

Conjugate addition of copper reagents to polyconjugated systems in a stoichiometric fashion was introduced by Naef et al. in 1972 [1]. In this seminal work, the author described the conjugate addition of the Gilman cuprate to ethyl pentadienoate bearing an unsubstituted terminal double bond. The reaction occurred with a perfect regioselectivity at the 6-position, and a subsequent basic treatment to reconjugate the double bond afforded a Bartlett pear constituent. However, in this example, steric features are in favor of the 1,6 addition. In 1982, Yamamoto et al. [2] displayed that by a fine tuning of the copper reagents, they can selectively access the 1,6 or the 1,4 adducts. Indeed, the Gilman cuprate nBu2CuLi led to the 1,6 addition on the dienoate 1, delivering product 3, whereas the Yamamoto's reagent nBuCu·BF3 afforded mainly the 1,4 adduct 2 (Scheme 3.2).


Scheme 3.2 Regiodivergence by nucleophile design.

[image: c03scy002]

This contribution demonstrated the complexity of the regioselectivity outcomes and also that the regioselectivity can switch toward another electrophilic position upon changing the character of the nucleophilic copper species. Following this work, Miginiac [3] and Hulce [4] demonstrated that lithium cuprates have a preference for the 1,6 addition mode to different polyconjugated systems (dienones and enynones respectively). This 1,6 selectivity of cuprates has been extensively studied by Krause on enyne derivatives (polyconjugated system bearing a triple bond) toward the formation of allenes. They also observed that in a highly polyconjugated system, cuprates react preferentially on the triple bond, whatever the position. In general, 1,ω addition (1,6 or 1,8 or 1,10) appeared to be the favored reaction in copper-mediated conjugate addition to polyenic Michael acceptors. Mechanistic studies from Nakamura and Krause [5, 6] have demonstrated that the 1,6 addition is thermodynamically more favorable than the 1,4 addition.

This highly regioselective reaction was applied successfully to the synthesis of steroids by Wieland and Anner [7]. In 1978, Posner and Alexakis took advantage of this selectivity trend, describing the copper-catalyzed 1,6 conjugate addition of a vinylic Grignard reagent to cyclic dienone 4 toward the total synthesis of pseudoguaiane 6 (Scheme 3.3) [8].


Scheme 3.3 Copper-catalyzed 1,6 addition toward the total synthesis of pseudoguaiane 6.

[image: c03scy003]

The development of copper-catalyzed ACA in the last three decades also opened the way to the investigation of polyconjugated systems. The recent interest in this class of substrates has displayed the use of various organometallic reagents with a variety of polyconjugated substrates. High level of regiocontrol has been reached for the 1,6 addition and also for the 1,4 addition. Adducts resulting from these two transformations are of high synthetic interest due to the presence of remaining unsaturation. In the following sections, contributions to 1,6 addition, followed by those to 1,4 addition are reviewed.

3.2.2 1,6 Selectivity in ACA to Polyconjugated Systems

Alexakis discovered in 2001 that the addition of Et2Zn to the acyclic dienone 7, with Cu(OTf)2 and phosphoramidite ligand L1 as catalyst combination, afforded the 1,6 adduct 8 exclusively with a moderate enantioselectivity of 35% ee (Scheme 3.4).


Scheme 3.4 1,6 ACA of Et2Zn to dienone 7.

[image: c03scy004]

In 2006, Fillion et al. [9] disclosed the copper-catalyzed 1,6-addition of dialkylzinc reagents to Meldrum's acid derivatives 9 in the presence of phosphoramidite ligand L1 (Scheme 3.5). In this work, the authors achieved perfect regioselectivities for the creation of tertiary stereogenic centers with decent enantioselectivities up to 83% ee. Moreover, a selective 1,6 addition was observed for the formation of an all-carbon quaternary stereogenic center, with a moderate enantioselectivity of 65% ee. However, it is important to note that the 1,4 position was disubstituted, this steric factor being in favor of the 1,6 addition.


Scheme 3.5 1,6 ACA of R2Zn to Meldrum's acid derivatives 9.

[image: c03scy005]

Following this work, Feringa developed the first ACA of the versatile Grignard reagents to various acyclic dienoates 11 (Scheme 3.6) [10]. The process is highly regioselective, displaying the formation of the 1,6 addition products with excellent level of enantioselectivities of up to 97%, thanks to the ferrocene-based diphosphine ligand L2. In this example, the 1,6-regioselectivity is directed by the ligand; indeed when the reaction was performed without the ligand, a mixture with the ratio of 66 : 34 in favor of the 1,4 adduct was detected.


Scheme 3.6 1,6 ACA of RMgBr to dienoates 11.

[image: c03scy006]

To highlight the synthetic potential of this methodology, the synthesis of a sulfated alkene 13 isolated from Echinus Temnopleurus hardwickii was successfully realized. However, the authors reported that MeMgBr, PhMgBr, and iBuMgBr display a low reactivity in those catalytic reaction conditions. To circumvent the low reactivity of the synthetically important MeMgBr reagent to dienoates, they applied their conditions to the polyconjugated thioester analogs 14 allowing the 1,6 addition of MeMgBr in high regioselectivities and enantioselectivities (Scheme 3.7) [11]. Subsequently, they explored the scope of thioester derivatives and applied their catalytic system with a variety of Grignard reagents, affording the 1,6 addition products with high level of regio- and enantiocontrol. They took advantage of the 1,6 adducts 15 by reconjugation of the deconjugated system allowing a subsequent conjugate addition. Via an iterative strategy, they could access deoxypropionate units 17–19 with high yields and stereoselectivities.


Scheme 3.7 1,6 ACA of RMgBr to polyconjugated thioester derivatives 14.

[image: c03scy007]

In the same year, Alexakis and Mauduit described the 1,6 ACA to the cyclic dienone 20 (Scheme 3.8) [12]. The use of Et2Zn and Me3Al with Cu(OTf)2 and phosphoramidite L3 as catalyst combination led to the unique formation of the 1,6 adduct 21 in good enantioselectivity up to 89%. The 1,6 adduct reconjugated easily to the cyclic enone 22 upon treatment with a base.


Scheme 3.8 1,6 ACA of Et2Zn and Et3Al to cyclic dienone 20.

[image: c03scy008]

Two years later, the same authors published new reaction conditions allowing the 1,6 addition, of a variety of dialkylzinc reagents with excellent enantioselectivity up to 99% ee (Scheme 3.9) [13]. The reaction proceeded smoothly with Cu/DIPPAM as catalytic system in 2-methyltetrahydrofuran (MeTHF) at room temperature, and was successfully applied to five-membered ring derivatives.


Scheme 3.9 1,6 ACA of R2Zn to cyclic dienones 23.

[image: c03scy009]

The 1,6 addition of Et3Al and Et2Zn was also applied to bicyclic systems 26 and 28 providing moderate enantioselectivities (Scheme 3.10) [12, 13].


Scheme 3.10 1,6 ACA of Et2Zn and Et3Al to bicyclic dienones 26 and 28.

[image: c03scy010]

3.2.3 1,4 Selectivity in ACA to Polyconjugated Systems

The first example of ACA of organometallic reagents to polyconjugated systems displaying a 1,4 selectivity was reported in 2004 by Hoveyda toward the total synthesis of Erogorgiaene 32 (Scheme 3.11) [14].


Scheme 3.11 1,4 ACA of Me2Zn to dienone 30 toward the total synthesis of erogorgiaene.

[image: c03scy011]

When the building block 30 was submitted to copper-catalyzed ACA of Me2Zn in the presence of peptidic phosphine ligand L5, major formation of the 1,4 adduct 31 was observed with good diastereoselectivity. This result could be explained by a decrease of the conjugation of the π-orbitals owing to steric strain.

In 2008, Alexakis discovered that the use of N-heterocyclic carbene (NHC) ligand L6 and Cu(OTf)2 as catalyst combination, allowed the addition of Grignard reagents to cyclic dienone 33 with a 1,4 selectivity, whereas EtMgBr, Et2Zn, Me3Al showed to be 1,6 selective with phosphorus ligands [12]. This selectivity went through the reaction at the most substituted position, leading to the formation of quaternary stereogenic centers in high enantioselectivity up to 99% (Scheme 3.12).


Scheme 3.12 1,4 ACA of RMgBr to cyclic dienones 33.
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Various Grignard reagents have been introduced according to this methodology, affording the desired products with excellent regioselectivities and enantioselectivities. However, the use of MeMgBr led to the unique formation of the 1,6 adduct when R1 = Me and R2 = H and no enantioselectivity was detected. This regioselectivity issue was resolved by using a dienone bearing two methyl group (R1 = Me and R2 = Me) at the 6-position. The 1,4 adduct, bearing a remaining unsaturation, allowed further synthetic transformations giving access to valuable building blocks. The 1,4 selectivity process was also successfully applied to the bicyclic dienone 38, affording the product 39 with 96% ee (Scheme 3.13) [12].


Scheme 3.13 1,4 ACA of EtMgBr to bicyclic dienones 38.
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The methodology developed by Alexakis et al. has also shown to be highly regioselective in the case of the ACA of EtMgBr to highly polyconjugated trienones 40 (Scheme 3.14). They obtained exclusively the 1,4 adducts 41 with excellent enantioselectivities up to 95% ee [15].


Scheme 3.14 1,4 ACA of RMgBr to cyclic trienones 40.
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In 2011, Alexakis et al. discovered that under the same catalytic reaction conditions, cyclic enynones 42 also reacted in a 1,4 fashion [16]. This regioselectivity went against the general trend reported by Krause [5] who observed always the addition to the triple bond in a polyconjugated system (Scheme 3.15). This reaction allowed the formation of a highly enantioenriched quaternary stereogenic centers with a triple bond directly attached. This motif gave access to many synthetic transformations such as enyne-metathesis and the Pauson–Khand, reaction leading to interesting synthons [15]. The authors also took advantage of the in situ formation of the magnesium enolate to introduce various electrophiles (benzyl bromide, propargyl bromide, allyl iodide) regioselectively on α position to the ketone. However, the same selectivity problem was observed with MeMgBr, only the use of the bulky 6,13-bis(triisopropylsilylethynyl) (TIPS) substituent allowed an exclusive 1,4 addition (Scheme 3.15).


Scheme 3.15 1,4 ACA of RMgBr to cyclic enynones 42.

[image: c03scy015]

This work was also extended to highly polyconjugated system affording exclusively the 1,4 adduct with good enantioselectivities [15] (Scheme 3.16).


Scheme 3.16 1,4 ACA of RMgBr to cyclic enynones 47.

[image: c03scy016]

These highly efficient catalytic systems, using the NHC ligand L6 allowed the unpredictable 1,4 selectivity with dienones and enynones, whereas classical system using phosphorus ligands led to exclusive 1,6 addition. However, the authors noticed that the structure of the NHC, especially the structure of the hydroxy arm, had an important influence on the regioselectivity outcome.

Two isolated examples have been also reported by Hoveyda describing ACA with a perfect 1,4 selectivity on enynone derivatives. The first one displayed the addition of Et2Zn to the cyclic enynones 49. NHC ligand L7 and (CuOTf)2·C6H6 as catalyst combination gave exclusively the 1,4 adduct 50 with an enantioselectivity of 74% ee (Scheme 3.17) [17].


Scheme 3.17 1,4 ACA of Et2Zn to cyclic enynone 49.

[image: c03scy017]

In the second example, the ACA of Me3Al was successfully realized in a 1,4 fashion to the five-membered cyclic enynone 51. The use of NHC ligand L8 afforded a good enantioselectivity of 91% ee (Scheme 3.18) [18].


Scheme 3.18 1,4 ACA of Me3Al to cyclic enynone 51.
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In 2010, another family of polyconjugated Michael acceptors, derived from nitroalkenes, was studied by Alexakis et al. (Scheme 3.19) [19]. A highly regioselective and enantioselective ACA of trimethylaluminium reagent to nitroenynes has been described using ferrocene-based diphosphine ligand L9 and CuTC as catalytic system. In this case, the selectivity is completely directed to the 1,4 addition. While Me3Al afford high level of enantioselectivities, up to 95% ee, the other trialkylaluminium reagents reached only 71% ee.


Scheme 3.19 1,4 ACA of R3Al to nitroenynes 53.

[image: c03scy019]

This methodology was also successfully applied to nitrodienes [19] with a perfect regioselectivity in favor of the 1,4 adduct with enantioselectivities reaching 90% ee (Scheme 3.20).


Scheme 3.20 1,4 ACA of Me3Al to nitrodienes 55.

[image: c03scy020]

In this report [19b], the regioselectivity was also controlled by the catalyst. Indeed, when the reaction was performed without ligand the 1,4 adduct was formed as major regioisomers (1,4/1,6 = 68/31). This observation could be attributed to the high electrophilicity of the Michael acceptor.

Interestingly, the authors reported that the regioselectivity can be switched to the 1,6 addition by slight change of the reaction conditions and substrate design. In fact, the use of nitrodienoate 57 allowed the formation of the 1,6 adduct 58 with enantioselectivities up to 91% ee (Scheme 3.21) [19].


Scheme 3.21 1,6 ACA of Me3Al to nitrodienoate 57.

[image: c03scy021]

A similar result was observed by Gremaud and Alexakis in 2012, a 1,4 selective ACA to the polyconjugated α-ketoesters affording exclusively the 1,4 adduct in 98% ee (Scheme 3.22) [20].


Scheme 3.22 1,4 ACA of Me3Al to polyconjugated α-ketoesters 59.

[image: c03scy022]

3.3 Copper-Catalyzed Asymmetric Allylic Substitution on Extended Multiple-Bond Systems

3.3.1 Background

Compared to the ACA reactions that were discussed in the first part of this chapter, fewer examples of copper-catalyzed asymmetric allylic alkylation (AAA) (or arylation in some cases) to the extended multiple-bond molecules have been demonstrated to date [21]. Similar to the ACA as shown before (Scheme 3.1), the regioselectivity is also an important issue for the AAA of extended multiple-bond substrates (Scheme 3.23). The additional unsaturation in the substrate renders the reaction more diverse in terms of selectivity for nucleophilic attack. More interestingly, carbon nucleophiles can be introduced to the substrate in an enantioselective manner leading to the formation of valuable optically enriched molecules.


Scheme 3.23 Regioselectivity of AAA on extended multiple-bond system.
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The extension of the conventional allylic substrate for the substitution reactions by a double bond or a triple bond provides the possibility of forming a supplementary product by nucleophilic attack at position 5 and different regioselectivities could be expected under different reaction conditions.

In 1991, Yamaguchi and coworkers [22] reported one of the first systematical studies on the regioselectivity of copper-mediated alkylation on diene acetate substrates. Different organocopper species, which were formed along with different reaction conditions, seem to be responsible for the formation of regioisomers. The monoalkylcopper species would favor the 1,3-substitution while the cuprate intermediate preferred the 1,5 selectivity (Scheme 3.24).


Scheme 3.24 Regioselectivity study of substitution reactions on diene acetate.
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This proposition could be further confirmed by the investigation of Purpura and Krause [23] on the enyne acetates. They employed the in situ generated lithium cuprate as nucleophile, and observed almost exclusively the 1,5-substitution, affording a series of vinyl allene compounds with good yields (mixture of (E)/(Z) isomers). The same methodology could also be applied to the enyne epoxide compounds providing the corresponding allenic alcohols (Scheme 3.25).


Scheme 3.25 1,5 Substitution on enyne acetates and enyne epoxide.
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One of the first examples of the stereoselective substitution on the extended multiple-bond molecules was reported by Alexakis et al. in 1996 [24]. By introducing PhCu·BF3 to the chiral dienic acetal substrate, a mixture of 1,3 and 1,5 substitution products was obtained, which, upon acidic hydrolysis, afforded the corresponding aldehydes in enantiomerically enriched form (Scheme 3.26).


Scheme 3.26 Copper-mediated stereoselective substitution on diene acetal.
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Later, a highly enantioselective process of the allylic alkylation on enyne acetate was published by Krause's group [25], as a very nice extension of their previous research on the racemic version. As a result of the 1,5 substitution, the chiral vinylallenes could be obtained with high enantiomeric excess in the presence of 4 equiv of nBu3P to avoid the racemization (Scheme 3.27).


Scheme 3.27 Copper-mediated enantioselective 1,5 substitution on enyne acetates.
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3.3.2 Copper-Catalyzed Enantioselective Allylic Substitution on Extended Multiple-Bond Systems

In 2004, Kacprzynski and Hoveyda [26] reported the first examples of the copper-catalyzed AAA, involving extended multiple-bond substrates. By employing their new generation of readily prepared chiral dipeptide-based ligand L11, they studied the catalytic processes on two examples of enyne phosphate substrates with diethylzinc reagent, leading to the formation of tertiary and quaternary stereogenic carbon centers respectively. An additional example on diene phosphate substrate under the same reaction conditions maintained the decent regioselectivity with good enantioselectivity. It is worth mentioning that in this catalytic process, the 1,3-substitution was observed preferentially for these extended multiple-bond substrates (Scheme 3.28).


Scheme 3.28 AAA of Et2Zn to enyne phosphates and diene phosphates.
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Most recently, Li and Alexakis [27] have carried out a more extensive work on a series of prochiral enyne chlorides under the copper-catalyzed AAA conditions using phosphoramidite ligand L12. In this investigation, the family of Grignard reagents was chosen as the nucleophiles owing to their easy preparation and large availability, a valuable advantage over organozinc reagent in the previous studies. A broad and representative scope of primary and secondary alkyl groups could be introduced and afforded the corresponding 1,4 enynes with excellent regio- and enantioselectivities. On the other hand, the selectivity was not dependent on the choice of the substrate. The starting enyne chloride compounds could bear different alkyl groups, aryl groups, silyl group, or even protected alcohol functionality, affording always the high level of regio- and enantioselectivities in this catalytic process (Scheme 3.29).


Scheme 3.29 AAA of Grignard reagents to enyne chlorides and diene chlorides.
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At the same time, examples of diene chlorides were also demonstrated with very good regio- and enantioselectivities (Scheme 3.30), making this methodology a general approach for the copper-catalyzed AAA on extended multiple-bond systems.


Scheme 3.30 AAA of Grignard reagents to diene chlorides.
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3.4 Conclusion

This overview of the copper-catalyzed ACA and AAA to extended multiple-bond systems demonstrated the complexity in the control of regioselectivity, while keeping high level of enantioselectivity. Although the design of the substrate can strongly affect the regioselectivity outcome, the examples displayed herein showed that the right choice of catalytic conditions allowed the (almost) exclusive formation of one regioisomer with high enantioselectivities.
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Chapter 4

Asymmetric Allylic Alkylation

Olivier Baslé, Audrey Denicourt-Nowicki, Christophe Crévisy, and Marc Mauduit

4.1 Introduction

The importance of chirality on the bioactivity of pharmacologically active drugs has clearly been established now. While taking into account the requirement for a model based on sustainable development, the selective synthesis of such high-value molecules in an enantiomerically pure form represents a great challenge for organic chemists. In this context, asymmetric catalysis appears to be a key economic tool for the synthesis of attractive molecules possessing three-dimensional skeletons [1]. In fact, this strategy displays many assets that allow reaching the criteria of ideal synthesis: atom economic reactions, tolerance to various functional groups, remarkable chemo-, regio-, and stereoselectivity, and by-product reduction. Among catalytic enantioselective C–C bond formations, asymmetric allylic alkylation (AAA) represents one of the most powerful methodologies to provide building blocks of interest for the synthetic chemist [2]. Although various metals are able to catalyze this fundamental transformation [3], copper provides cheaper and more efficient catalytic systems when associated with hard organometallic reagents (ZnR2, RMgX, AlR3, LiR) [2]. The main feature of this reaction is undoubtedly related to the control of the regioselectivity, as two distinct pathways are possible for the nucleophilic displacement of the allylic leaving group (LG). The direct substitution (namely, the SN2 process) affords the (undesired) linear adduct, while the attack at the γ-position (e.g., SN2′), involving the allylic shift, leads to the expected branched adduct (Scheme 4.1). It is noteworthy that this regioselectivity closely depends on the nature of the LG and the experimental conditions (temperature, solvent, organometallic nucleophile, the reagent addition order, etc.). Thanks to the intensive works that have been done till now with copper-based catalytic systems and hard nucleophiles [2], a commonly accepted mechanism was established [2h–j, 4], involving σ-allyl–Cu(III) intermediates (vide infra, Scheme 4.1) and reductive elimination processes.


Scheme 4.1 Commonly accepted mechanism for Cu-AAA.
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Controlling both the regio- and the enantioselectivity in allylic alkylation is key to the success of every developed catalytic system. Very efficient diastereoselective processes [2h–j] or methodologies based on chirality transfer [5] have been reported in the literature, affording useful applications in total synthesis. However, only enantioselective catalytic processes are considered in this chapter. Moreover, this overview will be restricted to the C–C bond formation, excluding the synthesis of enantioenriched silane and borane derivatives (see Chapter 6). During the last decade, significant developments in this specific area have been specially dedicated to reach perfect regio- and stereocontrol. In the first part of this chapter, we focus on enantioselective process developments according to the type of organometallic nucleophiles. Then, applications to functionalized allylic electrophilic substrates are reviewed. Finally, recent advances in desymmetrization and kinetic resolution (KR) processes are presented.

4.2 Nucleophiles in Enantioselective Process Development

4.2.1 Grignard Nucleophiles

Historically, Grignard reagents were the first class of hard nucleophiles that were employed in the enantioselective catalytic process of copper-catalyzed allylic alkylation. In this original paper dated from 1995 [4a, 6], Bäckvall, van Koten, and coworkers described a chiral arenethiolatocopper complex C1 that promoted, in perfect regioselectivity, the asymmetric γ-alkylation of various allylic acetates with n-butylmagnesium iodide (Scheme 4.2). While the expected branched γ-adducts were exclusively formed, enantioselectivities remained modest ranging from 28% to 42% ee. Nevertheless, this pioneering study highlighted the significant synergic effects among LGs, temperature, solvent, ligand/metal ratio, and the methods of organometallic nucleophile addition in controlling the enantioselective γ-alkylation. Further parameter modifications allowed slightly increased selectivities when n-butylmagnesium bromide (50% ee) or the bulkier Me3SiCH2MgI (53% ee) were used [7]. Subsequently, enantioselectivies were further improved by modifying the design of the precedent complex with a ferrocenyl chiral fragment and using new experimental conditions [8]. The new thiolate copper complex, formed in situ in a 3 : 1 mixture of Et2O and toluene by reacting CuI and the ferrocenyl ligand L1, afforded the ethylated γ-adduct in 64% ee and excellent regioselectivity (98/2) at room temperature (Scheme 4.2). Additionally, despite an intensive structural modification of the ferrocenyl part of the thiolate copper complex, all attempts to increase the enantioselectivity remained unsuccessful [9].


Scheme 4.2 Pioneer works of Cu-AAA involving Gignard reagents.
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In 2001, Alexakis and coworkers [10] reported an enantioselective catalytic process involving CuCN and various phosphine-based ligands, including phosphites and phosphoramidites. The intensive screening of ligands revealed that α,α,α,α-tetraaryl-1,3-dioxolane-4,5-dimethanol (TADDOL)-based phosphine L2 was the best ligand for the addition of EtMgBr to cinnamyl chloride, affording the corresponding γ-adduct in good yield (87%), a remarkable regioselectivity (γ/α ratio of 94/6) and 73% enantiomeric excess (Scheme 4.3). The scope was then extended to linear and secondary Grignard reagents, providing the desired γ-adducts in excellent yield and γ/α regioselectivity (>91%, >93/7, respectively) but low-to-moderate enantioselectivity (47–57% ee). Curiously, only racemic form of γ-adduct was observed when the alkylation was performed on aliphatic allylic acetate. The further replacement of the copper source (copper thiophene carboxylate (CuTC) instead of CuCN increased the selectivity toward the cinnamyl chloride, affording the ethylated γ-adduct in 82% ee [11]. This improvement was also observed with other Grignard reagents (61–79%), but sometimes at the detriment of the γ-regioselectivity, notably when MeMgBr was employed (γ/α of 31/69). Interestingly, this study highlighted that the external ligand was responsible for the γ-selectivity, the copper salt alone provided exclusively the linear adduct.


Scheme 4.3 TADDOL-based phosphine in Cu-AAA of Grignard reagents.
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An advantage, when cinnamyl chloride reacted with 3-butenyl or 4-pentenyl Grignard nucleophiles, was that the corresponding γ-adducts could be engaged without isolation, in a ruthenium-catalyzed ring-closing olefin metathesis (RCM) reaction (Scheme 4.4). In presence of Grubbs I catalyst, the expected RCM products were isolated in good isolated yields and with total stereoretention (61% and 72% ee respectively). This one-pot two-step process has been also extended to cross-metathesis (CM) by reacting the terminal olefin of the ethylated γ-adduct with ethyl acrylate in the presence of Grubbs II catalyst, affording corresponding functionalized (E)-alkenes in 53% overall yield and 82% ee.


Scheme 4.4 One-pot two-step process of Cu-AAA and olefin metathesis.
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Alexakis and Croset [11] have then studied the phosphoramidite class of chiral ligands. In the presence of CuTC copper salt, the monodentate biphenol-based ligand L3 afforded enantioselectivities similar to those afforded by TADDOL L2 (Scheme 4.5). Interestingly, when a secondary Grignard reagent (iPrMgBr) was reacted with various cinnamyl chloride derivatives, the corresponding branched adducts were isolated in excellent yields (93–98%) and good regioselectivities (87/13 to 92/8 γ/α ratio). The enantioselectivities were ranged from 77% to 86%. This catalytic AAA system was also efficient toward cyclohexyl allylic chloride, which was exclusively converted to the expected γ-adduct in 95% yield and 68% ee. This selectivity was slightly improved (74% ee) with the binaphthol derivative phosphoramidite L4.


Scheme 4.5 Phosphoramidite ligands in Cu-AAA of Grignard reagents.
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Developed in 2004 by Alexakis group [12], the next generation of binaphtol-based phosphoramidite ligand L5 bearing an o-methoxyphenyl amine unit has significantly improved the enantioselection of the AAA of EtMgBr to cinnamyl chloride (Scheme 4.6). Requiring a low catalyst loading of 1 mol%, 96% ee was reached for the branched adduct, which was isolated in 86% yield and a 99/1 γ/α ratio. Therefore, various aryl and alkyl allylic chlorides were alkylated by linear organomagnesium reagents, providing the corresponding branched adducts with excellent regio- and enantioselectivities. Moreover, the synthesis of the metathesis products was also improved with enantioselectivities reaching 92–96% ee.


Scheme 4.6 Binaphthol-based phosphoramidites in Cu-AAA of Grignard reagents.
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Remarkably, a similar catalytic system (CuBr/ent-L5) was able to promote the γ-methylation of a range of aryl allylic substrates with excellent enantioselectivities (typically >90% ee) and regioselectivities ranged from 67/33 to 96/4 γ/α ratio (Scheme 4.7) [13]. Nevertheless, a decrease in selectivity (72% ee) was observed when the nonaromatic substrate was used. This efficient methodology constituted a convenient and shortened enantioselective way to synthesize the well-known anti-inflammatory (S)-(+)-naproxen.


Scheme 4.7 Efficient gamma-methylation of aryl allylic chlorides promoted by CuTC/Phosphoramidite: synthesis of (S)-(+)-Naproxen.
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In 2006, Feringa and coworkers [14] reported efficient catalytic systems with CuBr·SMe2 copper salt in the presence of ferrocenyl-based phosphine ligand L6 (Josiphos) or L7 (Taniaphos). The best results regarding the AAA of linear Grignard reagents to arylic allylic bromides were observed with Taniaphos, affording branched adducts in high yields (80–97%), good regioselectivities (81/19 to 100/0), and excellent enantioselectivities (90–97%) (Scheme 4.8). The AAA was less regio- and enantioselective (81/12 and 58% ee respectively) when allylic phosphates were used, and gave only linear adducts with allylic chlorides. Remarkably, the catalytic system was greatly suitable for the challenging γ-methylation (96–98% ee), and, for the first time, efficient toward aliphatic allylic bromide, providing an exclusive γ-alkylation with ee's > 92%.


Scheme 4.8 Ferrocenyl-based phosphine ligands in Cu-AAA with Grignard reagents.
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Additionally, using the tandem AAA/CM methodology developed by Alexakis, the authors have engaged the resulting enantiopure α,β-unsaturated methylester in an enantioselective conjugate addition involving EtMgBr and the Cu-reversed Josiphos catalytic system (Scheme 4.9). Both anti- and syn-1,2-dialkylsubstituted esters were obtained in good yields and remarkable dia- and enantioselectivities (>99.5% ee). These results demonstrated clearly the efficiency of copper-catalytic systems to synthesize useful chiral building blocks in good yield and with a total control of all stereogenic centers.


Scheme 4.9 Tandem AAA/CM followed by Cu-catalyzed Enantioselective Conjugate Addition.
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In 2008, Hong and coworkers [15] reported a catalytic system involving a chiral monodentate N-heterocyclic carbene (NHC) [16] copper complex C2 that promoted the AAA of linear organomagnesium reagents to aryl allylic substrates (Scheme 4.10). In the screening of various LGs, pivalate derivatives gave the best results in term of regio- and enantioselectivity, typically ranging from 77/23 to 88/12 γ/α ratio and from 70% to 77% ee. Interestingly, an all-carbon quaternary stereogenic center was formed in high yield and moderate regio- and enantioselection (91%, 85/15, and 76% ee respectively).


Scheme 4.10 AAA of Grignard reagents catalyzed by a NHC-copper complex.
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In the meantime, Tomioka and coworkers [17] described new catalytic systems involving the amido-phosphine ligand L8 derived from (S)-proline (Scheme 4.11). Various copper salts were screened for the AAA of EtMgBr to cinnamyl bromide. The higher asymmetric induction (91%) was reached with Cu(MeCN)4BF4 salt, but in a moderate 62/38 branched/linear ratio. Nevertheless, arylation was successfully attempted on aliphatic allylic substrates, affording the corresponding arylated adducts in excellent yields (93–100%), modest to high regioselectivities (γ/δ ratio ranging from 34/66 to 100/0), and good enantioselectivities (67–81%). When arylic substrates were involved, linear adducts were favored but the enantioselectivities of the branched adducts remained good (up to 77%), importantly, providing the first example of copper-catalyzed asymmetric allylic arylation (AAAr).


Scheme 4.11 Amido-phosphine derived from (S)-proline in Cu-AAA of Grignard reagents.
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More recently, the same authors reported a more efficient copper-catalytic system for the AAAr of cinnamyl bromides [18]. Using the air-tolerant C2-symmetric monodentate chiral NHC–CuCl complex C3, they obtained various diarylvinylmethanes with remarkable γ-selectivities (typically >93/3) and isolated yields (up to 99%) and excellent enantioselectivities (up to 98% ee) (Scheme 4.12). This efficient catalytic system was applied to the formal asymmetric synthesis of Sertraline, a pharmaceutical ingredient for the treatment of depression.


Scheme 4.12 Asymmetric Allylic Arylation (AAAr) promoted by a NHC-copper complex.
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The methodology was further extended to aliphatic substrates [19]. For this purpose, a fine-tuning of the NHC ligand was achieved by introducing phenyl or electron-deficient aryl groups (complexes C4 and C5, respectively). Therefore, moderate to high γ-selectivities were reached (up to 96% of γ-adduct), coupled with good to excellent enantioselectivities (up to 96% ee) for the AAAr involving both a wide range of bulky or electron-deficient aryl Grignard reagents and aliphatic allylic substrates (Scheme 4.13).


Scheme 4.13 AAAr of Grignard reagents to aliphatic allylic bromides.
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In 2010, Zhang and coworkers [20] reported an original atropos dibridged biphenyl phosphoramidite ligand L9 bearing a D2-symmetric biphenyl skeleton. This novel class of phosphoramidite ligand, in the presence of CuCl, promoted the addition of EtMgBr on various cinnamyl bromide derivatives in good regioselectivitities (88/12 to 94/6) and moderate to good enantioselectivities (60–91% ee) (Scheme 4.14).


Scheme 4.14 Atropos dibridged biphenyl phosphoramidite ligand in Cu-AAA.
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In the meantime, Schmalz and coworkers [21] screened a library of chiral phosphine–phosphite ligands L10 and L11 in the AAA of substituted cinnamyl chlorides involving various alkyl-Grignard reagents. The TADDOL-derived ligands L10, in the presence of CuBr·SMe2 complex and methyl-tert-butyl ether (MTBE) as solvent, afforded the best results, notably for the addition of MeMgBr (Scheme 4.15). Various 1-(alkyl)allylbenzene derivatives were isolated in excellent isolated yields (up to 99%) with remarkable regio- and enantioselectivities (up to 99 > 1 and >99% ee respectively).


Scheme 4.15 Chiral phosphine-phosphite ligands in Cu-AAA of Grignard reagents to substituted cinnamyl chlorides.
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4.2.2 Diorganozinc Nucleophiles

The first study referring to the use of diorganozinc compounds as nucleophiles in copper-catalyzed enantioselective substitutions was reported in 1999. Knochel and Dübner [22] described a highly selective alkylation of allyl chlorides using primary ferrocenyl amine ligand and hindered dialkylzinc reagents (Scheme 4.16). Subsequently, the selectivity of the catalytic process was further improved by increasing the bulkiness of the amine ligand to reach 96% ee [23].


Scheme 4.16 First examples of efficient AAA with dialkylzinc reagents.
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In 2001, Feringa and coworkers reported the use of phosphoramidite ligand in the allylic alkylation with nonsterically demanding alkylzinc reagents. The combination of axial and central chiralities of the ligand offered enantioselectivity up to 77% [24]. Inspired by this early report, a large number of TADDOL and binaphthol-based phosphoramidites were tested in this catalytic process (Scheme 4.17). Developed by Zhou and coworkers [25] and evaluated in the same conditions, a phosphoramidate spinol-based ligand offered moderate 71% enantioselectivity. After an extensive screening of phosphoramidates, Feringa [26] discovered higher efficiency and selectivity in the presence of an unsaturated binaphthol-based version.


Scheme 4.17 Phosphoramidite ligands with dialkylzinc reagents.
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Readily modifiable chiral ligands facilitate the establishment of an appropriate enantioselective catalytic process [27]. In this context, Hoveyda and coworkers [28] developed easily accessible peptide-based ligands providing high selectivity in the allylic alkylation of a broad range of cinnamyl phosphate substrates (Scheme 4.18). The ligand possesses three distinct parts: a pyridine/Schiff base coordination site, a chiral peptide, and a terminal N-butylamine. Moreover, this class of peptidic ligands found interesting potential in the challenging, highly enantioselective formation of chiral quaternary centers, anticipating large application in natural product synthesis.


Scheme 4.18 First generation peptide-based ligands with dialkylzinc reagents.
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Later, Hoveyda developed a second generation of peptide-based ligands, introducing major modification at the coordination site part. To date, the state of the art is represented by the ligand L17 that provided the best enantioselectivity with simple γ- and non γ-substituted allyl phosphate substrates (Scheme 4.19) [29].


Scheme 4.19 Second generation peptide-based ligands.
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In 2002, Gennari and coworkers described phosphine-based ligands presenting some similarities with the ligand library previously described by Hoveyda. Despite an intensive screening, diethylzinc addition to cinnamyl phosphate only provided moderate enantioselectivity [30]. On the other hand, in 2009, Nakamura and coworkers [31] developed an efficient tridentate aminohydroxyphosphine ligand offering high enantioselective alkylation of cinnamyl phosphate substrates (Scheme 4.20). The described research was based on extensive theoretical mechanistic studies, which highlighted the necessity for an effective ligand to coordinate both the nucleophilic copper center and the Lewis acid main group metal (ZnR2).


Scheme 4.20 Tridentate aminohydroxyphosphine ligand with dialkylzinc reagents.
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During the last decade, NHC ligands have demonstrated tremendous applicability in metal-catalyzed transformations [16]. The first report referring to the use of chiral NHC ligands in enantioselective allylic substitution reaction was reported in 2004. Hoveyda and coworkers [32] disclosed a bidentate NHC silver complex able to promote Cu-catalyzed asymmetric alkylations of a wide range of allylic phosphates to produce tertiary and quaternary carbon centers with high selectivity (Scheme 4.21). By transferring the chirality on the NHC backbone, the same group developed a new class of chiral NHC ligands offering excellent selectivity with very broad scope of application [33].


Scheme 4.21 Bidentate NHC-silver complexes with dialkylzinc reagents.
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More recently, Mauduit and coworkers reported a library of hydroxyalkyl imidazolium salts L21 with a large modularity offered by the chiral pool of amino-alcohols. Investigations in copper-catalyzed allylic alkylation with cinnamyl phosphates and dialkylzinc reagents revealed high regio- and enantioselectivity with the tert-leucinol-based ligand even at low catalyst loading (Scheme 4.22) [34].


Scheme 4.22 Bidentate hydroalkyl-NHC with dialkylzinc reagents.
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4.2.3 Triorganoaluminium Nucleophiles

Early reports demonstrated the efficient application of triorganoaluminium reagents as nucleophiles in the copper-catalyzed enantioselective ring opening of bicyclic hydrazines [35]. More recently, Hoveyda and coworkers developed a new generation of chiral NHC ligand bearing a sulfonate moiety. This bidentate ligand allowed for the asymmetric introduction of in situ prepared vinyl [36], aryl, heteroaryl [37], and alkynylaluminium [38] reagents with high regio- and enantioselectivities (Scheme 4.23).


Scheme 4.23 Chiral sulfonate-NHC ligands with triorganoaluminium reagents.
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4.2.4 Organoboranes Nucleophiles

Despite their availability, stability, and ease of handling, organoboronic acid derivatives were only explored very recently as nucleophiles in copper-catalyzed asymmetric allylic reactions. Using aryl and alkenylboronates, Shintani, Hayashi, and coworkers [39] developed an efficient catalytic system to promote AAAr with secondary and tertiary allyl phosphonates using Mauduit-type chiral NHC ligands (Scheme 4.24).


Scheme 4.24 Chiral hydroxyalkyl-NHC ligand with organoboronate nucleophiles.
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More recently, Jung and Hoveyda [40] reported the enantioselective formation of tertiary and quaternary stereogenic centers with allenylboronates (Scheme 4.25).


Scheme 4.25 Chiral sulfonate-NHC ligands with allenylboronate nucleophiles.
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4.2.5 Organolithium Nucleophiles

Despite the fact that organolithium reagents are widely used in organic synthesis, their high reactivity has limited their applications in asymmetric reactions. In fact, it is only very recently that Feringa and coworkers [41] reported the first efficient and enantioselective copper-catalyzed allylic alkylation reaction with organolithium reagents. The association of CuBr·SMe2 and Taniaphos or a phosphoramidite ligand provided efficient catalytic systems between allyl halides with primary and secondary organolithium reagents (Scheme 4.26). Interestingly, all-carbon quaternary stereogenic centers were also synthesized with this new methodology [42].


Scheme 4.26 AAA with organolithium nucleophiles.
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4.3 Functionalized Substrates

In the past few years, the scope of the copper-catalyzed AAA has been extended to other allylic frameworks, bearing mainly another functional group or an additional unsaturation. The enantiomerically enriched SN2′ products could be pivotal intermediates for further transformations.

4.3.1 Trisubstituted Substrates

Although preliminary studies on Cu-catalyzed AAA were limited to simple γ- and β-mono substituted olefinic frameworks, the selective AAA of more challenging γ- or β-disubstituted systems has been investigated more recently (Scheme 4.27).


Scheme 4.27 AAA of γ- and β,γ-disubstituted allylic substrates (LG = Leaving Group, Nu = Nucleophile).
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First, Hoveyda and coworkers [28, 29] developed a library of easily modular peptide-based chiral ligands which were investigated in the Cu-catalyzed AAA of various trisubstituted allylic phosphates. For example, the alkylation of the unsaturated allylic phosphate (Scheme 4.28), promoted by the dipeptide Schiff base L17 and (CuOTf)2·C6H6, generated a quaternary stereocenter with ee up to 91%. Through extensive screening of peptide-based ligands, the authors proposed a model to explain the observed selectivities and suggested an association of the Cu(I) center to the olefin through a two-point binding between the carbonyl of the ligand's terminal amide and the P=O of the substrate.


Scheme 4.28 AAA of unsaturated allylic phosphate with a dipeptide ligand.
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More recently, the same team designed new bidentate NHC ligands bearing a chiral diamine backbone and an achiral biphenol group [32, 33]. Dinuclear Ag complex L20 underwent easy ligand exchange with Cu salts to give highly effective chiral catalysts. With catalyst loading significantly lower than the one required with dipeptide ligand L17, higher asymmetric induction was observed in the alkylation of the trisubstituted olefin (Scheme 4.29). Moreover, a key advantage is that the air- and moisture-insensitive CuCl2·2H2O could perform the reaction.


Scheme 4.29 Formation of a quaternary stereocenter generated by Cu-catalyzed AAA promoted by Ag(I) complex.
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Secondly, Alexakis and coworkers reported the alkylation of aryl β-disubstituted allylic chlorides with various Grignard reagents. Good regioselectivities and ee values (up to 98%) were achieved, using a CuTC in combination with the Feringa's phosphoramidite ligand L4 (Scheme 4.30) [43, 44]. For example, the addition of 3-butenylMgBr or 4-pentenylMgBr to β-methylcinnamyl chloride gave the expected enantiomerically enriched alkylated products, which could undergo a one-pot ring-closing metathesis with the Grubbs second-generation catalyst in a completely stereoretentive manner.


Scheme 4.30 One-pot Cu-catalyzed enantioselective SN2′ reaction and ring-closing metathesis.
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The Cu catalyst combined with the phosphoramidite ligand L4 was extended to aliphatic endocyclic allylic chlorides. The attack in the γ-position was favored because of the higher stability of the product bearing an endo double bond, with ee values ranging from 95% to 99.6%. Moreover, a beneficial effect on the enantiodiscrimination was observed with an unsaturated Grignard reagent (Scheme 4.31), with an increase of the optical purity from 97% to 99.2% ee, owing to π–π stacking or π–cation interactions.


Scheme 4.31 AAA of aliphatic endocyclic allylic chlorides.
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Since cyclic substrates are challenging for this reaction owing to the lack of σ–π isomerization involved in the reaction mechanism, Alexakis and coworkers [45] proposed a strategy using ω-ethylenic allylic substrates that underwent an alkylation step followed by a ring-closing metathesis (Scheme 4.32). Substituted five-, six-, and seven-membered rings were obtained using the phosphoramidite ligand L13.


Scheme 4.32 Strategy for the alkylation of cyclic substrates.
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4.3.2 Ester Derivatives

Unsaturated esters bearing a phosphate LG at a γ-position were also investigated in the Cu-catalyzed AAA [46], affording homoallylic α-alkylated chiral esters. Notable regio- and enantiocontrols were achieved using the peptide-based second generation of catalysts (Scheme 4.33). The authors observed that the ester's substituents influenced the regiochemical outcome of the reaction with sterically demanding alkylzincs.


Scheme 4.33 Asymmetric α-alkylations of unsaturated esters.
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The scope of this reaction was extended to the preparation of acyclic β,γ-unsaturated esters bearing a quaternary stereogenic center α to the carbonyl group by a fine-tuning of the ligand (Scheme 4.34) [47].


Scheme 4.34 α,γ-unsaturated esters bearing a quaternary stereocenter.
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Woodward and coworkers investigated 2-halomethylcinnamate derivatives (Scheme 4.35), which are attractive substrates, being prepared on a large scale through a Morita–Baylis–Hillman chemistry. After few attempts using a chiral thioether ligand [48], the use of simple C2-symmetry chiral secondary amines such as L29 and the promotion by methylaluminoxane (MAO = [–Al(Me)O–]n) of the zinc Schlenk equilibrium afforded the products with considerably higher asymmetric induction [49].


Scheme 4.35 Synthesis of chiral beta, β-disubstituted α-methylene propionate.
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More recently, Feringa and coworkers [50] developed a highly enantioselective allylic alkylation of benzyl-4-bromocrotonates leading to chiral α-Me-substituted esters using copper–TaniaPhos L7 as chiral catalyst with up to 99% ee (Scheme 4.36). The obtained products were further elaborated to a variety of chiral multifunctional building blocks without significant loss of stereochemistry.


Scheme 4.36 Cu-catalyzed AAA of halocrotonates.
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In 2010, Hoveyda and coworkers reported the addition of various aryl-, heteroaryl [37], and vinylaluminates [36b] (formed in situ from the corresponding aryl- and heteroaryllithium or alkynes, respectively) to the t-butylester allylic phosphate. Excellent regio- and stereoselectivity were reached with silver–NHC complexes L22a–c, rising up to 96% ee for the newly formed quaternary carbon stereogenic center (Scheme 4.37). This methodology was then extended to challenging alkynylaluminium reagents [38], giving the corresponding 1,4-enyne in 91% yield and remarkable regio- and enantioselectivity (γ/α > 82/2 and with 96% ee). An added advantage was that the resulting 1,4-enyne was then engaged in Au-catalyzed transformation, leading to the useful enantiomerically enriched cyclic lactone in excellent yield.


Scheme 4.37 Enantioselective addition of aluminate reagents to t-butylester allylic phosphate.

[image: c04scy037]

4.3.3 Heterofunctionalized Substrates

Novel prospects were also afforded through hetero-allylic asymmetric alkylation. Some pertinent examples are given in the following.

Functionalized aliphatic allylic substrates containing either a protected alcohol or amine could be methylated with the CuBr·SMe2/L7 catalytic system in high yield, excellent regio- and enantioselectivity (>90% ee) (Scheme 4.38) [51, 52]. The terminal olefin moiety in the obtained products could be easily transformed without racemization, giving access to a variety of versatile bifunctional building blocks.


Scheme 4.38 Alkylation of functionalized allylic ethers.
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The hetero-AAA was also used for the synthesis of heterocyclic compounds. Thus, the use of various 3-bromopropenylesters with Grignard reagents [51, 53] in the presence of copper–Taniaphos L7 catalysts provided a practical access to a wide range of protected chiral allylic esters, which are interesting building blocks. For example, the alkylated product could further be transformed into the naturally occurring butenolide (S)-5-ethyl-2-(5H)-furanone (Scheme 4.39).


Scheme 4.39 Synthesis of (S)-5-ethyl-(5H)-furanone by a Cu-AAA followed by ring closing metathesis.
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Similarly, the efficient catalytic synthesis of chiral N-heterocycles [54] was performed through hetero-AAA of N-substituted allylic bromides, followed by a ring-closing metathesis, with high yield and excellent enantiodiscrimination (Scheme 4.40).


Scheme 4.40 Synthesis of optically active N-heterocycles.
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More recently, a two-step process based on a Cu-AAA with Grignard reagents and an efficient intramolecular Heck reaction was developed for the preparation of chiral chromenes and tetrahydroquinolines (Scheme 4.41) [55]. The obtained heterocycles are versatile synthons that could be easily functionalized through the transformation of the exocyclic double bond.


Scheme 4.41 Synthesis of chiral chromenes and tetrahydroquinolines.
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4.3.4 Vinylic Boronates and Silanes

In 2007, α-chiral allylboronates were synthesized by Cu-catalyzed AAA of vinylic boronates, such as 3-chloropropenylboronate, with ethylmagnesium bromide using the phosphoramidite ligand L30 (Scheme 4.42) [56]. Without isolation, the optically active allylic boronates (up to 95% ee) underwent a one-pot boron-mediated aldehyde allylation, leading to homoallylic alcohols with almost complete transfer of chirality.


Scheme 4.42 Chiral allylboronates as interesting synthons for stereoselective aldehyde allylation.
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At the same time, vinylsilanes were alkylated by dialkylzinc reagents with a chiral NHC-based catalyst L19 (Scheme 4.43) [57]. Enantiomerically enriched allylsilanes possessing tertiary or quaternary stereocenters could be obtained in high yields and selectivities (up to 98% ee). By a fine-tuning of the ligand, diarylzinc reagents could also be efficiently used.


Scheme 4.43 Allylsilanes bearing tertiary and quaternary substituted carbons.
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Later, Hoveyda and coworkers have extended the scope with vinyl [36a,b], aryl-, heteroaryl-aluminium [37], and alkynylaluminium [38] reagents regarding various PhMe2Si-substituted allyl phosphates. Interestingly, thanks to the efficient NHC–silver ligand library L22, the respective highly functionalized γ-alkylated allylsilanes were isolated in perfect regioselectivities (>98/2) with excellent yields and enantioinduction, reaching up to 94% ee (Scheme 4.44).


Scheme 4.44 Synthesis of quaternary stereocenters by Cu-catalyzed AAA with aluminium reagents.
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4.3.5 Substrates Bearing Two Leaving Groups (1,4 or 1,1′)

Commercially available 1,4-dihalo-2-butene (Cl or Br) were also evaluated as pertinent symmetrical substrates containing two potential reaction sites (Scheme 4.45) [58, 59], affording complete regioselectivity and high asymmetric induction (up to 94% ee). This outstanding regiocontrol was explained by an intramolecular stabilization of the intermediate copper(III)–allyl complex. The highly tunable chiral monohalides could further be transformed through nucleophilic or electrophilic pathways with a complete retention of the configuration.


Scheme 4.45 AAA of 1,4-dihalo-2-butene with phosphoramidite ligands.
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Very recently, Fañanás-Mastral and Feringa [60] reported the in situ transformation of α,β-unsaturated aldehydes into α-chloroallylic acetates and their subsequent copper-catalyzed regio- and enantioselective (up to 94% ee) allylic alkylation with Grignard reagents, affording enantiomerically enriched enol acetates and β-substituted aldehydes in a one-pot process (Scheme 4.46).


Scheme 4.46 Cu-catalyzed enantioselective synthesis of chiral enol acetates and b-substituted aldehydes.
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Similarly, allylic gem-dichlorides underwent excellent regio- and enantioselective (er up to 99 : 1) copper-catalyzed allylic alkylation with alkylated or functionalized Grignard reagents affording Z-vinyl chlorides (Scheme 4.47) [61]. The obtained optically active compounds are highly versatile substrates for subsequent Suzuki cross-coupling reactions. In these reactions, studies toward the elucidation of the mechanism of this reaction and more particularly the origin of the high Z-selectivity are still ongoing.


Scheme 4.47 Asymmetric Z-selective γ-allylic alkylation.
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4.3.6 Enyne-Type Substrates

In 2004, Kacprzynski and Hoveyda [29] described a copper-catalyzed AAA on two examples of enyne phosphate substrates using diethylzinc, leading to the formation of tertiary and quaternary stereogenic centers (Scheme 4.28). Very recently, Li and Alexakis [62] reported the use of prochiral E enyne chlorides as interesting substrates in the copper-catalyzed AAA with various alkyl magnesium bromide reagents as nucleophiles (Scheme 4.48). Optically active 1,4-enyne building blocks were obtained with excellent regio- and enantioselectivities (SN2′/SN2 ratio up to 98 : 2 and ee values up to >99%).


Scheme 4.48 Cu-catalyzed AAA of enyne chloride substrates.
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Additionally, the scope of the reaction was extended to conjugated E,E-diene chlorides (Scheme 4.49), which showed a similar behavior, affording almost exclusively the 1,3-substitution adduct with good selectivity and high optical purity.


Scheme 4.49 Examples of Cu-catalyzed AAA of diene chloride substrates.
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4.4 Desymmetrization of meso-Allylic Substrates

The desymmetrization of meso compounds is an attractive strategy as it allows the setting-up of stereogenic centers in a single step, starting from a nonchiral substrate.

4.4.1 Polycyclic Hydrazines, Symmetric Allylic Epoxides, Oxabicyclic Alkenes

The desymmetrization of meso-polycylic hydrazines, oxabicyclic alkenes, and allylic epoxides through Cu-catalyzed AAA has been investigated but this aspect is treated in elsewhere (see Chapter 5).

4.4.2 Cyclic Allylic Bis(Diethyl phosphates)

Two families of ligands were evaluated in the Cu(I)-catalyzed alkylation of meso-cyclic allylic bis(diethyl phosphates) with dialkylzinc reagents. A wide library of 125 iminosulfonamide ligands was investigated by the group of Gennari [63] and various phosphoramidite ligands were also evaluated by the same group in collaboration with Feringa [63b, 64]. With the five-member ring substrate meso-4-cylopentene-1,3-bisdiethylphosphate, the products arise from an SN2′ process with inversion of the stereochemistry. Both libraries of ligands were screened using Et2Zn as the nucleophile and the best ligands from each family were equally effective in terms of enantioselectivity, as 88% and 87% ee were respectively obtained with Schiff base ligand L34 and phosphoramidite L35 (Scheme 4.50).


Scheme 4.50 Cu-catalyzed desymmetrization of meso-4-cyclopentene-1,3-bisdiethylphosphate.
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The study was extended to various dialkylzinc reagents. While L34 gave the best ee's (94% and 88% respectively) with Me2Zn and n-Bu2Zn, moderate to poor enantioselectivities were respectively observed with Ph2Zn (68% with L34 using a 2/1 Ph2Zn/Me2Zn mixture) and i-Pr2Zn. With the six-member ring compound cis-2-cyclohexene-1,4-bisdiethylphosphate, while poor results were obtained with iminosulfonamide ligands, phosphoramidite L4 was far more efficient (Scheme 4.51). Indeed, in the presence of diethylzinc, a mixture of two diastereoisomers arising from an SN2′ process was isolated in an 85/15 anti/syn ratio, and fairly good yield (69%). The major isomer was isolated in a very good ee (94%). The Cu-L35 and Cu-L4 catalyzed alkylation of the seven-member ring-substrate analog with Et2Zn afforded the anti-SN2′ product with excellent yield, high regio-, diastereo-, and enantioselectivities (>98% ee, Scheme 4.51). More moderate results were obtained using iminosulfonamide ligands.


Scheme 4.51 Cu-catalyzed desymmetrization of meso six- and seven-membered ring cyclic allylic bis(diethyl phosphates).
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The reaction was extended to a meso substrate containing a supplementary acetal group (Scheme 4.51). The Cu/L35-catalyzed transfer of an ethyl group, followed by lithium aluminium hydride (LAH) reduction, gave a single diastereoisomer of the expected four chiral center product in good ee (86%).

4.4.3 Miscellaneous Desymmetrization

Although it does not start from a meso compound, the desymmetrization of prochiral compounds bearing two enantiotopic groups is closely related to the subject of this subsection. Starting from a prochiral substrate where the two enantiotopic groups are allylic phosphates (Scheme 4.52), two sequential allylic alkylation processes can be considered, one from each group. Gillingham and Hoveyda [65] reported the Cu/NHC L22b-catalyzed double methylation, by trimethylaluminium, of such a prochiral compound. The reaction afforded mainly the product arising from a double SN2′ process, in very high ee (>98%) and 61% yield. Two by-products were also isolated, 8% of the meso diastereoisomer and 27% of a compound issued from a SN2′/SN2 sequence. The product was further used in the total synthesis of Baconipyrone C, which highlights the potential of AAA in total synthesis (see Chapter 14).


Scheme 4.52 Cu/NHC-catalyzed desymmetrization of a prochiral compound having two enantiotopic allylic phosphate groups.
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4.5 Kinetic Resolution Processes

4.5.1 Allylic Epoxides and Aziridines, Oxabicyclic Alkenes, Bicyclic Oxazines

The most documented KR processes deal with heterobicylic alkenes such as cyclic vinylic epoxides. Nevertheless, Cu-catalyzed AAA transformations of these families of compounds are presented in Chapter 5.

4.5.2 Stereodivergent Kinetic Resolution on Acyclic Allylic Halides

The Alexakis group [66] recently reported the first example of a stereodivergent kinetic resolution (SKR) in Cu-catalyzed allylic alkylation. Using a fairly high loading of Cu/phosphoramidite catalytic system, symmetric allylic chlorides (R1 = R3) were alkylated with various Grignard reagents to give a mixture of Z and E isomers of products in nearly equal proportions (Scheme 4.53). Both were isolated with good ee's (up to 91%).


Scheme 4.53 Cu/phosphoramidite catalyzed stereodivergent kinetic resolution on acyclic allylic chlorides.
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While the procedure could be successfully extended to an unsymmetrical substrate (R1 = Ph, R3 = Me), this was not the case either with sterically hindered substrates or with trisubstituted olefinic compounds, for which the reaction would have produced quaternary chiral centers. At a first glance, the formation of two distinct diastereoisomers in equal quantities may appear as a weakness of the process. Nevertheless, various transformations of the double bond (oxidative cleavage, olefin metathesis, or hydrogenation) can convert the E/Z mixture into a single enantioenriched, valuable, synthetic intermediate. Mechanistic aspects have been discussed and it is proposed that the enantio-, stereo-, regioselections are determined in the oxidative addition step and that the (R, E)-product arises from an attack on the si face of the pro-E conformer of enantiomer S of the substrate, while the (R, Z)-product comes from an attack on the si face of the pro-Z conformer of enantiomer R (Scheme 4.53).

4.6 Direct Enantioconvergent Transformation

As kinetic resolution processes cannot fully convert a racemic mixture into a single enantioenriched product (a maximum of 50% conversion can be reached), a search for alternate strategies that could reach this goal was undertaken. Three solutions have been reported: dynamic kinetic resolution (DKR) [67], dynamic kinetic asymmetric transformation (DYKAT) [68], and, more recently, direct enantioconvergent transformation (DET) [69]. Alexakis applied copper/phosphoramidite (L4/L37)-catalyzed allylic alkylation with Grignard reagents to the transformation of racemic mixtures of cyclic allylic substrates into a single product (Scheme 4.54).


Scheme 4.54 Cu/phosphoramidite catalyzed direct enantioconvergent transformation on racemic cyclic allylic bromides.
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Very good ee's (up to 99%) and high yields were obtained in the alkylation of 3-bromocyclohexene with nonbulky organomagnesium reagents. It is worth underlining that the best enantioselectivity was reached with methylmagnesium bromide [70]. On the contrary, it appears that the enantioselectivity is poorer when the steric hindrance of the Grignard is more pronounced. Among the other limitations that were observed, it is worth noting that the presence of a substituent on the double bond seems generally unsuitable for the obtention of a good ee, the phenyl group being an exception. Moderate ee's were also obtained starting from analogous five- and seven-member cyclic bromides. Interestingly, many classes of chiral ligands (1,1′-binaphthyl (BINAP) and related bisphosphines, ferrocene-based bisphosphines, NHC, various phosphoramidites, SimplePhos) were also evaluated under the reaction conditions and phosphoramidites were the only family to give valuable results. On the basis of preliminary mechanistic investigations, it was proposed that the process was a DYKAT. This proposal was invalidated by the results of more detailed mechanistic studies, including calculations (density functional theory (DFT) method) that were recently carried out by the same group [71]. The results led the authors to propose a new mechanistic pathway, where the two enantiomers of the substrate would follow distinct pathways (anti-SN2′/anti-SN2) in the first oxidative addition step to afford the same cationic intermediate (Scheme 4.55). Then, the fast reductive elimination step would convert the intermediate into the product.


Scheme 4.55 Mechanistic pathway dealing with the direct enantioconvergent transformation on racemic cyclic allylic bromides as reported by Alexakis [71].
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This new mechanistic information led to reconsidering the case of substrates bearing oxygen-based LGs. Indeed, all the compounds tested in the first studies gave unsatisfactory results, which significantly restricted the scope of the process. Better LGs, bearing strong electron withdrawing group (EWG), were expected to facilitate oxidative addition. Indeed, trifluoroacetate substrates were alkylated with very good yields and better ee's (up to 97%; Scheme 4.56) than those that were obtained with the corresponding bromides [70b], the sole exception being observed with methylmagnesium bromide. In that case, only the cleavage of the ester was observed.


Scheme 4.56 Cu/phosphoramidite catalyzed asymmetric allylic alkylation on racemic cyclic allylic trifluoroacetates.
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4.7 Conclusion and Perspectives

The gold rush for AAA during the last 5 years can be directly connected to important breakthroughs gained by the development of more efficient enantioselective copper-based catalytic processes. Indeed, the scope has been recently extended to the use of valuable nucleophiles, such as challenging alkene- or alkyne-aluminates, or more recently, functionalized boronates. All these recent advances have allowed drastically simplifying the retrosynthetic design of numerous natural-products, producing with success more and more original building blocks. The three-vessel process for the enantioselective synthesis of Bakuchiol, recently proposed by Hoveyda and coworkers [36b], nicely illustrates this statement in the state of the art (Scheme 4.57).


Scheme 4.57 Enantioselective synthesis of Bakukiol involving Cu-AAA.
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Despite the very recent advances notably observed with aluminium reagents, the use of highly reactive nucleophiles such as vinyl, heteroaryl, alkynyl Grignard, and/or lithium reagents constitutes the remaining challenge. Moreover, in contrast to traditional organometallics, milder nucleophiles such as organoboronic acids derivatives have been much less explored and successful employment of organosilanes are hypothetical. In agreement with new environmental concerns, another aspect of methodology improvement involves simplification of the electrophilic partners and development of novel strategies via allylic alcohol [72] and C–H bond functionalization. Furthermore, additional detailed mechanistic studies and characterization of key intermediates would provide better understanding of the overall reaction process and result in innovative approaches.
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Chapter 5

Ring Opening of Epoxides and Related Systems

Mauro Pineschi

5.1 Introduction

The asymmetric ring opening of a strained heterocyclic system is a powerful, rational, and effective way to create multiple stereocenters in a single operation. This strategy has increased considerably in the last few years because it is an efficient way to convert readily available, inexpensive chemicals into valuable chiral, nonracemic products [1]. In particular, the strain associated with epoxides and aziridines has been exploited with a large variety of nucleophiles in an asymmetric fashion to give a myriad of differently substituted alcohols and amines in enantioenriched form [2]. Several successful combinations of metal catalysts and chiral ligands have been developed, but the use of chiral copper catalysts in the asymmetric ring opening of strained heterocycles, as will be discussed in this chapter, has remained quite limited. Copper catalysts are especially useful in combination with organometallic reagents as it is possible to generate in situ organocopper reagents, which are known to be particularly efficient for accomplishing the nucleophilic substitution of epoxides and aziridines with high chemoselectivity and in high regio- and stereoselective fashion [3]. In general, to get enantiomerically pure alcohols by the ring opening of an epoxide with an organometallic reagent, it is a more convenient and robust process to start from an enantiomerically pure chiral terminal epoxide, and allow it to react regioselectively with a Grignard reagent in the presence of catalytic amounts of copper salts [4]. The situation is dramatically different when meso-epoxides and meso-aziridines have to be alkylated enantioselectively with an organometallic reagent, an approach that provides only a few examples to date, with the most significant advances obtained with aryl lithium reagents in the presence of external chiral ligands [5]. Three-membered heterocycles containing an adjacent unsaturation are a special case, as these substrates (i.e., allylic epoxides and aziridines) are not easy to obtain in an optically pure form by asymmetric synthesis or by kinetic resolution. These are very particular substrates as they combine the reactivity of epoxides and aziridines and that of allylic or propargylic substrates, allowing multiple possibilities of ring-opening reactions [6]. With these substrates, a copper-based catalyst can express its affinity for unsaturated carbon–carbon bonds, giving a remarkable influence on the regio- and stereoselective outcome of the reaction.

Other strained heterocylic systems, different from epoxides and aziridines, have also captured the interest of researchers worldwide and transition metal-catalyzed asymmetric ring-opening reactions of heterobicyclic alkenes with nucleophiles are nowadays powerful methods for the rapid construction of stereochemically complex carbocyclic compounds [7]. In particular, copper-catalyzed asymmetric ring-opening reactions of heterobicyclic alkenes are remarkably useful in combination with organometallic reagents of different kinds.

The present description of copper-catalyzed asymmetric ring-opening reactions of a variety of strained heterocycles is classified by the type of substrate and the type of nucleophiles used.

5.2 Copper-Catalyzed Asymmetric Ring Opening of Epoxides with Amines

Catalytic asymmetric ring-opening reactions of meso-epoxides provide useful methods for the synthesis of chiral 1,2-bifunctional alcohols in nonracemic form. Alternatively, when dealing with racemic epoxides, catalytic kinetic resolutions with heteronucleophiles using a variety of metal catalyst are valuable methods for the preparation of enantioenriched alcohols [1]. The use of amines as nucleophiles has been intensely studied because it is possible to obtain β-amino alcohols, which are versatile intermediates in the synthesis of biologically active natural products, pharmaceuticals, and useful as chiral auxiliary in asymmetric synthesis. In this framework, there are only a few examples of the use of copper catalysts for the asymmetric ring opening. The use of catalytic amounts of Cu(OTf)2 (5 mol%) was found to be particularly effective in the ring opening of epoxides by aromatic amines, whereas it failed to catalyze the reaction with aliphatic amines [8]. This observation was in sharp contrast to the results from other metal triflates that worked both on aliphatic and aromatic amines. This is probably due to the fact that aliphatic amines made stronger complexes with the copper by virtue of its higher basicity. This preference for the epoxide cleavage with aromatic amines using Cu(OTf )2 was exploited in an asymmetric version by Kobayashi and coworkers using chiral bipyridine (S,S)-1, first introduced in asymmetric catalysis by Bolm et al. [9]. For example, the reaction of cis-stilbene oxide with aniline in the presence of chiral bipyridine L1 in water and CH2Cl2 at room temperature afforded the corresponding amino alcohol (R,R)-1 with a good enantioselectivity (80% ee) (Scheme 5.1) [10]. The reaction occurred slower in CH2Cl2 using Cu(OTf )2 as the metal catalysts, compared to the reaction carried out in water with a surfactant-type copper–chiral bipyridine complex. As the reaction can be catalyzed by other Lewis acids, it was interesting the reversal of enantioselectivity using the same chiral ligand in the same reaction catalyzed by scandium–chiral bipyridine complex [11].


Scheme 5.1 Copper-catalyzed asymmetric ring-opening reaction of cis-stilbene oxide with aniline.
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It should be noted that the copper–chiral bypyridine (L1)-catalyzed ring opening with aromatic amines occurred with satisfactory values of enantioselectivity only with aromatic meso-epoxides. For example, the reaction of cyclohexene oxide with 2-naphthylamine afforded the corresponding amino alcohol with 84% yield but with only 44% ee [10]. Also the ring-opening reactions of meso-epoxides with indole derivatives using Sc(III), Zn(II), and Cu(II) catalysts were examined by the same authors [10]. When the reaction was carried out in CH2Cl2, only Cu(OTf)2 gave the desired Friedel–Crafts type product 2 in moderate yield with high enantioselectivity, whereas the other metal catalysts afforded only trace amounts of product (Scheme 5.2).


Scheme 5.2 Copper-catalyzed asymmetric ring-opening reaction of cis-stilbene oxide with indole.
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The authors examined several reaction conditions with the Cu(II) catalyst in water. As for the equivalent of indole, 1.2 equiv gave the best yield and selectivity, observing only marginal influence of the concentration. The yield decreased when the catalyst loading was lowered, even with 2 mol% of the copper catalysts, it was still possible to obtain compound 2 in 73% yield with 90% ee. Also, in this reaction, the enantiofacial selectivity between Sc(III) and Cu(II) was reversed. It was revealed from X-ray structural analysis that a square pyramidal structure was formed for the Cu(II) complex and a pentagonal bypiramidal structure for the Sc(III) complex, which could explain the observed reversal of enantioselectivity (Figure 5.1) [11]. In copper-catalyzed reactions the nonlinear effect (NLE) was not observed either in water or in CH2Cl2, suggesting monomeric structures of Cu catalysts in both solvents.


Figure 5.1 X-ray structure of [CuBr2-L1] (a) and [ScBr2-H2O-L1]+ (b). Hydrogen atoms are omitted for clarity.

(Taken from Ref. [10]. Copyright 2010, Elsevier.)
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A novel chiral porous metal-organic framework (MOF) L2, developed by Tanaka and coworkers [12], showed to be particularly effective under solvent-free conditions. The heterogeneous catalyst was prepared through the reaction of C2-symmetric 2,2′-dihydroxy-1,1′-binaphthalene-5,5′-dicarboxylic acid (5,5′-H2BDA, 3) with Cu(NO3)2 in aqueous MeOH solution in the presence of N,N-dimethylaniline (Scheme 5.3). The catalytic activity of (MOF) (R)-L2 toward asymmetric ring-opening reactions of epoxides with aromatic amines occurred in toluene solution, but solventless conditions could also be advantageously used. The corresponding amino alcohols were obtained with moderate yield and enantioselectivity.


Scheme 5.3 Asymmetric ring opening of cyclic epoxides with chiral copper-organic framework.
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In the solventless experiment, the crystals of (R)-L2 were recovered by simple filtration and reused in the next cycles without loss of reactivity and enantioselectivity. Although fascinating, the catalytic system does not seem to be very robust, as the reaction was found to be very sensitive to the structure of the nucleophile to the point that with substituted anilines the conversions and enantioselectivities were remarkably low.

Racemic ethynyl epoxides have been used as precursors to generate special reactive intermediates such as copper–allenylidene complexes. This particular feature allows the nucleophilic ring opening of racemic epoxides with amines at the propargylic position, providing a novel synthetic approach to enantioenriched β-amino alcohols [13].

In a typical experiment, the reaction of racemic 2-ethynyl-2-phenyl oxirane 4 with aniline (1.2 equiv) in the presence of catalytic amounts of Cu(OTf)2 (2 mol%), (R)-DTBM-MeO-BIPHEP (L3a) (5 mol%), and diisopropylethylamine (DIPEA) (10 mol%) in acetone at −20 °C for 1 h afforded β-ethynyl-β-amino alcohol 5 in 95% yield with 79% ee (Scheme 5.4). Almost the same enantioselectivity was obtained with a similar hindered diphosphine ligand, such as (R)-DTBM-SEGPHOS (L3c) and (R)-DTB-MeO-BIPHEP (L3b), while no reaction occurred when (R)-SEGPHOS (L3d) was used as the chiral ligand. The best results (up to 94% ee) were obtained with aromatic amines containing electron-withdrawing groups, such as CF3, Cl, Br, NO2. On the other hand, only moderate enantioselectivities (26–54% ee) were observed when alkylamines were used as nucleophiles. The results obtained point to a nonclassical SN2-type ring opening of the epoxide via the formation of copper–allenylidene complexes. In the proposed mechanism, DIPEA promotes the deprotonation of the copper–π-alkyne complex A to give protonated epoxide species B, which opens to form a carbocation stabilized by resonance C (Scheme 5.5). Then, the chirality of the chiral diphosphine forces the aniline to attack the propargylic carbon from the si face, where the hydrogen bonding (species D) between the oxygen of the hydroxyl group and hydrogen of aniline is considered to play an important role to achieve high enantioselectivity. Finally, the high acidity of the proton of conjugated aniline in E gives the final product of type 5 and regenerates the copper catalyst.


Scheme 5.4 Copper-catalyzed enantioselective ring opening of propargylic epoxide 4 with aniline.
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Scheme 5.5 Plausible reaction mechanism for the ring opening of ethynyl epoxides with anilines.
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This proposed mechanism is supported inter alia by the deuterium incorporation at the C1 position of the ring-opened product 5 when the reaction is carried out with aniline-d7 [13].

5.3 Copper-Catalyzed Asymmetric Ring Opening of Epoxides and Aziridines with Organometallic Reagents

A variety of organometallic reagents are able to successfully alkylate epoxides with or without Lewis acids additives [1]. For example, both organolithium and Grignard reagents can be used to alkylate aziridines, but this requires robust N-sulfonyl protection [14]. The ring-opening reactions of epoxides and N-activated aziridines with organocopper reagents are particularly synthetically useful as the corresponding alkylated products can be obtained with high yields and high regio- and stereoselectivity [15]. Such reactions are known to proceed without the necessity of Lewis acids even if they can be markedly accelerated in the presence of BF3·Et2O [16]. Detailed B3LYP density functional studies on the reactions of lithium organocuprate clusters with epoxides indicated that the origin of acceleration of epoxide ring opening by BF3 is attributed to the cooperative activation of boron and lithium atoms on the epoxide oxygen atoms with a lowering as much as 9.2 kcal mol−1 of the activation energy of the nucleophilic ring opening [17]. As regards asymmetric variants, the enantioselectivities reported for opening of cyclohexene oxide with stoichiometric amount of chiral heterocuprates were very low (≤3% ee) [18], and a general asymmetric ring opening of meso-epoxides and aziridines with organocopper reagents remains yet an elusive reaction. An isolated example of asymmetric ring opening of a meso-aziridine, such as cyclohexene N-p-toluensulfonylimine (6), with hard alkyl metals catalyzed by copper was reported by Müller and Nury [19] (Scheme 5.6). The authors observed that the reaction of aziridine 6 with MeMgBr in tetrahydrofuran (THF) (0 °C, 6 h) afforded only the corresponding trans-2-bromo derivative 7b. When the reaction was carried out in the presence of 10 mol% of [Cu(acac)2], the alkylative ring opening occurred readily (0 °C, 1 h) and 7a was formed in 85% yield.


Scheme 5.6 Copper-catalyzed desymmetrization of a meso-N-sulfonylaziridine with hard alkyl metals.
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After the screening of several copper-chiral catalysts in order to perform the reaction in an enantioselective fashion, the copper complexes with Schiff base L4, obtained upon condensation of salicylaldehyde with phenyl glicine, gave the best results with MeMgX. However, optimization of the reaction conditions with the chiral catalyst L4 revealed the complex nature and the very narrow scope of the catalytic system. The enantioselectivity was found highly dependent not only upon the solvent but also on the halide of the Grignard reagent, catalyst concentration, and speed of the addition of the organometallic species. Only a slow addition of MeMgBr in THF with 30 mol% of catalyst loading gave acceptable yields (52%) and high enantioselectivity (91% ee).

Allylic epoxides, otherwise called vinyloxiranes or vinyl epoxides, are important building blocks in synthetic organic chemistry. They can be readily accessed by either oxidation of dienes or nucleophilic addition of activated allyl groups to aldehyde or ketones [20]. As the epoxide ring, which is a particular kind of leaving group, is flanked by a double bond, the epoxides can be considered as a particular class of allylic substrates in which the allylic substitution is accompanied by a ring-opening process in which the leaving group is maintained in the final product. Hence, allylic epoxides combine the reactivity of epoxides and that of allylic substrates allowing a wide range of useful synthetic transformation, including reactions with nucleophiles and Lewis acid rearrangement processes [20–22]. In general, the regioselectivity of the ring opening of allylic epoxides with organometallic reagents depends heavily on the hard and soft properties of the nucleophile. It is generally admitted that hard alkyl metals attack under charge control, seeking the most positive center of the allylic epoxide situated in the allylic position (SN2 addition). On the other hand, softer nucleophiles react through highest occupied molecular orbital (HOMO)–lowest unoccupied molecular orbital (LUMO) interactions, resulting in an orbital-controlled reaction (SN2′ addition) [23]. In particular, organocopper reagents containing soft ligands are especially well suited for the SN2′ addition to allylic epoxides [24]. In a SN2′-type nucleophilic displacement, both the anti and the syn-stereoselective reaction pathway are, in principle, possible, but normally in a copper-catalyzed reaction, the anti-SN2′ facial selectivity is largely predominant if not exclusive [24]. This preference, which has been qualitatively rationalized in terms of orbital symmetry [25], can be overridden when a particular chelating hindered group is present close to the reaction site. For example, Marino and Fernández de la Pradilla reported a sulfoxide-controlled SN2′ displacement between cyanocuprates and chiral nonracemic epoxy vinyl sulfoxides 13a and 13b [26]. As shown in Scheme 5.7, the absolute configuration of the newly formed carbon–carbon bond is primarily controlled by the chiral sulfur atom, which in the nonreinforcing situation depicted in Equation 1 of Scheme 5.7, can override the intrinsic anti tendency of the vinyl epoxide moiety and definitely undergo syn-addition.


Scheme 5.7 Diastereoselective chiral sulfoxide-controlled SN2′ displacements between cyanocuprates and epoxy vinyl sulfoxides.
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5.3.1 Copper-Catalyzed Kinetic Resolution of Racemic Allylic Epoxides and Allylic Aziridines with Dialkylzincs

As dialkylzincs are hard alkyl nucleophiles, but usually too weak to react with allylic epoxides, the possibility of generating a cuprate in situ by a transmetallation reaction leading to more reactive and selective species was considered [27]. A remarkable ligand-accelerated catalysis (LAC) effect in the reaction of Et2Zn with epoxide 9b in the presence of catalytic amounts of copper complexes with 1,1′-bi-2-naphthol (BINOL)-based phosphoramidites was found by Feringa and Pineschi in 1998 [28]. When the reaction was performed in the presence of catalytic amounts (6 mol%) of phosphoramidite L5 [29], a strong acceleration of the reaction with a dramatic increase of the SN2′ pathway was observed. This is a typical example of a LAC effect: without the ligand, the reaction is much slower and proceeds without regio- and stereoselectivity. The reaction was also carried out with other cyclic allylic epoxides in accordance with a kinetic resolution protocol using half equivalent of dialkylzinc reagents. In this way, it was possible to obtain the corresponding allylic alcohols of type 10 with a good regioselectivity. The best results (>90% ee) were obtained by the use of sterically demanding phosphoramidites L6 and L7, especially when six- and seven-membered monoepoxides 9b and 9c were used (Scheme 5.8) [28].


Scheme 5.8 LAC effect in the catalyzed addition of dialkylzinc reagents to allylic epoxides.
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The synthetic utility and practicality of this new procedure was soon after demonstrated through the first catalytic asymmetric synthesis of both (R)-(+)- and (S)-(−)-2-cyclohexen-1-one [30]. The striking LAC by the chiral copper complexes with phosphoramidite L7 permitted a very low catalyst loading (0.6 mol%) and the reaction was carried out on a multigram scale.

In the past few years, the additions of organocuprates to allylic aziridines has emerged as a powerful and stereoselective synthetic method for the preparation of aliphatic (E)-allylic amines [31]. As a natural extension of their work on allylic epoxides [28], some racemic cyclic allylic aziridines have also been synthesized and studied by the same authors (Scheme 5.9). The nature of the protecting group on allylic aziridines proved to be critical for their reactivity. The carboxybenzyl (Cbz)-protecting group proved to be optimal with respect to stability and reactivity, whereas the benzyl-protected aziridine 12b proved not to be reactive enough in copper-catalyzed alkylation with dialkylzinc reagents. It should be noted that unlike the related epoxide 9b, the alkylative addition of Et2Zn to Cbz-protected allylic aziridine 12a in the presence of Cu(OTf)2 (3 mol%) also occurred smoothly without a phosporus-based ligand and afforded an almost equimolar mixture of the cis- and trans-allylic amines 13 and 14 (γ- or SN2′-adducts) as the major reaction products (Scheme 5.9) [32].


Scheme 5.9 Copper-catalyzed addition of dialkylzinc reagents to vinyl aziridine 12a.
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The syn-stereoselective pathway can be drastically suppressed (13/14 = 95/5) by the use of catalytic amounts of racemic phosphoramidite ligands L6 or L7 at complete conversion of the starting aziridine 12a. Following a kinetic resolution protocol using 0.55 equiv of R2Zn, it was possible to obtain the corresponding allylic amine 13 with complete anti-stereoselectivity and with enantioselectivity up to 83% ee at 48% conversion of aziridine 12a. Interestingly, with all the allylic aziridines examined it was not possible to obtain the regiodivergent kinetic resolution (RKR, vide infra) obtained with the related epoxides, and the corresponding α-adducts were not isolated or they were obtained in a racemic form [32].

The SN2′-type substitution of propargylic substrates with an organometallic reagent is one of the most reliable procedures for the stereoselective preparation of substituted allenes. In the case of propargylic epoxides, the reaction affords α-allenic alcohols, which are valuable compounds in organic synthesis in view of their presence in a number of natural substances and are known for their ability to undergo further transformations with good-to-complete transfer of the allenic chirality [33]. Propargylic dioxolanones are promising alternatives to propargylic epoxides and recently a variety of α-allenic alcohols have been synthesized by a copper-catalyzed anti-stereoselective SN2′ addition of Grignard reagents to these compounds [34]. As regards asymmetric variants, an isolated report took advantage of the striking LAC effect of dialkylzinc reagents with copper–phosphoramidite catalysts already found with allylic epoxides [28]. While the reaction of Et2Zn to racemic propargylic epoxides 15a,b did not proceed with significant conversion (< 5%), the addition of catalytic amounts of phosporamidite ligand L6 to the reaction mixtures gave a remarkable increase in the formation of corresponding tri- and tetrasubstituted anti-allenols of type 16 (Scheme 5.10) [35]. The enantioselectivities obtained were in the range of 26–38% ee at about 50% conversion of the starting propargylic epoxides. A curious finding was that phosphoramidite L8 derived from α,α,α,α-tetraaryl-1,3-dioxolane-4,5-dimethanol (TADDOL) and diisopropylamine gave a reversal of the diastereoselectivity in favor of the syn-allenic alcohol 17a (36% ee). However, the observed result seemed to be rather particular, and slight variations of the reaction components (substrate, dialkylzinc, ligand) afforded diverse regio- and diastereoselectivities not easy to fully rationalize. To date, the most reliable and general methods to get syn-allenol from propargylic epoxides, albeit without any asymmetric induction, are the addition of Grignard reagents catalyzed by Fe(acac)3 [36] and the rhodium-catalyzed addition of arylboronic acids [37].


Scheme 5.10 Copper-catalyzed diastereo- and enantioselective alkylation of propargylic epoxides 15a,b.

[image: c05scy010]

5.3.2 Copper-Catalyzed Enantioselective Desymmetrization of meso-Allylic Epoxides with Dialkylzincs

Desymmetrization of meso-epoxides and -aziridines to yield enantiomerically enriched products is a widely used synthetic strategy especially with heteronucleophiles [2]. On the other hand, there are few reports dealing with the enantioselective ring-opening reaction of epoxides with organometallic reagents as most of them use commercially available cyclohexene or cyclopentene oxide [5]. Encouraged by the results obtained with racemic allylic epoxides, Pineschi and coworkers were much intrigued by the possibility of addition of dialkylzinc reagents to the enantiotopic faces of prochiral symmetrical epoxides. However, differently from saturated epoxides, symmetrical meso allylic epoxides are far from commercially available or common structural motifs. With the aim to find new symmetrical structures, the not previously described meso-methylidene cycloalkane epoxides 18–20, bearing enantiotopic methylidene moieties in an allylic position with respect to the endocyclic oxirane ring, were synthezised and studied (Scheme 5.11) [38]. The symmetrical epoxide 18a, which can easily be obtained from naphthoquinone in two steps, was taken as the model substrate. On the other hand, symmetrical triene allylic epoxides 18b and 20 were only obtained in low overall yields. The best results were uniformly obtained with ligand L7, derived from (S)-BINOL and (S)-bis-phenylethylamine. The corresponding bis-allylic alcohols 21 and 22 were obtained with a good yield and a high regio- and enantioselectivity. The chiral catalyst's ability to discriminate between the enantiotopic reaction sites was maximized when the conformationally less constrained vinyloxirane 18c was used. The conjugated triene epoxide 20 proved to be an unsuitable as substrate for the enantioselective ring-opening reaction. The symmetrically five-membered epoxide 19 afforded the corresponding conjugated adduct 22 with a reduced regioisomeric ratio (SN2′/SN2 = 87 : 13) albeit with a good enantioselectivity (85% ee).


Scheme 5.11 Catalytic enantioselective desymmetrization of symmetrical methylidene cycloalkene oxides.
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The effective chiral recognition of the enantiotopic faces of prochiral symmetrical allylic epoxides prompted the same authors to search for even more appealing desymmetrization reactions. For example, arene oxides are very reactive compounds that have been subjected to several biomimetic studies since the demonstration that these compounds are formed from aromatic hydrocarbons by a microsomial enzyme fraction from mammalian livers. There are only few dated reports dealing with ring-opening reactions of arene oxide carried out with organometallic reagents and none of these procedures employing organometallic reagents were catalytic or enantioselective. Benzene oxide (23a) and indan-8,9-oxide (23b) were examined as symmetrical arene-oxide substrates (Scheme 5.12).


Scheme 5.12 Catalytic enantioselective trapping of arene oxides with dialkylzincs.
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Benzene oxide is known to exist in equilibrium with its tautomeric valence structure, the oxepin 23a′. This compound exists mainly as oxepin at room temperature, even if the oxide component 23a determines the reactions of the system with most agents. Epoxides 23a,b were efficiently trapped at −78 °C with dialkylzinc reagents in the presence of a catalytic amount of copper–phosphoramidite complexes to give mixtures of the corresponding dienols 24 (α-adduct) and 25 (γ-adduct) [39]. It is remarkable that the α-adducts 24b (≥95% ee) and 25b exclusively derive from an anti-stereoselective 1,6-addition pathway to indene oxide and therefore have been more appropriately called ϵ-adducts.

The monoepoxide of 1,3,5,7-cyclooctatetraene (COT) is also a symmetrical molecule bearing several distinctive features with respect to the other symmetrical vinyl oxirane substrates examined. In fact, COT-monoepoxide 26 has a special structure imposed by three consecutive double bonds where the double bonds and the epoxide ring are not in the same plane. The ring contraction isomerization to the seven-membered trienyl carboxaldehyde, which in turn added the organometallic reagents delivering substituted cyclohepta-trienyl alcohols, was the most common reaction observed when organometallic reagents were employed with this substrate [40]. Moreover, Matsuda reported that the reaction of epoxide 26 with Et2CuLi in Et2O under various reaction conditions resulted in the formation of polymeric material. The only reported addition of an alkyl group to COT-monoepoxide without ring contraction made use of RLi in Et2O and afforded 4-alkyl-2,6-cyclooctadien-1-ones through a 1,5-sigmatropic rearrangement [41]. Pineschi et al. [42] found that the combination of Grignard reagents together with a catalytic amount of CuCN gave cleanly the corresponding trienyl alcohol addition product with a high yield and complete conjugate regioselectivity. Even better results were obtained by the use of stoichiometric amounts of copper salts in combination with Grignard reagents. Moreover, a highly enantioselective desymmetrization of COT-monoepoxide with dialkylzinc reagents and chiral copper complexes of phosphoramidite ligand L7 has been reported as well (Scheme 5.13) [42].


Scheme 5.13 Copper–phosphoramidite-catalyzed desymmetrization of COT-monoepoxide and orbital overlaps for SN2′ addition.
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The model F proposed by Corey several years ago for orbital overlaps in a copper-catalyzed SN2′ addition involves a bidentate binding of the nucleophilic d-orbitals of the copper with the π*-orbital of the double bond and of the σ*-orbital of the oxirane moiety (Scheme 5.13) [43]. Considering that the prerequisite for a metal-catalyzed allylic alkylation is the ability of the system to attain a conformation in which the double bond and the leaving group are on the same plane, a very high deviation (about 60 °C) from coplanarity is necessary in the alkylation of COT-monoepoxide (Scheme 5.13). It is noticeable that in spite of this geometric constraint, an SN2′-cuprate addition is achieved by the appropriate in situ generation of an organocopper reagent.

5.3.3 Copper-Catalyzed Regiodivergent Kinetic Resolution of Racemic Allylic Epoxides with Dialkylzincs

Kinetic resolution of strained three-membered heterocycles has proven very useful for the generation of enantiopure organic compounds [44]. Parallel kinetic resolution (PKR) is an interesting strategy introduced, in which both enantiomers of a racemate can be converted into different products [45]. Conceptually similar to PKR is the so-called RKR, which is a process in which a single chiral catalyst or reagent reacts with a racemic substrate to form regioisomers possessing opposite configurations on the newly formed stereogenic centers [46]. As regards the RKR of strained heterocycles, some striking examples have reported quite recently. Parquette and RajanBabu reported that a dimeric yttrium salen catalyst accelerated the ring opening of aliphatic aziridines by trimethyl silane (TMSN3), inducing nucleophilic attack at the primary position of one enantiomer and the secondary position of the other [47]. Lautens and coworkers [48] demonstrated regiodivergent resolutions of unsymmetrical oxabicyclic alkenes using a cationic rhodium catalyst in combination with alcohols and amines as nucleophiles. A catalytic enantio- and diastereoselective carbon–carbon bond formation using a regiodivergent epoxide opening for radical generation has been developed by Gansäuer and coworkers [49]. On the other hand, the use of organometallic reagents in divergent processes involving racemic allylic substrates is very rare [50]. The regiodivergent behavior of allylic epoxides with dialkylzinc reagents in the presence of a catalytic amount of copper complexes with BINOL-based phosphoramidites such as L6 and L7 was found by a closer examination of the kinetic resolution processes [28, 30]. For example, Pineschi and Feringa noticed that the amount of the homoallylic alcohol 30a derived from the SN2 pathway increased with the increase of conversion of allylic epoxide 28 (Scheme 5.14). The monitoring of the composition of the reaction mixture and enantioselectivities of all reaction components 28, 29a, and 30a as a function of time revealed that regioisomeric products were derived from opposite enantiomers of 28 in two clearly distinct phases: the first one was very fast, proceeding with SN2′ regioselectivity to yield compound 29a and enantiomerically pure epoxide (1S, 2R)-28 (>98% ee). In the second phase (1S, 2R)-28 reacted with almost complete SN2 regioselectivity to give homoallylic alcohol (1S, 2S)-30a with excellent enantioselectivity (Scheme 5.14).


Scheme 5.14 Regiodivergent reactions with dialkylzinc compounds and a copper–phosphoramidite catalyst.
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The complementary enantiomer-dependent result was clearly demonstrated by a reaction carried out with the racemic catalyst (±)-L7. In this case, the SN2′-addition product 29a was obtained as a racemate with a high regioselectivity, indicating that a chiral recognition process is responsible for the enantio- and regiodivergent reactivity when the reaction is performed with the chiral catalyst [51]. Following this preliminary work, the regiodivergent behavior of several cyclic allylic epoxides of different sizes was evaluated. Phosphoramidite L7, derived from (R)-BINOL and (R)-bis-phenylethylamine, proved to be slightly superior to its diastereoisomer (S,R,R)-L6 with respect to the extent of regiodivergency, and the enantioselectivity of the reaction products.

Highly enantioselective RKR process with all the cyclic substrates 9a–d were obtained using commercially available dialkylzinc reagents (Scheme 5.15) [52]. The RKR process was particularly efficient when 1,3-cycloheptadiene monoepoxide 9c was employed (n = 2, Scheme 5.15). With this substrate, the regiodivergency was practically ideal, and regioisomeric alcohols 10c and 11c having opposite configurations at the hydroxyl group-bearing carbon were obtained in almost equal amounts and with a high enantiomeric excess (>90% ee) also using solvents of different type, such as THF, Et2O, CH2Cl2, or AcOEt. Naphthalene 1,2-oxide (31) is known to be very prone to spontaneous epoxide ring opening and aromatization (Scheme 5.15). Despite its extreme chemical reactivity, the addition of Et2Zn (1.5 equiv) to racemic epoxide 31 in the presence of Cu(OTf)2 (1.5 mol%) and chiral ligand (R,R,R)-L7 (3.0 mol%) proceeded very cleanly to afford a 66 : 34 mixture of regioisomeric dihydronaphthols 32 (γ-adduct) and 33 (α-adduct), the latter obatined with a remarkable enantioselectivity (>98% ee) (Scheme 5.15) [39]. A clear demonstration that the regioselectivity of the reaction depends directly on the absolute configuration of the chiral catalyst was carried out with the less volatile eight-membered enantiomerically pure epoxide 9d, which was treated with a copper catalyst derived from both (S,S,S)-L7 and (R,R,R)-L7 (Scheme 5.16). In the presence of (R,R,R)-L7, epoxide (1R, 2S)-9d reacted with Me2Zn to give, with complete regioselectivity, the corresponding enantiopure allylic alcohol (1R, 4R)-10ad, whereas when (S,S,S)-L7 was used, the corresponding homoallylic alcohol (1R, 2R)-11ad was obtained with a good selectivity [52].


Scheme 5.15 Regiodivergent reactions with dialkylzinc compounds and copper–phosphoramidite catalyst.
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Scheme 5.16 The sense of chirality of the ligand determines the regiochemical outcome.
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Many acyclic allylic epoxides examined showed only a modest complementary enantiomer chiral recognition and proved to be unsuitable as substrates for the RKR process. Good levels of (E)-stereoselectivity were uniformly obtained for the SN2′-adducts when conformationally mobile allylic epoxides were used [52]. Even if the ground-state conformers are not necessarily the same, it is reasonable that the corresponding s-trans conformers are the reactive ones. The asymmetric matching of ligand L7 with the conformational mobility typically associated with acyclic allylic epoxides was successful in some cases. For example, when 1-vinyl cyclohexene oxide 34 was used as the substrate, a high enantioselectivity was found in the ring-opened products, the allylic alcohols 35 and homoallylic alcohols 36, the latter containing an all-carbon quaternary stereocenter (Scheme 5.17) [52].


Scheme 5.17 Successful RKR of conformational mobile allylic epoxides.
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Acyclic allylic epoxide 37 also gave a nice RKR reaction when treated with Et2Zn in the presence of copper phosphoramidite catalysts. In this case, it was observed that in the SN2′-adduct 38, deriving from an allylic rearrangement, the new double bond has an E-configuration, whereas in the SN2 adduct 39, the original (Z)-double bond configuration present in the starting epoxide, was fully maintained. The preservation of the original double bond configuration of the starting epoxide in the SN2 adduct seems to indicate that during the reaction the double bond is partly retained. Anyway, the substantial preservation of the stereochemical integrity of the original double bond present in the SN2 adducts seems to indicate that the reductive elimination step is faster than the eventual incursion of syn/anti isomerization processes [52]. Recently, a detrimental effect by an adjacent benzyloxymethyl moiety on the chiral recognition process has been found in the carba analogs of the corresponding d-galactal- and d-allal-derived allyl epoxides [53].

5.3.4 Copper-Catalyzed Asymmetric Ring Opening of Racemic Strained Three-Membered Compounds with Organoaluminium and Grignard Reagents

The reaction of cyclic allylic epoxides with organoaluminium reagents in combination with copper salts and chiral phosphoramidites was studied by Equey and Alexakis [54] who showed that the solvent played a major role. In fact, when the reactions were carried out with less coordinating solvents, such as CH2Cl2, toluene, and Et2O, only degradation products were detected. A solution was found by the use of THF at low temperatures. The authors focused only on the transfer of a methyl group because it was considered to be more interesting from a synthetic point of view. Optimization of the reaction conditions in the kinetic resolution of epoxide 9b with Me3Al led to high SN2′ regioselectivity (SN2′/SN2 = 94/6) and high enantioselectivity (82% ee of allylic alcohol 10ab) with CuTC (copper thiophene carboxylate) as the copper salt and phosphoramidite (S,S,S)-L7 (Scheme 5.18, Equation 1). They also noticed the regiodivergent behavior of 1,3-cyclooctadiene monoepoxide (n = 3) and 1,3-cyclopentadiene monoepoxide (n = 0) with excess Me3Al in THF to give a mixture of regioisomeric alcohols both with high enantiomeric enrichment (Scheme 5.18, Equation 2). Therefore, it seems that the RKR previously observed with dialkylzinc reagents [51, 52] is also operative in the conjugate addition of organoalanes to cyclic allylic epoxides by the use of tiny amounts of copper–phosporamidite catalysts also with a 1 : 1 Cu/L7 ratio.


Scheme 5.18 Kinetic resolution (KR and RKR of cyclic allylic epoxides with Me3Al.
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Some years later, the same research group found that Grignard reagents can also be used as alkylating agents of allylic epoxides in an asymmetric fashion by means of copper catalysts. The major advantage is that Grignard reagents are far more accessible, cheap, and easy to use that dialkylzinc and trialkylaluminium reagents. In the kinetic resolution of allylic epoxide 9b with copper–phosphoramidite catalysts, the corresponding allylic alcohol 10ab was obtained with excellent regioselectivity but only 38% ee was achieved [55]. The best results were obtained with chiral ferrocenyl-based diphosphines of the JosiPhos family in combination with CuBr as the copper source (Scheme 5.19). The choice of solvent was also very important as, in this case THF completely inhibited the reaction. Both Et2O and methyl tert-butyl ether (MTBE) showed excellent regioselectivity (SN2′/SN2 = 99/1), with a slight advantage for MTBE in terms of enantioselectivity (88% ee vs 85% ee). Several chlorine-based Grignard reagents (RMgCl) proved to be effective for the kinetic resolution; however, the corresponding alkylmagnesium bromides were less suited due to competing nucleophilic attack of the bromide ion on the epoxide.


Scheme 5.19 Copper-catalyzed kinetic resolution of allylic epoxide 9b with Grignard reagents.
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Alexakis et al. also performed the kinetic resolution of cyclic allylic epoxides with Grignard reagent by means of copper catalysts with chiral phosphorus ligand of the SimplePhos family such as L10 (Scheme 5.20) [56]. In this reaction conditions, it was possible to obtain good levels of enantioselectivities of the SN2′ adducts also with hindered and functionalized Grignard reagents such as TMSCH2MgCl (Scheme 5.20, Equation 1).


Scheme 5.20 Kinetic resolution (Equation 1) and regiodivergent kinetic resolution (Equation 2) of cyclic allylic epoxides with Grignard reagents catalyzed by copper–SimplePhos ligand.
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The allylic alcohols were obtained in up to 96% ee albeit with at a moderate conversion of 37% using c-HexMgCl. When the reaction was allowed to reach 50% conversion, the ee and the regioselectivity decreased significantly.

Interestingly, a RKR with secondary Grignard reagents yielded the homoallylic alcohol 11db in moderate yield but in very high enantioselectivity (Scheme 5.20, Equation 2).

Alexakis et al. extended the copper-catalyzed kinetic resolution ring-opening process with organometallic reagents to alkenyl cyclopropane malonates. After disappointing results with dialkylzinc and organoaluminium reagents, they focused their attention on the use of Grignard reagents on five- and six-membered substrates 40a,b (Scheme 5.21) [57]. In the optimized reaction conditions, by using EtMgBr as nucleophile and ferrocenyl phosphine L11 as ligand, product 41a was obtained with 69% ee at 46% conversion. A similar result was obtained with i-PrMgCl (65% ee at 43% conversion), while PhMgBr did not react under the standard conditions. The best results with the six-membered ring substrate 40b were obtained with Cu(CH3CN)4BF4 as the copper salt and with hindered phosphoramidite L12.


Scheme 5.21 Kinetic resolution of alkenyl cyclopropanes malonates with Grignard reagents.
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5.4 Copper-Catalyzed Asymmetric Ring Opening of Heterobicyclic Systems with Organometallic Reagents

The use of heterobicyclic templates to obtain cycloaliphatic compounds in a regio- and stereoselective way is a valuable strategy in organic synthesis. In particular, the ring opening of oxabicyclic alkenes has provided different approaches to the synthesis of both monocyclic and acyclic compounds with control of relative and absolute stereochemistry [7, 58]. Among the carbon nucleophiles capable of inducing the ring opening of the 1,4-epoxide ring system present in oxabicyclic alkenes, organolithium [59] and cuprates [60] reagents were the first class of nucleophile used, affording the corresponding syn-addition products that derive from an exo-attack of the organometallic reagent. More recently, dialkylzincs [61], organoalanes [62], alkylzinc halides [63] and arylboronic acids [64], aryl- and vinyl halides [65], in the presence of a variety of metal catalysts were also reported to give a syn-stereoselective ring-opening reactions and, in some cases [61, 64], excellent enantioselectivities were also achieved. A remarkable reversal of stereocontrol in the ring opening of oxabenzonorbornadienes in an asymmetric fashion was realized by Pineschi and Feringa with dialkylzinc reagents using copper–phosphoramidite catalysts [66]. The reaction showed high levels of anti-stereoselectivity (up to anti:syn > 99 : 1), allowing a new entry to anti-dihydronaphthols with high enantiomeric enrichment (up to 99% ee) (Scheme 5.22). Control experiments showed that the phosphoramidite ligand governs the anti-stereoselective pathway in these reactions as the catalytic ring opening of 42 in the absence of ligands resulted in syn-44 exclusively. The reaction is only applicable to aromatic oxabicyclic alkenes and need Zn(OTf)2 as promoter, otherwise very low conversions, especially with Me2Zn, were obtained.


Scheme 5.22 Copper-catalyzed enantioselective ring opening of oxabenzonorbornadienes.
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Racemic versions of the ring opening of oxabicyclic substrates were also realized with Grignard reagents. When the reaction was catalyzed by nickel, different stereoselectivities (syn or anti additions) have been obtained using different reactions conditions [67]. syn-Stereoselective arylative and alkenylative ring-opening reactions of [2.1.1]- and [3.2.1]oxabicyclic alkenes with Grignard reagents catalyzed by FeCl3 in the presence of stoichiometric amounts of N,N,N′,N′-tetramethyl-ethane-1,2-diamine) (TMEDA) were reported by Nakamura et al. [68]. On the other hand, anti-stereocontrolled ring opening of oxabicyclic alkenes of a different kind with Grignard reagents has been realized in the presence of catalytic amounts of CuCl/PPh3 [69]. An asymmetric version using Grignard reagents was realized by Zhou et al. [70] using chiral spiro phosphoramidite ligand such as L13 (Scheme 5.23), achieving excellent anti-stereoselectivity and enantioselectivities up to 88% ee. The efficiency of the catalytic system was successively increased by the use of chiral phosphine ligand L14 in combination with sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]-borate (NaBArF) as noncoordinating anionic additive. The copper catalysts showed an extraordinary activity with turn over number (TON) up to 9000 and enantioselectivity up to 99.6% ee when the reaction was carried out at −20 °C with hindered Grignard reagents such as t-BuMgCl in dichloroethane (DCE) (Scheme 5.23) [71]. However, also under these reaction conditions, nonaromatic oxabicyclic alkenes were not reactive. Moreover, the reaction of aromatic Grignard reagent PhMgBr with 42a provided an almost racemic product and the use of allylic and vinylic Grignard reagents proved to be not effective under optimal reaction conditions.


Scheme 5.23 Copper-catalyzed desymmetrization of oxabenzonorbornadienes with Grignard reagents.
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A related copper-catalyzed asymmetric ring-opening reaction of oxabenzonorbornadienes has been performed by the use of SimplePhos as chiral ligands [72]. The use of CuTC in combination with SimplePhos ligand L10 (see Scheme 5.20) was particularly advantageous, using organoaluminium reagents. In the optimized reaction conditions, it was possible to transfer a methyl group by the use of inexpensive Me3Al in high yield and high stereoselectivity. Moreover, by the use of tandem lithium aluminium exchange from aryl lithium reagents, it was possible to perform the first enantioselective arylation of oxabenzonorbornadiene in an anti-stereoselective fashion [72, 73]. Very recently, a highly enantio- and anti-selective procedure for the ring opening of oxabenzonorbornadienes with alkyl lithium reagents by the use of copper–phosphoramidite L7 catalyst together with a stoichiometric amount of BF3·Et2O at very low temperature (−80 °C) has been reported by Feringa et al. [74].

Diheterobicyclic alkenes such as bicyclic hydrazines and bicyclic oxazines, readily prepared by cycloaddition of cycloalkadienes and diazo compounds and nitroso species, respectively, have a great synthetic potential [75]. In particular, the strained double bond in combination with nitrogen- or oxygen-leaving groups in allylic position give the luring opportunity to obtain functionalized cyclopentene and cyclohexene derivatives by ring-opening reactions. The asymmetric addition of organoaluminium reagents to meso-tri- and tetracyclic hydrazines 45 and 46 catalyzed by copper–phosporamidite catalysts was reported to give alkylated 1,2-trans-hydrazino cyclopentenes with good yields and up 86% ee (Scheme 5.24) [76]. The reasons for the amine part of the BINOL-based phosporamidite imposing the absolute stereochemistry of the corresponding adducts and for the lack of reactivity of dialkylzinc reagents were later explained by the reaction of the phosphoramidite with trialkylaluminium, generating in situ a dialkyl phosphoramine, which proved to be the real ligand in this asymmetric trasformation [77].


Scheme 5.24 Copper-catalyzed enantioselective desymmetrization of tri- and tetracyclic hydrazines.
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Interestingly, the enantioselective desymmetrization reaction was later extended to bicyclic hydrazines 49 bearing easily removable protecting groups by the use of different reaction conditions (Scheme 5.25). The use of CuTC (3 mol%) and SimplePhos ligand L15 (6 mol%) in MTBE afforded the corresponding adducts to type 50 with good yields and with up to 94% ee [78].


Scheme 5.25 Copper-catalyzed enantioselective desymmetrization of bicyclic hydrazines.
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In addition, bicyclic oxazines 51 can be opened with cleavage of the C–O bond accompanied by allylic rearrangement to give valuable cyclic 1,2-trans-hydroxamic acids 52. In this case, a kinetic resolution process is involved and moderate stereoselectivity can be obtained by the use of dialkylzinc or trialkylaluminium reagents in combination with a variety of chiral copper catalysts (Scheme 5.26) [77, 79].


Scheme 5.26 Copper-catalyzed kinetic resolution ring opening of bicyclic oxazines.
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5.5 Conclusions

In recent years, several asymmetric ring-opening reactions of strained heterocycles by means of chiral copper catalysts have been developed to a synthetically useful extent. Such copper catalysis is especially well suited for the ring opening of strained heterocycles containing an adjacent unsaturation, thus giving a particular kind of allylic alkylation reaction in which the former leaving group is maintained in the final product. Different kinds of primary organometallic reagents (organozinc, organoaluminium, organomagnesium, and alkyllithiums) can be used successfully in combination with copper salts and a variety of chiral ligands, with BINOL-based phosphoramidites playing a pivotal role. The regio- and stereoselectivity obtained by these copper-catalyzed protocols often complement the selectivity than can be obtained by the use of other transition metals. The major challenges that still remain to be adequately addressed are the copper-catalyzed catalytic asymmetric additions of sp- and sp2-hybridized organometallic reagents to strained heterocyclic systems.
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Chapter 6

Carbon–Boron and Carbon–Silicon Bond Formation

Masaya Sawamura and Hajime Ito

6.1 Introduction

Introducing boron (B) or silicon (Si) atoms into organic frameworks through a direct bond with a carbon atom creates the possibility of additional transformations based on rich organoboron/silicon chemistry [1, 2]. Among transition metals, copper is particularly useful for constructing C(sp3)–B/Si bonds, due not only to versatile reactivity but also to low cost and low toxicity of the metal. When C(sp3)–B/Si bond formation produces a new stereogenic carbon center at the position α to the heteroatom (α-stereogenic center), the resulting chiral organoboron or organosilicon compounds can be useful intermediates for organic synthesis because the C(sp3)–B/Si bonds can be transformed stereospecifically to C–O or C–N bonds through oxidation or to C–C bonds with or without transposition of the stereogenic centers [3–5].

This chapter deals with catalytic use of copper for asymmetric synthesis of organoboron and organosilicon compounds with an α-stereogenic center, covering not only reactions that need achiral substrates where the stereochemistry is controlled by a chiral copper catalyst but also stereospecific reactions of nonracemic chiral substrates with an achiral copper catalyst [6].

6.2 C–B Bond Formation Reactions

6.2.1 Boron Reagents and Copper(I)–Boryl Species

The first use of copper (Cu) for C–B bond formation was reported independently by Miyaura and by Hosomi in 2000 [7, 8]. These reports introduced bis(pinacolato)diboron (pinB–Bpin, 1) as a B source in the copper-catalyzed or -mediated allylic C–B coupling (allylic boron substitution) and β-boration of α,β-unsaturated carbonyl compounds and nitriles (activated alkenes), as well as hydroboration of terminal alkynes, and suggested formation of borylcopper(I) species 3 (pinB–Cu·L), which is nucleophilic at the B atom (Scheme 6.1). Later studies demonstrated that the chemistry of borylcopper species could be expanded to include diverse reaction types with broader substrate scopes [9]. This diversity was due mainly to the introduction of new Cu catalyst systems with different controlling ligands (L) that allow the preparation of more active borylcopper species. These achievements have been made through efforts to improve catalytic efficacy and selectivity and to understand the nature of the borylcopper species. Several borylcopper(I) complexes with different N-heterocyclic carbene (NHC) ligands were isolated and characterized structurally by X-ray crystallography; some were identified as catalytic intermediates in C–B bond formation reactions [10]. On the basis of these studies along with supports of theoretical calculations [11], the use of borylcopper(I) species as key catalytic intermediates in Cu-catalyzed C–B bond formation reactions with diboron 1 has become widely accepted.


Scheme 6.1 Reaction pathways of Cu-catalyzed C(sp3)–B bond formation reactions with 1.

[image: c06scy001]

This chapter categorizes Cu-catalyzed asymmetric C–B bond formation reactions into three groups: (i) allylic C–B coupling and related reactions (Section 6.2.2); (ii) β-borations of electron-deficient polar alkenes (Section 6.2.3); and (iii) hydroborations of nonpolar alkenes (Section 6.2.3). Commonly accepted (formal) reaction pathways for these reactions are illustrated in Scheme 6.1 [11]. These catalytic reactions are likely initiated by π-coordination of pinacolatoborylcopper(I) complex 3 to a C–C double bond of electrophilic substrates to form 4 when 1 is used as a boron source. Furthermore, in most cases, the borylcopper (3) is produced from the corresponding copper(I) alkoxide (2). In the allylic C–B couplings, addition of a B–Cu bond across a C–C double bond of an allylic carbonate places the B and Cu atoms at the γ- and β-positions, respectively, forming 5. Then, β-elimination accompanied by decarboxylation affords allylboronate 6. In the β-borations of electron-deficient polar alkenes, B–Cu addition gives a β-borated Cu-enolate (7 or 7′). In the absence or presence of a stoichiometric proton source (ROH), 7/7′ undergoes either transmetallation with 1 to afford β-borated boron enolate 8 or β-monoboration product 9, respectively. Cu-catalyzed hydroboration also occurs with nonpolar conjugated alkenes or alkenylboronates through regioselective B–Cu addition (giving 10) followed by C–Cu protonation (giving 11) in a manner similar to protonation-assisted β-boration of polar alkenes.

6.2.2 Allylic C–B Couplings to Produce Allylboron Compounds and Related Reactions

In 2005, Ito and Sawamura showed that a combination of CuOtBu and wide-bite-angle bisphosphine Xantphos (12) gives an achiral Cu catalyst system that allows efficient allylic C–B coupling between bis(pinacolato)diboron (1) and secondary allylic carbonates (e.g., 13) with an internal alkene moiety, producing α-stereogenic allylboronates (e.g., 14) (Scheme 6.2) [12a] (a catalyst prepared from CuCl, 12, and a stoichiometric amount of KOtBu shows comparable catalytic efficiency [12b]). This reaction exhibits excellent regioselectivity, resulting in placement of the B atom at the γ-position relative to the carbonate-leaving group. Alkene geometry of the product is also controlled with excellent selectivity. Furthermore, the enantiomeric purity of the substrates is almost completely preserved in the product. The isomeric alkenes (E)-13 and (Z)-13 with the identical absolute configuration afford antipodes of each other. Considering allylic 1,3-strains in the substrates, this stereochemical outcome indicates 1,3-anti stereochemistry in the attack of borylcopper 3 to 13. Having excellent functional group compatibility, this reaction offers a general and efficient method for the synthesis α-stereogenic allylboronates, which are versatile reagents for stereoselective C–C and C–heteroatom bond formation reactions [13]. Coupling between α-stereogenic secondary propargylic carbonate (S)-15 and 1 also occurs with exceptional regioselectivity and 1,3-anti stereoselectivity to give axially chiral allenylboronate (S)-16 [14]. Torosa applied the stereospecific catalysis with the Cu–Xantphos (12) system to ring opening of alkenylepoxides such as 17, and used it for stereoselective synthesis of syn- and anti-1,4-diols (e.g., 18) [15].


Scheme 6.2 Cu-catalyzed γ-selective, stereospecific C–B coupling between enantioenriched allylic or propargylic compounds and 1.
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Ito and Sawamura employed chiral phosphine ligands for catalyst-controlled enantioselective allylic C–B coupling with primary allylic carbonates (Z)-19 and demonstrated that P-stereogenic ligand QuinoxP* (18) was optimal [12b, 16]. Catalysis with CuOtBu–18 was effective in the reaction of various substrates with different alkyl-based substituents to give the corresponding α-stereogenic allylboronate (20) with enantiomeric purities exceeding 90% ee, while the α-branched i-Pr substituent inhibited the reaction (Scheme 6.3). The chiral catalyst system can also be applied to the desymmetrization of cyclic meso-2-alkene-1,4-diol derivatives [17]. For example, the reaction of 21 gave allylboronate 22. This α-stereogenic allylboronate can be expanded to include the synthesis of more complex molecules. Allylboronation of an aldehyde with 22 followed by silyl protection furnished allyl carbonate derivative 23. Interestingly, the second allylic C–B coupling with 23 catalyzed by the Cu–12 achiral catalyst system proceeded with 1,3-syn stereochemistry (vs 1,3-anti in Scheme 6.2) due to a steric effect of the ring substituent, affording allylboronate 24. The second allylboronation of an aldehyde produced the 1,6-diol derivative (25) with four stereogenic centers in a highly stereocontrolled manner.


Scheme 6.3 Enantioselective allylic C–B coupling catalyzed by Cu–QuinoxP* (18) system.
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Guzman-Martinez and Hoveyda [18] reported that chiral bidentate NHC–Cu complexes prepared from imidazolinium salts 26 or 29a are highly efficient catalysts for allylic C–B coupling (Scheme 6.4). The E-disubstituted allylic carbonates (27a–c) as well as trisubstituted alkyl- or arylalkenes (27d–f) are effective substrates, while the phosphine-based catalyst systems such as Cu–18 are not suitable for these substrates [16]. Subsequent oxidation furnished enantioenriched carbinols (28), including tertiary allylic alcohols (28d–f).


Scheme 6.4 Enantioselective allylic C–B coupling catalyzed by Cu–NHC systems.
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Ito and Sawamura noticed that the Cu-catalyzed enantioselective allylic C–B coupling with a class of cyclic substrates showed an unusual phenomenon called direct enantioconvergency (Scheme 6.5) [19]. For example, the reaction between rac-30 and 1 (1.5 equiv) catalyzed by the Cu–18 system (5 mol%) occurred with 100% conversion of 30 to afford (S)-31 with 97% ee in 98% yield. No interconversion between the antipodes of 30 occurred.


Scheme 6.5 Direct enantioconvergent transformation in the Cu-catalyzed allylic C–B coupling.
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Stereoconvergency involving alkene geometry was reported by McQuade [20] (Scheme 6.6). Six-membered NHC–Cu complex 32a was an effective catalyst precursor for the C–B coupling between the E/Z alkene mixture of 33 and 1, affording (S)-34 with 94% ee in 95% yield. High catalytic efficiency of the 6-NHC–Cu system was also noteworthy.


Scheme 6.6 E/Z stereoconvergent Cu-catalyzed enantioselective allylic C–B coupling.
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Ito and Sawamura showed that allylic carbonates involving vinylsilane or styrene structures such as 36 and 41 are exceptional substrates with regard to regioselectivity in the Cu catalysis with allyl alcohol derivatives and diboron 1 (Scheme 6.7) [21]. The reactions of 36 and 41 produced cyclopropylboronates 37 and 42, respectively. The authors propose that Cu–B addition across the C–C double bond of the vinylsilane places the B and Cu atoms at the β- and γ-positions, respectively, to form silylmethylcopper(I) complex 38. Subsequent intramolecular nucleophilic substitution afforded trans-37. The reversed regioselectivity in the Cu–B addition is likely driven by interactions between the σ[C(γ)–Cu] and σ*[Si–C(Si)] orbitals. In the reaction of 41, the π* orbital of the aromatic substituent interacts with the σ[C(γ)–Cu] orbital.


Scheme 6.7 Cu-catalyzed enantioselective reactions that produce cyclopropylboronates.
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6.2.3 β-Boration of α,β-Unsaturated Carbonyl Compounds

In 2006, Yun showed that copper-catalyzed β-boration of α,β-unsaturated carbonyl compounds (44) with bis(pinacolato)diboron (1) was markedly accelerated by additional of a nearly stoichiometric amount (2 equiv) of alcohol, and preliminary results on enantioselective reaction with Josiphos chiral phosphine (43) was reported (not shown) [22–24]. Later, Yun reported the expanded substrate scope of enantioselective β-boration catalyzed by the Cu–Josiphos system, including reactions of acyclic α,β-unsaturated nitrile, ester, amide, and ketone derivatives with aryl or alkyl β-substituents (Scheme 6.8) [25]. More recently, Arrayás and Carretero added α,β-unsaturated sulfones such as 44h into the substrate repertoire [26]. The enantioenriched alkylboronate 45 could be transformed readily to the corresponding alcohol 46 with retention of configuration. A copper complex (32b) coordinated with a six-membered NHC ligand developed by McQuade possessed much higher catalytic activity than phosphine-based catalysts toward acyclic α,β-unsaturated esters, demonstrating 10 000-fold turnover in the reaction of 4i (0 °C, 100 min) [27].


Scheme 6.8 Cu-catalyzed enantioselective β-boration of acyclic electron-deficient polar alkenes with 1.
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The use of Taniaphos (47) chiral ligand allowed extension of the copper-catalyzed enantioselective β-boration toward the reaction of cyclic substrates (48) to afford 49, while Josiphos (43) produced very low enantioselection [28]. This method provides a catalytic synthetic route to enantioenriched cyclic β-hydroxy ketones (not shown). In contrast to acyclic β-hydroxy carbonyl compounds, enantioenriched cyclic β-hydroxy carbonyl compounds are not readily accessible by either aldol addition or oxy-Michael reactions. Enantioselective β-boration of β-methylcyclohexenone for constructing a quaternary stereogenic center was also examined by employing several chiral bisphosphine ligands, but enantioselection was only moderate (not shown) (Scheme 6.9).


Scheme 6.9 Cu-catalyzed enantioselective β-boration of cyclic enones.
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Kanai and Shibasaki reported highly enantioselective β-boration of β-substituted cyclic enones (50) with diboron 1 [29]. Combined use of QuinoxP* (18), [Cu(MeCN)4]PF6, and LiOtBu in an aprotic polar solvent such as dimethylsulfoxide (DMSO) in the absence of MeOH produced an optimal catalyst system. The enantioselective catalysis tolerated various β-substituents including aryl, methyl (not shown), or α- or β-branched alkyl groups on five- to seven-membered ring unsaturated ketones. Enantioenriched tert-alkylboronate 51 can be transformed to the corresponding tertiary alcohol with a slight loss of enantiomeric purity as exemplified in the preparation of 52a. The LiPF6 formed in situ may play a role in accelerating catalyst turnover. Because a proton source is absent, the boron enolate produced can be used for further stereoselective transformations [30]. For example, aldol addition to benzaldehyde afforded a dihydroxy ketone (54) via 53 with three consecutive stereogenic centers (Scheme 6.10).


Scheme 6.10 Cu-catalyzed enantioselective β-boration of β-substituted cyclic enones to form tert-alkylboronates.

[image: c06scy010]

Kanai and Shibasaki reported that a chiral catalyst efficient for copper-catalyzed enantioselective β-boration of acyclic β,β-disubstituted ketones (56) can be produced with the secondary diamine ligand 55, which possesses a very simple structure [31]. The optimal conditions using 55, [Cu(MeCN)4]PF6, and LiOtBu in 1,2-dimethoxyethane (DME) in the presence of 2-propanol (1.5 equiv) gave various tert-alkylboronates (57) with enantiomeric purities exceeding 90% ee. The boronates (57) could be converted into β-hydroxy ketones (58) with a quaternary stereogenic center without any racemization (Scheme 6.11).


Scheme 6.11 Enantioselective β-boration of β-substituted acyclic enones catalyzed by a chiral secondary diamine–Cu system.
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Yun and Hoveyda independently reported enantioselective β-boration of β,β-disubstituted α,β-unsaturated esters (59) [32, 33]. Yun employed the Me-Duphos phosphine ligand (40b) (Scheme 6.12), while Hoveyda used imidazolinium salt 62a as a precursor to a chiral NHC ligand (Scheme 6.13). Oxidative conversion of β-boration product 60a afforded a β-hydroxy ester with a quaternary stereogenic center (61a) without racemization. The Cu–62a system allows β-boration of β,β-disubstituted unsaturated thioesters 63. The thioester moiety of 64 could be readily derivatized to esters and ketones.


Scheme 6.12 Enantioselective β-boration of acyclic β,β-disubstituted polar alkenes catalyzed by Me-Duphos–Cu system.
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Scheme 6.13 Enantioselective β-boration of acyclic β,β-disubstituted polar alkenes catalyzed by a chiral NHC–Cu system.
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Whiting, Gulyás, and Fernández studied stereoselective synthesis of enantioenriched γ-amino alcohols through enantioselective β-boration of α,β-unsaturated imines followed by diastereoselective C=N reduction and stereospecific oxidation in one pot (Scheme 6.14) [34]. While Josiphos (43) is the optimal chiral ligand for the β-boration of N-benzylimine 65a, this ligand produced only moderate enantioselection for the reaction of N-phenylimine 65b. Interestingly, monodentate phosphoramidite 68 showed high enantioselectivity. The proper choice of reducing agents allowed direct preparation of both syn- and anti-γ-amino alcohols (67) with useful diastereoselectivities without isolation of β-borylalkylimines (66).


Scheme 6.14 Synthesis of enantioenriched γ-amino alcohols through C-catalyzed enantioselective β-boration followed by diastereoselective C=N reduction.
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Hall applied enantioselective β-boration to the synthesis of enantioenriched geminal diboron compounds, employing 1,8-diaminonaphthalene-protected β-borylacrylates (e.g., 70) as a substrate (Scheme 6.15) [35]. Catalysis of a Cu complex with the Walphos (CF3) phosphine ligand (69) converted 70 into geminal diboron compound 71 with an. enantiomeric purity of 99% ee. The two boron atoms in 71 can be transformed chemoselectively through two sequential Pd-catalyzed stereospecific (inversion–inversion) cross-coupling reactions to afford enantioenriched 1,1-diarylalkane 72.


Scheme 6.15 Enantioselective β-boration of 1,8-diaminonaphthalene-protected β-borylacrylates.
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6.2.4 Hydroboration of Nonpolar Alkenes

Enantioselective Cu catalysis with diboron 1 has been expanded to include hydroboration of nonpolar alkenes. In 2009, Lee and Hoveyda [36] reported that the Cu-catalyzed reaction between 2-alkylstyrene derivatives (e.g., 73a) and diboron 1 in the presence of a proton source afforded a hydroboration product (e.g., 74a) that has a boron atom at the β-position of the aryl substituent with exclusive regioselectivity. This regioselectivity is due to the formation of a relatively stable benzylic alkylcopper(I) intermediate (not shown), not accessible either with noncatalyzed hydroboration or with hydroboration catalyzed by other metals. A bidentate NHC–Cu system derived from chiral imidazolinium salt 29b showed excellent performance with respect to enantioselection. Remarkably, the regioselectivity placing a B atom at the β-position is preserved in the reaction of cinnamyl alcohol derivatives, affording 75a–c after oxidative workup (Scheme 6.16).


Scheme 6.16 Cu-catalyzed enantioselective hydroboration of 2-alkylstyrene derivatives.
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The enantioselective hydroboration with Hoveyda's bidentate NHC–Cu chiral catalyst systems is also applicable to α-alkylstyrene derivatives (76) (Scheme 6.17) [37]. The catalyst derived from 29c or 29d transforms a range of α-alkylstyrene derivatives to the corresponding α-branched β-borylethylarenes, such as 77a–c. The protocol is also effective for the hydroboration of exomethylene derivatives (not shown).


Scheme 6.17 Cu-catalyzed enantioselective hydroboration of α-alkylstyrene derivatives.
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Use of the Hoveyda's bidentate NHC–Cu chiral catalyst system derived from 29b for the reaction of terminal alkynes (78) with diboron 1 resulted in highly regioselective and enantioselective vicinal diboration to produce diboronate 80 (via 79) (Scheme 6.18) [38]. Substituents of the alkynes appropriate for this reaction include functionalized or nonfunctionalized linear alkyl groups and β- or α-branched alkyl groups as well as the phenyl group.


Scheme 6.18 Cu-catalyzed enantioselective vicinal diboration of terminal alkynes.
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Ito and Sawamura reported regioselective, enantioselective monohydroboration of cyclic 1,3-dienes catalyzed by the Cu–Me-Duphos system (Scheme 6.19) [39]. The reaction of 1,3-cyclohexadiene (81a) and 1 in the presence of MeOH (2 equiv) yielded enantioenriched homoallylboronate 82a (94% ee), which is a product of 1,2-hydroboration locating a B atom at the terminal of the π-conjugate system, in a high yield. Remarkably, allylboronate 83a, which is a 1,4-hydroboration product, was not formed. Furthermore, neither bishydroboration nor diboration occurred. When the 1,3-diene system is unsymmetrical due to a substituent at one of the sp2 carbon atoms as in 81b–e, hydroboration occurs at the unsubstituted alkene with exceptional site selectivity, giving a homoallylboronate (82b–e) with a trisubstituted alkene. In contrast to the use of six-membered rings, the reaction of cyclopentadiene (81f) and 1,3-cycloheptadiene (81g) showed different 1,2/1,4-selectivities depending on the reaction conditions. In the latter two cases, the room temperature reaction favored the 1,2-hydroboration products (82/83 92 : 8), while the reaction at −40 °C produced the 1,4-hydroboration products (83f and 83g) in 96% and 94% selectivities, respectively. The author explains this selectivity by assuming equilibrium between the isomeric σ-allylcopper(I) species (84 and 85), which undergo protonation at the γ-position to the Cu atom.


Scheme 6.19 Cu-catalyzed enantioselective hydoroboration of 1,3-dienes.
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Ito and Sawamura conducted a systematic study of the regioselectivity of Cu-catalyzed monoboration of 1,3-enynes (86) with an internal alkyne moiety using a combination of diboron 1 and MeOH. The Cu–QuinoxP* system produced enantioenriched α-stereogenic homopropargylic boronate 87, but in low yield (Scheme 6.20) [40].


Scheme 6.20 Cu-catalyzed enantioselective hydoroboration of a 1,3-enyne.
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Yun reported Cu-catalyzed enantioselective hydroboration of styrene derivatives (73) with pinacolatoborane (pinB–H, 90) to produce benzylic α-stereogenic alkylboronates (91) (Scheme 6.21) [41]. The regioselectivity of this hydroboration was different from that of hydroboration with a diboron (1)–ROH couple. Because the hydrogen atom at the β-position is derived from the borane 90, a proton source was not required. Tangphos P-stereogenic ligand (89) provided an optimal catalyst system that could induce high enantioselectivity in the reaction of a range of substrates with or without a substituent at the alkene terminal. According to the mechanism proposed by the author, copper(I) alkoxide [2 (L = 89)] reacts with borane 90 to form Cu–H species 92, which undergoes hydrometallation to form benzylic secondary alkylcopper(I) complex 93. Then, transmetallation between 93 and borane 90 affords alkylboronate 91, regenerating the Cu–H species 92.


Scheme 6.21 Cu-catalyzed enantioselective hydroboration of 2-alkylstyrenes with pinacolatoborane (90).
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6.3 C–Si Bond Formation Reactions

6.3.1 Allylic C–Si Coupling Producing Allylsilanes

Allylsilanes, in particular those having an α-stereogenic carbon center, have found versatile utility in organic synthesis through stereoselective transformations [42]. Among the possibilities for accessing α-stereogenic allylsilanes, the allylic C–Si coupling between allylic substrates and a silicon reagent is particularly efficient. Although diastereoselective reactions controlling relative stereochemistry against an existing stereogenic center have been studied extensively with silylcuprate species or with combinations of silylzinc species and copper catalysts [6], the synthesis of α-stereogenic allylsilanes through stereospecific reactions of enantioenriched chiral allylic substrates with silicon reagents has been relatively underdeveloped. In addition, enantioselective synthesis controlled by a chiral catalyst has not been reported.

Schmidtmann and Oestreich [43] studied stereospecific C–Si coupling between enantioenriched allylic benzoates (95) and bis(organosilyl)zinc reagent 94 in the presence of a catalytic amount of CuI, focusing the effect of the substitution pattern of the allylic system on regioselectivity and stereospecificity (Scheme 6.22). Cyclic (95a) and acyclic (95b) symmetrically substituted substrates almost completely (to 96a) or partially (to 96b) racemized, whereas nonsymmetrical cinnamyl-type conjugated precursor 95c reacted regioselectively at the position α to the leaving group with complete inversion of the absolute configuration to afford conjugated allylsilane 96c. Mechanistic studies by D-labeling indicated that the (partial) racemization was due to incomplete α/γ regioselectivity of C–Si bond formation. Reaction pathways involving oxidative addition of silylcopper(I) species forming a C–Cu bond at the α-position with inversion of the configuration (anti-attack), followed by σ–π–σ isomerization causing α-to-γ transposition of the Cu atom, are discussed. This methodology can be extended to C–Sn bond formation for synthesizing enantioenriched α-stereogenic allylstannanes (not shown) [44].


Scheme 6.22 Stereospecificity in Cu-catalyzed allylic C–Si coupling with 94.
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6.3.2 β-Silylation of α,β-Unsaturated Carbonyl Compounds

Oestreich examined the use of bis(organosilyl)zinc reagent 94 (in a formal composition of 94·4KCl) for Cu-catalyzed enantioselective β-silylation of 2-cyclohexenone (48a) [22, 45]. Although this is the first report of Cu-catalyzed enantioselective β-silylation, enantioselectivity obtained with a chiral phosphoramidite ligand was only marginal owing to a Cu-free background reaction (not shown).

In 1998, Ito and Hosomi reported Cu-catalyzed β-silylation of α,β-unsaturated ketones and aldehydes that utilizes symmetrical disilanes (97) as a silylating agent (Scheme 6.23) [46]. This is the first report of activation of a Si–Si interelement bond by Cu. Although employing only achiral catalysts to form racemic β-silylation products (98), this work paved the way for the later development of enantioselective catalysis with interelement reagents.


Scheme 6.23 Cu-catalyzed β-silylation of α,β-unsaturated ketones and aldehydes with disilanes (97).
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In 2011, Hoveyda described enantioselective β-silylation that utilized a chiral NHC–Cu complex as catalyst and silylboron 99 as an interelement silylation reagent (Scheme 6.24) [47]. Combinations of CuCl, chiral imidazolinium salts (62b or 62c [47b]), and NaOtBu generated highly efficient catalysts that could convert a remarkably wide range of electron-deficient polar alkenes, such as unsaturated cyclic and acyclic ketones, lactones, esters, and nitriles, into the corresponding β-dimethylphenylsilyl addition product 100 in a highly enantioselective manner. This protocol outcompetes the related Rh-catalyzed process with 99 and Pd-catalysis with Cl2PhSiSiMe3 with regard to substrate scope [48, 49]. The reaction of α,β,γ,δ-dienone 101 afforded the 1,6-addition product 102 exclusively with effective control of alkene geometry in high enantioselectivity.


Scheme 6.24 Cu-catalyzed enantioselective conjugate silylation reactions of unsaturated ketones and lactones with silylboronate 99.
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Enantioenriched β-silylketones can be easily functionalized through reaction with common organometallic reagents such as organolithiums or Grignard reagents because C–Si bonds of tetraorganosilanes are stable under conditions used for these transformations. For example, 100d underwent diastereoselective carbonyl addition with PhLi cleanly, and subsequent oxidation at the C–Si bond furnished enantioenriched syn-1,3-diol 104 (Scheme 6.25) [47a].


Scheme 6.25 Transformation of enantioenriched β-silylketone 100d.
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6.4 Summary

Catalytic use of copper affords opportunities for the enantiocontrolled C–B and C–Si bond-forming reactions to construct α-stereogenic carbon centers. Most of these reactions employ CuOR catalyst precursors. The CuOR complexes are readily prepared in situ from CuX-type salts, alkaline metal alkoxides, and ligands or their precursors, such as imidazolinium salts, when preparing NHC complexes. Catalytic activity, substrate scope, and enantioselectivity were highly dependent on the ligand used. Thus, the appropriate ligand choice from a large library of monodentate or bidentate phosphines and NHCs is important and further conceptual advances in ligand design will stimulate solutions to unsolved problems in C–heteroatom bond formation [50, 51].
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Chapter 7

CuH in Asymmetric Reductions

Bruce H. Lipshutz

7.1 Introduction

Asymmetric copper hydride (CuH) chemistry has truly blossomed over the past two decades. Since the initial appearance of CuH in synthesis as a triphenylphosphine-stabilized species described by Stryker in 1988 [1], recognition of its potential to deliver hydride asymmetrically in both a 1,2- and 1,4-manner has led to a variety of extremely powerful technologies for absolute stereocontrol at newly created sp3 centers (Scheme 7.1). The advances go hand-in-hand with developments of beautifully designed, sophisticated ligands (L*), many of which are today commercially available. Thus, while early studies tended to focus on CuH complexed by especially versatile 1,1′-binaphthyl (e.g., BINAP) arrays [2], as the importance of the dihedral angle between chelating heteroatoms (mainly phosphorus) and copper gained in appreciation [3], far more effective ligands were identified; several are illustrated in Scheme 7.2. Ligand-accelerated catalysis based on (L*)CuH today offers the practitioner an attractive alternative to related C–C bond formations (as discussed extensively by others in this monograph). Moreover, contributions in both modeling and theoretical calculations of ligated copper hydride have led to an increased awareness of the subtleties behind both the regiochemical outcome of addition, as well as the enantiomeric excesses obtained [4]. Much of this chemistry appeared in a review in 2008 in an issue of Chemical Reviews dedicated to coinage metals [5], and another in 2009 in Synlett [6]. More recent developments are mainly covered in this overview.


Scheme 7.1 Representative reaction pathways available to CuH.
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Scheme 7.2 Nonracemic ligands used extensively in asymmetric CuH chemistry.
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As noted above, virtually all the advances in CuH-catalyzed asymmetric reductions emanate from the fine-tuning of CuH reactivity and stereoselectivity by virtue of the nonracemic ligands (L*) developed over the recent past. In all fairness, however, many of these ligands were not originally designed for chelation of copper hydride; in fact, they were earmarked for a variety of other metal-catalyzed processes by industrial researchers (e.g., Ru-catalyzed asymmetric hydrogenation) [7]. In addition, while many of the analogs within each series of ligands are not effective in the chemistry of CuH (vide infra), selected cases have been identified as seemingly perfect matches for copper hydride. Many of the most effective ligands share the biaryl theme, such as those in the BIPHEP series from Roche [8], and those in the SEGPHOS series from Takasago (Scheme 7.2) [3]. However, in several situations, many ligand variations based on the JOSIPHOS parent array are especially active and highly selective as their nonracemic copper hydride complexes [9]. More recent ligand designs have appeared that today offer alternatives for asymmetric CuH chemistry (e.g., P-Phos; 4) [10], and are suggestive of the many avenues for future advances in this area.

The source of copper in CuH and the preparation of CuH have also evolved. Thus, dating back to the work of Stryker [1, 11], the “traditional” formulation involved in situ generation of copper t-butoxide (CuO-t-Bu), using CuCl and NaO-t-Bu, done in tetrahydrofuran (THF) at room temperature (Scheme 7.3). This exchange is for the purpose of generating the corresponding copper–oxygen bond, which then undergoes metathesis to form CuH with either hydrogen gas [1, 11], a stannane (R3SnH) [12], or a more environmentally friendly silane (R3SiH) [13]. Presumably this is driven by the strength of the resulting H–O, Sn–O, or Si–O bond, respectively. More convenient, however, would be the use of CuO-t-Bu directly, but this material (which is no longer commercially available) is especially air sensitive and thus, hard to maintain. Hence, a switch to other copper salts has been made, most notably to inexpensive and bench-stable Cu(OAc)2 that already features the crucial Cu–O bond ready for conversion to Cu–H. Thus, in a perfectly analogous fashion, CuH can be generated upon treatment of copper(II) acetate with an appropriate silane (Scheme 7.4). The silane is presumably responsible for an initial reduction from Cu(II) to Cu(I), followed by metathesis to CuH. Other copper salts, such as Cu(CH3CN)4X (X = PF6, BF4), CuNO3(PAr3)2 (Ar = 3,5-xylyl), and both Cu(I) fluoride (as CuF(PPh3)3·2MeOH) and copper(II) fluoride (CuF2), also serve as popular precursors to CuH. Regardless of the manner in which copper hydride is generated, early observations [14] indicating that CuH itself is unstable at ambient temperatures stands, and hence, all preparations contain a coordinating and stabilizing ligand in the reaction mixture leading to CuH. The instability is not an intrinsic property of the molecule CuH; rather, studies have shown that the method of preparation and the resulting “impurities” that derive from each approach are the reasons behind the surprising variations in decomposition temperatures [15]. A very recent synthesis of highly pure, ligandless CuH employed ultrasonic reduction of aqueous solutions of Cu(II) ions, although no chemistry of this species was reported [16]. Other new, stabilized forms of CuH continue to appear [17, 18].


Scheme 7.3 Initial preparations of CuH.
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Scheme 7.4 Currently used approaches to ligated CuH.

[image: c07scy004]

Today, it would be rare to see reactions of catalytic CuH in the presence of either hydrogen gas or a stannane; rather, silanes are by far the favored source of hydride. But not all silanes, R3SiH, can be applied to this chemistry. For example, the very common case of Et3SiH is rarely of sufficient reactivity to be useful; indeed, the far more reactive oxygen-substituted silanes, such as diethoxymethylsilane (DEMS), tetramethyldisiloxane (TMDS), and in particular, inexpensive polymethylhydrosiloxane (PMHS) [19], are the ones chosen most frequently (Figure 7.1). While phenylsilane (PhSiH3) certainly qualifies for use in CuH chemistry, it is much more expensive than most of the other silanes.


Figure 7.1 Commonly used silanes in CuH chemistry.
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7.2 Asymmetric Conjugate Reductions

7.2.1 α,β-Unsaturated Sulfones

While studies directed toward 1,4-reductions of enones and enoates have continued (vide infra), many research groups have turned their attention to other Michael-type acceptors. For example, α,β-unsaturated sulfones have been found to be excellent substrates [20]. In initial work, the limited reactivity of the parent phenylsulfone (e.g., 12) encouraged development of the 2-pyridyl analog, 13 (Scheme 7.5). Curiously, ligands that tend to be the most effective with classical conjugate reductions of unsaturated ketones and esters, such as those in the BIPHEP, SEGPHOS, and JOSIPHOS series, led to lower enantiomeric excesses relative to those obtained using nonracemic BINAP (5 mol%). Also of note, the counterion on copper in the precursor salt was of no consequence, with roughly comparable results observed with Cu(OAc)2, in situ-generated CuO-t-Bu, CuCl, CuI, or CuF2. The silane used in these studies as the stoichiometric source of hydride was PhSiH3.


Scheme 7.5 Asymmetric 1,4-reductions of unsaturated 2-pyridylsulfones.
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The lack of reactivity of an unsaturated phenylsulfone has subsequently been addressed; by switching to the methyl-DUPHOS monoxide ligand (11) on CuH, the reductant being formed from PhSiH3 and CuF2·H2O in benzene (Scheme 7.6) [21]. All of the ethereal solvents screened, including THF, 1,2-dimethoxyethane (DME), and methyl tert-butyl ether (MTBE) afforded lower yields of 1,4-adduct. Concentrated aqueous hydroxide was crucial for success, presumably acting as a dehydrating agent extending the lifetime of the water-sensitive silane. Other ligands examined, including the parent methyl-DUPHOS (10), and JOSIPHOS (6), gave lower yields of the targeted sulfone 14.


Scheme 7.6 Asymmetric conjugate reductions of unsaturated arylsulfones.
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7.2.2 α,β-Unsaturated Nitriles and Nitroolefins

Other Michael acceptors examined lately include both unsaturated nitriles and nitroolefins. The former are best reduced using ligated CuH derived from Cu(OAc)2 in the presence of PMHS (Scheme 7.7) [22]. The ligand found most effective here is (R,S)-JOSIPHOS (6), all in toluene at 0 °C. This methodology takes advantage of the accelerating effect of t-BuOH in the pot (usually about 1–3 equiv relative to substrate). This additive has been used previously to enhance reaction rates for substrates that can be sluggish, acting as a quenching agent for intermediate anionic species that might otherwise be slow to react with the silane, thereby depressing the overall rate of hydrosilyation (vide infra; Scheme 7.9) [2a, 11b, 23]. The quenching process with t-butyl alcohol leads to the desired product of 1,4-reduction, and the by-product CuO-t-Bu, which is an ideal precursor to CuH (vide supra).


Scheme 7.7 Asymmetric hydrosilylation of an unsaturated nitrile.
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Hydrosilylations of unsaturated nitro compounds are very well behaved in mixtures of toluene/nitromethane at 0 °C, where CuH ligated by JOSIPHOS (6) leads to good ee's (Scheme 7.8) [24]. While the typical combination of CuCl/NaO-t-Bu (and hence, CuO-t-Bu) can be used, a better approach has been found that employs CuF2, thereby avoiding the presence of by-product salts (i.e., NaCl) that can be detrimental. The presence of nitromethane was found to assist with electron-rich nitroolefins, as in the case shown below. This additive may be responsible for generation of a modified catalytically active species, as in its absence no reduction takes place.


Scheme 7.8 Asymmetric hydrosilylation of an electron-rich nitroolefin.
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7.2.3 α,β-Unsaturated Ketones and Esters

As initially reported, the combination of nonracemic (+)-2,2′-bis(di-p-tolylphosphino)-1,1′-binaphthyl ((p-Tol)BINAP) as a complexing ligand, together with copper hydride (generated in situ from CuCl + NaO-t-Bu) was shown to be a viable, highly facially discriminating reagent for asymmetric hydrosilylations of both enones [2a–c] and enoates [2d]. While the BINAP scaffold was the most appropriate choice given the remarkable breadth of its applications, other ligands were soon uncovered that offered an even better “match” for CuH; that is, depending upon the specifics of the substrate, noteworthy increases in both reactivity and enantioselectivity could be realized. Typical results associated with conjugate reductions of α,β-unsaturated ketones and esters are illustrated in Figure 7.2.


Figure 7.2 Representative results from enones/enoates using L*CuH.
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Asymmetric conjugate reductions of 4-substituted coumarins can be accomplished in very high yields and ee's using (DTBM)-SEGPHOS, an approach that provides a very efficient entry to several compounds of pharmaceutical interest (Scheme 7.9) [25]. Perhaps the most notable among those investigated to date is tolterodine, the tartrate salt being sold over-the-counter and commonly known as Detrol LA [26]. It functions as a competitive muscarine receptor antagonist in the treatment of bladder disorders, including urinary incontinence. Copper hydride-catalyzed addition to educt 15 leads to not only the product of 1,4-reduction, but the reduced lactone as well (i.e., lactol 16), which is perfectly suited for reductive amination to the desired drug. Also noteworthy are the observations that only 0.1 mol% of catalyst is required, and the hydrosilylation takes place at room temperature in only 30 min. Other targets derived from coumarin precursors that can be approached using nonracemically ligated CuH include (+)-heliannuol (allelopathic activity), (R)-4-methoxydalbergione (allergic contact dermatitis), and the GPR40 agonist, 17 (Figure 7.3).


Scheme 7.9 Synthesis of key intermediate 16 en route to tolterodine.
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Figure 7.3 Coumarin-derived targets with the indicated stereochemistry generated by [(DBTM)-SEGPHOS]CuH.

[image: c07fgy003]

The lack of sensitivity of CuH to the presence of water, as noted originally by Stryker [1], has led to the use of t-butanol as an additive to enhance rates of reductions that can be relatively sluggish, as in the case of β,β-disubstituted unsaturated esters [27]. This “trick” in CuH chemistry involves in situ quenching of the intermediate copper enolate by t-BuOH, for example, 18 (Scheme 7.10, path B), thereby generating CuO-t-Bu, which is rapidly converted back to CuH by the silane in the pot. This catalytic cycle is an effective alternative to the one that normally relies on metathesis between the copper enolate itself and the silane (path A).


Scheme 7.10 Effect of added t-BuOH on reductions by ligated CuH.
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This tolerance to the presence of protons from water and/or alcohols has led to a new procedure that avoids both organic solvents and the need for low reaction temperatures. That is, the corresponding chemistry can be done in water alone at ambient temperatures, so long as the nanomicelle-forming species TPGS-750-M (2 wt%) is present (Figure 7.4) [28]. This designer surfactant [29] forms nanoreactors in water (about 60 nm), where presumably the in situ-generated, ligated CuH, silane, and the substrate reside in very close quarters. Remarkably, ee's in several cases are as good or even better than those obtained previously in organic solvents at low temperatures. For example, enone 19 is reduced to ketone 20 in 87% ee by CuH complexed by the Solvias ligand (R,S)-PPF-P(t-Bu)2, in toluene at −78 °C.


Figure 7.4 Components of the designer surfactant TPGS-750-M.
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The corresponding identical hydrosilylation, run at 100 °C higher temperature (i.e., in water at room temperature, about 22 °C), afforded the same ketone in 93% ee (Scheme 7.11).


Scheme 7.11 Comparison between organic media and aqueous micellar conditions.
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Such results highlight the potential for the “hydrophobic effect” [30] to be used to great advantage in synthesis, as noted previously in a review on this subject. These “green” conditions [31] were used to establish a key stereogenic center (C-15) in a synthesis of amphidinoketide 1 (Scheme 7.12) [32].


Scheme 7.12 Synthesis of an intermediate en route to amphidinoketide 1.
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Chiral, nonracemic phosphine–phosphoramidite ligands (PPFAPhos), where a phosphoramidite is attached to a variety of ferrocenyl-containing JOSIPHOS backbones, have been utilized in copper hydride-catalyzed 1,4-additions to β-substituted cinnamates (Scheme 7.13) [33]. The lead species was found to be ligand 5, which has (Sc)-central, (Rp)-planar, and (Ra)-axial chiralities. These ligands are modular, and hence, utilizing Ugi's amine, a variety can be readily prepared. Enantiomeric excesses realized in THF at room temperature, however, are highly substrate dependent; for example, enoate 21 led to 100% conversion and >99% ee, while the unsubstituted aromatic ring analog 22 gave the 1,4-adduct 23 in 82% ee.


Scheme 7.13 Asymmetric reductions of enoates using CuH ligated by 5.
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Nonracemic β-amino acid derivatives 25 can be fashioned via an asymmetric CuH-catalyzed hydrosilylation of β-(acylamino)acrylates, 24 (Scheme 7.14) [34]. Dipyridyl bis-phosphine ligand (S)-P-Phos combines with CuH, prepared from Cu(OAc)2·H2O and PMHS in THF, to give a highly effective hydride donor. Several interesting aspects to this asymmetric CuH chemistry came to light, including the following: (i) both E- and Z-isomers give the same sense of chiral induction; hence, either pure isomers or mixtures can be used as starting material. (ii) Methyl esters are the preferred derivatives, as bulkier isopropyl and t-butyl analogs led to significantly reduced ee's. (iii) Far better ee's were obtained in the presence of both NaO-t-Bu and t-BuOH, the role of the added base remaining unknown. One proposal invokes formation of the ligated copper(II) species (RO)CuH(L*) as the active reagent, where the size of the alkoxide is influential. (iv) Other silanes, such as DEMS, PhSiH3, and (EtO)3SiH were all less reactive than is PMHS. (v) The counterion on the starting copper salt has an important impact on yield: CuI, CuCl2, CuBr2, CuCN, and others led to yields under 30%.


Scheme 7.14 Asymmetric 1,4-additions using ligand 4a.
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An intramolecular, domino-reductive aldol sequence has been developed resulting in the formation of a new bicyclic array. It begins with an achiral conjugate addition of CuH to an enoate such as 26, best performed in toluene at −50 °C (Scheme 7.15) [35]. An intermediate copper enolate is complexed at the metal by a modified Taniaphos ligand (9) [36] and cyclizes predominantly (if not exclusively) to the cis-disposed product (e.g., conversion of 26 to 27). The associated product ee's are high for cases forming newly generated six-membered rings (≥94%), while ee's for resulting five-membered annulated arrays are in the modest range (66–80%). The steric nature of the starting ester proved to be important, as best results were obtained with t-butyl over methyl esters, in combination with a bulkier Taniaphos ligand (9, Ar = 3,5-dimethyl-4-OMe) over the parent system (i.e., 9, Ar = Ph). A substituent other than methyl in the starting diketone, for example, an alkyl residue, as in 28, likewise participated to afford cis-ketoester 29, which can be further manipulated (via metathesis) to enoate 30, suitably set up for a second reductive aldol, ultimately providing the tricyclic system 31 in good isolated yield (Scheme 7.16).


Scheme 7.15 Reductive aldol sequence to a bicyclic product 27.
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Scheme 7.16 Multiple uses of L*CuH (L* = 9) to form polycyclic product 31.
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7.3 Asymmetric 1,2-Additions

7.3.1 Aryl Ketones

This type of substrate continues to attract attention among investigators, perhaps due to the many targets in the pharmaceutical arena that either go through the corresponding reduced, nonracemic alcohols arrived at in some other fashion, or potentially could be prepared using asymmetric hydrosilylation of the appropriate ketone precursor. Representative examples of physiologically active compounds include (S)-duloxetine, singulair, and aprepitant (Figure 7.5) [37]. Many aromatic and heteroaromatic ketones can be reduced using either a BIPHEP- or (DTBM)-SEGPHOS-complexed copper hydride, done in toluene at low temperatures [38]. Substrate-to-catalyst ratios on the order of 250 : 1 or higher are routinely involved (Figure 7.6). Notwithstanding these impressive results brought about by the remarkable design features of these ligands, less well appreciated is the observation that many analogs of such specific ligand arrays are totally unreactive as their derived CuH complexes. Examples include cases where the substituted aryl residues on phosphorus in BIPHEP (see 3) are replaced by cyclohexyl, isopropyl, or 2-furanyl moieties [39]. Moreover, as effective as ligands such as BIPHEP, SEGPHOS, and JOSIPHOS are toward many substrate types, they are not universally applicable to every substrate, and hence, the search for new ligands continues. Several new species have appeared of late; for example, P-Phos (4) has been extensively developed in both its parent and analog forms, where the aryl residues on phosphorus can be phenyl or 3,5-dimethylphenyl [40]. Initial studies suggest that their copper hydride complexes are effective in hydrosilylation reactions, the reagents being derived from CuF2 and PhSiH3, and used in toluene in an atmosphere of air. Aryl ketones react smoothly at −20 to −40 °C to give high ee's of the corresponding nonracemic benzylic alcohols (Figure 7.7). Noteworthy is the case of 2-acetylthiophene, 32, which is unresponsive to (DTBM-SEGPHOS)CuH/PMHS, even at ambient temperatures [41]. By changing the copper salt to Cu(OAc)2·H2O, the (S)-xylyl-P-Phos-complexed CuH is very effective at reducing this ketone in toluene at −40 °C in 91% ee (Scheme 7.17). This observation may be a function of the silane, which is PhSiH3 as opposed to PMHS, as there is growing evidence that the silane is intimately involved within the reagent itself.


Figure 7.5 Drugs possessing chiral centers potentially created via asymmetric reduction with L*CuH.
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Figure 7.6 Representative examples of asymmetric hydrosilylation using [(DTBM)-SEGPHOS]CuH.
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Figure 7.7 Products from asymmetric reductions using P-Phos-complexed CuH.

[image: c07fgy007]


Scheme 7.17 Reaction of an acylated thiophene: P-Phos/PhSiH3 versus SEGPHOS/PMHS.
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The same ligands are effective using alternative sources of copper and silane: Cu(acac)2 plus PMHS (Scheme 7.18) [42]. Thus, preparation of ligated copper hydride in toluene and employed at −20 °C in air afforded good-to-excellent ee's of the derived alcohols from aryl alkyl ketones. While both meta- and para-substituted examples lead to high ee's, ortho-substitution leads to decreased enantioselectivity.


Scheme 7.18 Asymmetric hydrosilylations with [xylyl-P-Phos]CuH/PMHS.
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More recent applications of P-Phos-complexed CuH have focused on β-, γ-, and δ-haloaryl ketones (Figure 7.8), the nonracemic products from which are valued intermediates en route to numerous physiologically active targets [43]. Best conditions identified include Cu(OAc)2·H2O as the source of copper, PhSiH3 as the silane, and toluene as the solvent of choice, all at −20 °C. In general, α-bromoacetophenones were best reduced with the xylyl-P-Phos analog 4a, while the δ-chloroketones gave highest ee's with the parent P-Phos ligand 4b. β-Haloketones showed no particular pattern with respect to the choice of ligand.


Figure 7.8 Representative results from reactions of α, β, and γ-haloaryl ketones using P-Phos ligands.
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Other ligands introduced [44] recently include the nonracemic, D2-symmetrical tetraoxazoline 33 (Figure 7.9) [45], and the monodentate binaphthophosphepines 34 (Figure 7.10) [46]. The former, in CuH-complexed form (from CuF2), is best used in dichloromethane (DCM) at −5 °C, with diphenylsilane as the stoichiometric source of hydride (3.2 equiv, 6.4 equiv of hydride). These hydrosilylations can be run in an atmosphere of air, which tended to increase their rate without loss of enantioselectivity. A variety of aryl ketones were investigated and, in general, ee's were found to be very good (87–99%). A proposed mechanistic picture is offered that involves all four oxazolines in directing a Cu(II) hydride-bearing silicon (i.e., SiPh2H) to the re face of the enone.


Figure 7.9 Results and a proposed mechanistic rationale for CuH complexed by 33.
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Figure 7.10 Representative products from aryl ketone reductions with CuH using 34.

[image: c07fgy010]

The latter ligand, 34 (R = Ph), led to the best ee's for aryl ketones in combination with catalytic Cu(OAc)2·H2O as the CuH precursor (Figure 7.10), among the 14 copper salts studied [46]. The ee's observed varied dramatically from 0% to 83% in the case of acetophenone. Likewise, huge variations were observed on the basis of the silane, with PhSiH3 and Ph2SiH2 affording best results. Remarkably, the ee using MeEt2SiH was only 2%, with all reactions being run in toluene at 0 °C. Educts other than methyl ketones led to reduced levels of enantioselectivity (e.g., isopropyl phenyl ketone: 39% ee), and aliphatic ketones were also poor substrates for these hydrosilylation conditions (e.g., 2-hexanone: 9% ee).

7.3.2 Dialkyl Ketones

A series of new, nonracemic C-2 symmetric NHCs has been prepared, each bearing a stereogenic center γ- to both nitrogens in the imidazolium ring [47]. These readily chelate copper chloride, forming the CuH precursor 35 (Scheme 7.19). Using Ph2SiH2 as the silane and run in toluene at ambient temperature, acetophenone underwent complete hydrosilylation to afford the predicted S-alcohol silyl ether with an ee of 96%. These results encouraged further evaluation of complex 35 [(R,R,R,R)-CuPhEt], given its ready preparation (from p-toluidine in five steps), and air stability. Of special note is the discovery that these reagents are not only reactive toward unsymmetrical dialkyl ketones, but at ambient temperatures deliver hydride remarkably selectively from the re face of the ketone to arrive at S-silyl ethers 36 [48]. Levels of ee's range from 90% to 98%, which are far above the best hydrosilylation results achieved to date with any NHC–metal complex (including those of Rh and Ru). Reactions take place quickly, usually within 1 h, and the use of volatile silane Ph2SiH2 (3 equiv) simplifies workup. Included among the examples studied is the case of methyl ethyl ketone, which leads to the corresponding silyl ether in 96% ee, clearly indicating that CuH complexed by 35 is capable of distinguishing a methyl from an ethyl moiety. Additional examples are illustrated in Scheme 7.20.


Scheme 7.19 Use of 35 as precursor to an NHC–CuH for asymmetric hydrosilylation.
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Scheme 7.20 Asymmetric hydrosilylation of dialkyl ketones.

[image: c07scy020]

7.3.3 α,β-Unsaturated Ketones

The hallmark of traditional organocopper chemistry is the ability of copper reagents to smoothly add to Michael acceptors in a chemoselective (if not chemospecific) 1,4-sense [49]. The same is true for ligated copper hydride. However, as discussed above, when CuH is complexed appropriately and faced with the only option of adding in a 1,2-sense to an isolated carbonyl group, such hydrosilylations take place readily and in both high yields and impressive levels of enantioselectivity. From a purely synthetic perspective, overriding this natural tendency of copper; that is, where CuH is directed in a 1,2-sense in reactions with Michael acceptors, would offer an opportunity to arrive at valued functionality (e.g., nonracemic allylic alcohols) heretofore not available using this base metal [50]. This change in reactivity has been achieved initially for α,β-unsaturated ketones bearing an α-substituent (37), affording products of general structure 38 (Scheme 7.21) [51]. More recently, β-aryl-substituted enones 39 that do not have a residue in the α-position have been investigated, to arrive at 1,2-adducts of type 40. α-Substituted acyclic as well as cyclic enones bearing a variety of additional substituents can be successfully utilized. Generation of ligated CuH followed from use of Cu(OAc)2·H2O (3 mol%) and DEMS, together with either (R)-DTBM-SEGPHOS (2) or the 3,4,5-trimethylphenyl analog of the parent MeO-BIPHEP ligand (3a). Considerable screening identified ligands, that in the former case of 2, lead to (S)-allylic alcohols, while 3c-complexed CuH produces (R)-products. Reaction conditions were optimized to involve ether as solvent (0.5 M), and −25 °C as the preferred temperature. Representative examples are illustrated in Figure 7.11.


Scheme 7.21 Altered chemoselectivity pattern for reactions of enones with L*CuH.
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Figure 7.11 Representative results from asymmetric 1,2-reductions of α,β-unsaturated ketones.

[image: c07fgy011]

In the absence of a substituent in the α-site of α,β-unsaturated ketones 41, DTBM-SEGPHOS was again the preferred ligand on CuH [52]. However, regioselectivities of 1,2-versus 1,4-addition are typically in the 3–4 : 1 category with acyclic enones; E-β-arylated cases give the best results, again run in Et2O at −25 °C (Scheme 7.22). By contrast, a Z-arylated enone not only favored 1,4-addition (43) over the desired 1,2-addition (42), it led to a very low level of stereoinduction (44), while the E-isomer led to the corresponding allylic alcohol 45 in high ee. Non-β-arylated enones afford mixtures of regioisomers, although the level of stereocontrol for the 1,2-addition allylic alcohol can be quite high (e.g., 46). Application of this technology to enone 47 provides entry via 48 to the antitussive agent isoaminile (49), as an alternative to the currently used enzymatic resolution (Scheme 7.23) [53].


Scheme 7.22 Regioselective hydrosilylations of enones to nonracemic allylic alcohols.
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Scheme 7.23 Asymmetric reduction en route to isoaminile.
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7.4 Heterogeneous Catalysis

Notwithstanding all of the heterogeneous catalysis developed over the decades, only recently has copper hydride found its way either into, or onto, a solid support. Several options have been investigated for the purpose of effecting asymmetric hydrosilylation, including (i) charcoal; (ii) nanocrystalline CuO; (iii) Cu–Al hydrotalcite (HT); and (iv) copper ferrite nanoparticles.

7.4.1 Charcoal

Impregnating copper into activated charcoal can be easily done using ultrasonication, which distributes the metal throughout the matrix (Scheme 7.24) [54]. The resulting material can then be exposed to DTBM-SEGPHOS and NaOPh in toluene at room temperature, followed by introduction of PMHS. This sequence leads to ligated CuH, ready for hydrosilylation of a variety of prochiral substrates. Reactions can be performed at temperatures as low as −50 °C. Several examples are illustrated in Figure 7.12, along with direct comparison data obtained from the corresponding reaction performed under homogeneous conditions. Recycling was shown to be viable upon isolation of the Cu/C by simple filtration and reuse, where neither additional ligand nor NaOPh is required for reagent activity. Control and ICP-AES experiments established the extent of bleed, and the clear indication of heterogeneous catalysis.


Scheme 7.24 Preparation of Cu/C.
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Figure 7.12 Examples of asymmetric reduction with (DTBM-SEGPHOS)CuH-in-charcoal versus results from reductions run under homogeneous conditions.

[image: c07fgy012]

7.4.2 Nanocrystalline CuO

Premixing commercially available nano-CuO with nonracemic BINAP in toluene at room temperature leads to a reagent well suited to effect asymmetric hydrosilylation of aryl alkyl ketones [55]. Material with higher surface area and thus, greater reactivity, can also be made. Reactions are done in this same solvent (toluene) at −20 °C; other solvents afforded inferior ee's (e.g., with acetophenone; THF: 31% ee; DCM: 25% ee). The levels of enantioselectivity vary only somewhat with changes in the silane; however, the rates of these reductions are very silane dependent: PhSiH3: 30 min; PMHS: 10 h; Ph2SiH2: >24 h. Examples include both methyl and ethyl ketones, tetralone, and various aromatics with either electron-donating or electron-withdrawing substituents on the ring (Scheme 7.25). Recycling of the catalyst is also effective.


Scheme 7.25 Asymmetric hydrosilylations using heterogeneous nano-CuO.
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7.4.3 Cu–Al Hydrotalcite (HT)

HT is a layered double hydroxide (LDH), an anionic clay containing positively charged layers with anions in water in the interlayer regions [56]. HTs and LDHs in general, are well known for their catalytic properties [57]. Such species, in this case with interspersed copper and aluminium cations, originate from mixing of various ratios of salts Cu(NO3)2·3H2O and Al(NO3)3·9H2O in water containing both NaOH and Na2CO3, which maintain the pH at 8–9 over 30 min while heating the mixture to 65 °C. The resulting solid is simply filtered, washed, and dried [58]. For purposes of asymmetric hydrosilylation of aryl alkyl ketones, the most effective ratio of Cu to Al was found to be 3 : 1. For every millimole of educt, the Cu–Al HT (10 mg) is treated in dry toluene (3 mL) with PMHS (4 mmol) and catalytic (S)-BINAP (0.01 mmol); reactions are run at room temperature. Other solvents (e.g., THF) and nonracemic ligands (e.g., (R)-BIPHEP) gave inferior rates and/or ee's using 4-methylacetophenone as the model substrate. A variety of aryl-substituted aryl ketones, flanked by either a methyl or ethyl moiety, led to variable levels of ee's, as illustrated by the examples shown in Scheme 7.26. Recycling of the heterogeneous catalyst was possible; no leaching of the catalyst was noted, as the percent found in the filtrate as determined by atomic absorption was only 0.0149%.


Scheme 7.26 Asymmetric hydrosilylation using heterogeneous Cu–Al hydrotalcite.
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7.4.4 Copper Ferrite Nanoparticles

Magnetically recoverable and reusable nanoparticles in the form of CuFe2O4 serve as precursors to an in situ-derived form of CuH capable of effecting hydrosilylations of aryl alkyl ketones [59]. In combination with catalytic (S)-BINAP/PMHS in toluene at room temperature, several examples have been studied, with ee's in the 51–99% range (Scheme 7.27). Lowest levels of enantioselectivity were found with ortho-substituted cases (e.g., o-bromoacetophenone: 51% ee; o-chloroacetophenone: 59% ee). A model dialkyl ketone afforded an even lower ee (cyclohexylmethyl: 33% ee), in line with results from most other studies on such substrates. Recycling was possible in that after each use, the particles were magnetically concentrated, washed, air-dried, and reused directly in the next reduction.


Scheme 7.27 Asymmetric reductions using reduced magnetic particles from CuFe2O4.
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7.5 Conclusions and Perspective

Although it could rightly be argued that carbon–carbon bond formation is the essence of organic synthesis, other types of bond constructions (typically thought of as C–O, C–N, C–S, etc.) likewise play an important supporting role. But so is the case of C–H bonds, which researchers have the option of introducing via asymmetric hydrosilylation. Only relatively recently has copper hydride found its way into the venerable category of ligand-accelerated catalysis, mainly reserved for precious, or at least far more valued, metals. But as the reviews document, the asymmetric chemistry of in situ-generated CuH continues to mature, which essentially translates into advances in ligand design and improved matching of an increasing substrate base with nonracemically ligated copper hydride complexes.

In what directions might this field be heading in the future? Well, there are several areas that remain “underdeveloped”; for example, a broadened scope to participation of L*CuH in tandem processes, where not only could L* be useful in a sequence to induce asymmetry from copper but also it could be the ligand for an alternative metal-catalyzed event as part of an overall one-pot sequence: that is, “ligand economy.” Also waiting for further attention are processes that take into account a “green” chemistry orientation, well beyond the one study using water as the only medium discussed herein. In addition, there is the actual usage by the total synthesis community, which should pick up significantly, whether in small-scale applications in academia, or large-scale reactions by process chemists attracted by the turnover numbers now realizable.
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Chapter 8

Asymmetric Cyclopropanation and Aziridination Reactions

André B. Charette, Hélène Lebel, and Marie-Noelle Roy

8.1 Introduction

Over the last 50 years, copper complexes have played a pivotal role in the preparation of cyclopropane and aziridine derivatives from alkenes. One unique feature about these complexes is that they can include a variety of mono-, bi-, and even tridentate ligands. This has allowed researchers to carefully vary the chiral space around the reactive center to optimize the enantioselectivities of both processes. Although both reactions may look similar by involving a copper carbene and nitrene, the mechanism of the reaction between a copper carbene and an alkene proceeds by a different mechanism than that involving a copper nitrene and an alkene. The major difference between both reactions is that the cyclopropanation reaction is stereospecific, whereas the corresponding aziridination, which presumably involves a triplet nitrene, is not.

This chapter will review the recent advances that deal with the preparation of enantioenriched cyclopropane and aziridine derivatives using copper catalysis. The cyclopropanation section is divided according to the type of carbene involved, whereas the aziridination section is divided by the type of alkene substrates used.

8.2 Asymmetric Cyclopropanation

8.2.1 Intermolecular Cyclopropanation Using Metal Carbenes

In light of its synthetic potential, the field of copper-catalyzed asymmetric cyclopropanation has aroused substantial research interest in the last half-century [1]. Discovered by Nozaki in 1966, the cyclopropanation reaction involving the decomposition of diazoalkanes in the presence of alkenes has become an extensively popular transformation [2]. Although Nozaki's salicylaldimine–copper complex produced only a modest 6% enantiomeric excess (ee) (Scheme 8.1), this catalyst established the groundwork for further ligand development. This ligand optimization process eventually led to efficient syntheses of chrysantemate esters and of cilastatin's side chain (vide infra) [3], and produced several hundred chiral ligands that were all tested in copper-catalyzed transformations. The ligand structural diversification includes, among others, salicylaldimine, semicorrin, bis(oxazoline), bipyridine, and diamine scaffolds, but several other variants have been synthesized. The most useful and versatile chiral ligands will be reviewed in this chapter.


Scheme 8.1 Salicylaldimine·Cu(II)-Catalyzed Cyclopropanation.

[image: c08scy001]

The mechanism of the copper-catalyzed cyclopropanation reaction involves the initial decomposition of a carbene precursor such as a diazoalkane or an iodonium ylide. The active species, the electrophilic copper carbene, is then capable of undergoing a concerted, asynchronous, [2 + 1] cycloaddition with an electron-rich alkene to form the cyclopropane (Scheme 8.2). This mechanism pathway has been supported by computational calculations [4], measurements of isotope effects, and Hammett studies [5].


Scheme 8.2 General Mechanism for Cu(I)-Catalyzed Cyclopropanation.

[image: c08scy002]

The oxidation state of the copper salt in the reaction is crucial. Even if copper(I) salts are the catalytically active species [6], copper(II) salts are often used as catalyst precursors in presence of a reducing agent (e.g., the diazo reagent itself, diisobutylaluminium hydride (DIBAL-H), phenylhydrazine). In general, chiral copper(I) complexes are generated in situ by mixing CuOTf and the chiral ligand in dichloromethane or chloroform. This chiral complex formed is very effective for the decomposition of carbene precursors. The complexation has to be quantitative, as it has been shown that ligand-free CuOTf is also an excellent catalyst for the cyclopropanation reaction [7].

The electronic nature of the substituents on the carbene influences its reactivity and, thus, the stereochemical outcome of the reaction. The following section will be divided according to the nature of the carbene used in the cyclopropanation reaction: unsubstituted or silyl-substituted carbenes I, carbenes bearing one electron-withdrawing group II (EWG), carbenes bearing two EWGs III, and carbenes bearing one EWG and one electron-donating group IV (EDG) (Scheme 8.3).


Scheme 8.3 Various Classes of Copper Carbenes.

[image: c08scy003]

8.2.1.1 Using Unsubstituted Copper Carbenes: Diazomethane

Palladium(II) catalysts have been the most widely used in the cyclopropanation of alkenes with diazomethane. Although these complexes are very effective catalysts for this specific transformation, these reactions do not lead to any enantioselectivities when chiral palladium complexes are used [8]. Alternatively, moderate levels of enantioselectivities have been generated using chiral copper complexes. It has been demonstrated that the enantioselective copper-catalyzed cyclopropanation of alkenes with diazomethane is possible. By using chiral semicorrin ligand 2, 1-phenylpropene and methyl trans-cinnamate could be used as substrates with diazomethane affording the corresponding cyclopropane in modest yields and moderate enantioselectivities (Scheme 8.4) [9].


Scheme 8.4 Cu(I)-Catalyzed Cyclopropanation Using Diazomethane.

[image: c08scy004]

In the presence of bis(oxazoline) ligand 3, the cyclopropanation of trans-cinnamate esters using diazomethane proceeded in moderate-to-good yield, with ee's ranging from 55% to 80% (Scheme 8.5) [10].


Scheme 8.5 Enantioselective Cyclopropanation of α,β-Unsaturated Esters.

[image: c08scy005]

It is important to note that diazomethane should be used and handled with special care, owing to its explosive, toxic, and volatile nature. The more stable and safer trimethylsilyldiazomethane can be used as a diazomethane surrogate for this transformation, leading preferentially to the trans-cyclopropane isomer (Scheme 8.6) [11]. Unfortunately, the chiral complex yielding the highest enantioselectivities produced the lowest yields. Trimethylsilyldiazomethane was used as the limiting reagent in this methodology.


Scheme 8.6 Cu(I)-Catalyzed Cyclopropanation Using Trimethylsilyldiazomethane.

[image: c08scy006]

8.2.1.2 Using Copper Carbenes Bearing One Electron-Withdrawing Group

Using Copper Carbene Derived from Diazoacetates

The copper-catalyzed cyclopropanation involving diazoacetates, especially ethyl and d-menthyl diazoacetate, has become one of the most studied reactions over the years. The first significant breakthrough was disclosed by Aratani who found that copper salicylaldimine 5 was a very effective catalyst for the synthesis of chrysantemate esters and for cilastatin's side chain, giving enantioselectivities higher than 90% (Scheme 8.7) [3]. The reaction pathway and the mechanism of asymmetric induction for this reaction have been probed using density functional calculations [12].


Scheme 8.7 Preparation of gem-Dimethyl Substituted Cyclopropane Derivatives.

[image: c08scy007]

A few years later, Pfaltz disclosed two novel anionic ligands based on a semicorrin scaffold, which displayed unprecedented enantioselectivities for the cyclopropanation of styrene (Scheme 8.8) [13, 14]. Both semicorrin ligands 2 and 6 are readily prepared in both enantiomeric forms from commercially available pyroglutamic acid. Although the copper carbenes display good reactivity with electron-rich alkenes, they do not react with unactivated alkenes such as 1-heptene. The C2-symmetric bidentate semicorrin–copper(II) complexes used, as well as the analogous salicyladimine and bis(oxazoline) complexes are considered to be a 2 : 1 ligand to copper complexes. However, the catalytically active species is believed to be a copper(I) complex bearing only one chiral ligand.


Scheme 8.8 Semicorrin·Cu(I)-Catalyzed Cyclopropanation of Styrene.
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Aratani's and Pfaltz's disclosures were rapidly followed by the elaboration of new copper complexes bearing a variety of chiral ligands displaying excellent efficiency and a wider scope, especially in the case of bis(oxazoline) ligands (Scheme 8.11). The most efficient one, which still represents a benchmark ligand, is the Evans' bis(oxazoline) 7, introduced in 1991 [15]. This privileged neutral ligand led to both high yields and high enantioselectivities with mono-, 1,1-di-, and tri-substituted alkenes. The enantioselectivity usually remains high for all diazoacetates used; although a decrease in diastereoselectivity was observed with less hindered α-diazoesters (Scheme 8.9) [15–17].


Scheme 8.9 Bis(oxazoline)·Cu(I)-Catalyzed Cyclopropanation of Alkenes.
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The stereochemical outcome of the bis(oxazoline) copper(I)-catalyzed cyclopropanation has been rationalized and studied over the years using computational methods, leading to a refined predicting model [4a, 5, 18].

Evans' bis(oxazoline) 7 has been successfully used in the copper-catalyzed cyclopropanation of a variety of alkenes such as cyclic and acyclic silyl enol ethers [19], furans [20], protected allylic alchols [21], and α-fluorostyrene (Scheme 8.10) [22]. The versatility of this ligand has also been demonstrated in the total synthesis of bioactive molecules such as (−)-roccellaric acid and arglabin [20], as well as tranylcypromine [17] and its analogs [23]. Other researchers have also immobilized Evans' bis(oxazoline) 7/copper complex in ionic liquids [24], as well as on polymers [25], dendrimers [26], silica gel [27], or perfluoroalkyl chains [28].


Scheme 8.10 Scope of the Bis(oxazoline)·Cu(I)-Catalyzed Cyclopropanation.
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Many other bis(oxazoline) ligands have been prepared and tested in the cyclopropanation of styrene (Scheme 8.11). These ligands differ only by the nature of the spacers that link both oxazoline groups. Copper complexes 8 [29] and 9 [30] in which both oxazoline groups are linked by a methylene unit have led to the efficient cyclopropanation of styrene. Conversely, ligand 10 [31], which features two phenyl substituents at the C-4 and C-5 positions is not effective for the cyclopropanation of styrene, but is an excellent choice for the cyclopropanation of trisubstituted and 1,2-disubstituted alkenes in the presence of copper perchlorate (Scheme 8.12). Many other bis(oxazoline) ligands are very effective for the cyclopropanation of styrene. For example, Andersson and Knight designed a new class of bis(oxazoline) ligands of type 11 [32] in which both oxazoline groups are bridged by a tartrate unit, thus forming a seven-membered chelate with copper. Hayashi and Ikeda prepared ligands 12 [33] and 13 [34] linked by binaphthyl and biphenyl functionalities, whereas Ahn used a biferrocene backbone (14) [35]. In 2000, Reiser introduced aza-bis(oxazoline) 15, where the carbon of the methylene bridge was replaced by a nitrogen [36]. This modification produced not only a suitable ligand for the cyclopropanation of furan [37] but also a convenient anchoring site for further immobilization of the chiral copper complex [24c, 38]. In 2005, Pfaltz reported the anionic bis(oxazoline) 16 bridged via a tetrahedral boron atom where the negative charge is located in the backbone of the ligand [39]. The trifluoromethylphenyl substituents of the boron could be replaced by a gem-dimethyl group without the loss of stereoinduction. This ligand has been found to be highly effective for the cyclopropanation of styrene and 1-octene. Gao et al. [40] used a thiophene to link the bis(oxazoline) 17 and finally, Itagaki and Yamamoto [41] utilized Denmark's bis(oxazoline) 18 in the copper-catalyzed cyclopropanation reaction.


Scheme 8.11 Example of Chiral bis(oxazoline) Ligands Used in Cyclopropanation.
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Scheme 8.12 Cu(I)-Catalyzed Cyclopropanation of Di- and Trisubstituted Alkenes.

[image: c08scy012]

Beside bis(oxazoline)-based ligands, bipyridine-derived ligands 19 [42], 22 [43], and 25 [44], as well as diamines 20 [45] and 23 [46] have also provided some interesting results for the cyclopropanation of styrene (Scheme 8.13). Furthermore, Fu's bis(azaferrocene) ligand 21 is not only effective for the cyclopropanation of styrene derivatives, but also for alkyl-substituted alkenes and for vinyl trimethylsilane [47]. Another attractive system relying on the iminodiazophospholidine 24 gave high diastereoselectivities without the need for a bulky ester on the diazoacetate reagent as is usually required in copper-catalyzed cyclopropanation reactions [48].


Scheme 8.13 Other Chiral Ligands Used for the Cu-Catalyzed Cyclopropanation.
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Another substrate that has aroused chemists' interest is 2,5-dimethyl-2,4-hexadiene. The product of cyclopropanation leads to chrysanthemate esters, which are key intermediates of pyrethoid insecticides [3b]. Mechanistic studies involving ligands such as salicylaldimines and bis(oxazolines) have been carried out with the aim of developing a practical industrial process of this transformation [49].

Using Copper Carbenes Derived from Diazomethylsulfonates and Diazomethylphosphonates

Unlike α-diazoacetate derivatives, the asymmetric cyclopropanation reaction of copper carbenes derived from α-diazomethylsulfonates has received only limited attention. The reaction was reported to proceed well with a copper catalyst derived from Evans' bis(oxazoline) 7. However, the presence of a bulky neopentyl group on the sulfonate moiety was required to observe reasonable diastereoselectivities (Scheme 8.14) [50]. The scope of the reaction is broad as a variety of alkenes including styrene derivatives, allylic alcohols, and enol ethers were converted to their corresponding cyclopropane derivatives in good yields and stereoselectivities.


Scheme 8.14 Enantioselective Cyclopropanation Using Diazomethylsulfonates.
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The elaboration of highly enantioenriched cyclopropylphosphonate products from copper carbenes derived from α-diazomethylphosphonate is also known. As with sulfonate-substituted copper carbenes, Evans' bis(oxazoline) 7 was found to be the optimal ligand. The enantioselectivity observed is not affected by the nature of the α-diazomethylphosphonate used, although the more sterically demanding neopentyl derivative led to slightly higher diastereoselectivities (Scheme 8.15) [51].


Scheme 8.15 Enantioselective Cyclopropanation Using Diazomethylphosphonates.
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8.2.1.3 Using Metal Carbenes Bearing Two Electron-Withdrawing Groups

The synthetic potential of cyclopropane derivatives bearing two EWGs makes them unique structural motifs. These compounds have been used extensively as electrophiles [52] and in cycloaddition reactions [53]. Additionally, the manipulations of the two geminal functionalities allow access to important molecules such as cyclopropane α-amino acids. One of the simplest members of this class, the 1,1-cyclopropane diesters can be prepared in enantioenriched form using copper catalysis (Scheme 8.16) [54]. The key discovery was the introduction of bulky substituents at the bridge carbon atom of the phenyl-bis(oxazoline). Cyclopropanation provides high enantioselectivities for electron-poor and electron-rich substituted styrenes, cyclic dienes, substituted indenes, and other related cyclic alkenes. Quite remarkably, cyclopropanation of the trisubstituted alkene 3-methyl-1H-indene could be achieved with high enantiocontrol.


Scheme 8.16 Cyclopropanation of Alkenes Using Cu(I) Carbene Derived from Dimethylmalonate.
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The analogous α-nitro cyclopropanecarboxylate esters can be prepared by a cyclopropanation reaction using the copper carbene derived from methyl nitroacetate. Since the corresponding diazo reagent is highly explosive, a synthetically equivalent iodonium ylide can be used in the cyclopropanation reaction as the copper carbene precursor. Copper-catalyzed cyclopropanation of styrene derivatives and dienes afforded the desired products in good to excellent stereoselectivities when reacted with the in situ-formed iodonium ylide derived from methyl nitroacetate, in the presence of a copper complex derived from bis(oxazoline) 3 (Scheme 8.17) [55]. Subsequent saponification and reduction of the nitro moiety afforded the corresponding trans-cyclopropane α-amino acids.


Scheme 8.17 Bis(oxazoline)·Cu(I)-Catalyzed Cyclopropanation Using Methyl Nitroacetate as Carbene Precursor.
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Further optimization of the ligand indicated that introduction of a gem-dimethyl group at C-5 of the oxazole ring led to slightly better enantioselectivities in some cases (Scheme 8.18) [56].


Scheme 8.18 Bis(oxazoline) 27·Cu(I)-Catalyzed Cyclopropanation Using Methyl Nitroacetate as Carbene Precursor.
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8.2.1.4 Using Donor/Acceptor Copper Carbenes

The asymmetric cyclopropanation of alkenes using metal carbenes bearing donor/acceptor substituents has mainly been described using rhodium(II) catalysts. With this type of carbenes, the donor group refers to a functional group capable of stabilizing the electrophilic carbene through conjugation. The most commonly found donor substituents are aryl, heteroaryl, and styryl. The acceptor substituent is typically an EWG. In copper–bis(oxazoline)-catalyzed cyclopropanation reactions, these donor/acceptor carbenoids led only to moderate enantioselectivities. However, Tang has demonstrated that a high stereoinduction can be achieved using tris(oxazoline) 28 where the third oxazoline moiety induces a sidearm effect [57]. This protocol allows for the preparation of highly enantioenriched cyclopropanes as single diastereoisomers from substituted styrenes, dienes, and various enol ethers (Scheme 8.19).


Scheme 8.19 Scheme 8.18 Tris(oxazoline) 28·Cu(I)-Catalyzed Cyclopropanation.
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8.2.2 Intramolecular Cyclopropanation Using Copper Carbenes

The analogous intramolecular cyclopropanation reaction is possible with molecules bearing both the diazo and the alkene functionalities. The first example in which a copper carbene generated from a diazo compound underwent intramolecular cyclopropanation was first reported in 1961 by Stork and Ficini [58] who treated 1-diazohept-6-en-2-one with a catalytic amount of copper–bronze alloy, leading to the corresponding bicyclohexanone in 50% yield. Since this report, significant efforts have been devoted to elaborate a variety of bicyclic compounds ranging from small to macrocyclic systems with attempts to control the stereoselectivity of the reaction. As anticipated, the intramolecular cyclopropanation leading to five- or six-membered rings produced only one diastereoisomer. Depending on the efficiency of the system used, products resulting from C–H insertion reactions can sometimes be formed [59]. However, this side reaction is more often observed with rhodium than with copper complexes. The diazocarbonyl compounds used for this transformation are usually diazoketones leading to bicyclic ketones, and diazoesters, leading to bicyclolactones.

For many years, Pfaltz's semicorrin 2 has been the most efficient catalyst for the intramolecular enantioselective cyclopropanation of unsaturated diazoketones, reaching up to 95% ee (Scheme 8.20) [60]. Although the yields are modest, it should be noted that semicorrin 2 at the time was outperforming chiral rhodium dimer catalysts for the enantioinduction with this type of substrate.


Scheme 8.20 Intramolecular Cyclopropanation Using Semicorrin 2·Cu complex.
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The intramolecular cyclopropanation of diazoketones using copper carbenes has been used as a strategy to access many natural products' skeletons. For example, in the synthesis of the phorbol CD-ring scaffold, Shibasaki employed the intramolecular cyclopropanation of a silyl enol ether using the copper complex derived from bis(oxazoline) 29 (Scheme 8.21) [61].


Scheme 8.21 Intramolecular Cyclopropanation Using Bis(oxazoline) 29·Cu complex.
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Corey has described the synthesis of sirenin through the unusual asymmetric cyclopropanation of a γ-diazocarbonyl derivative. Upon optimization of the reaction, the intramolecular cyclopropanation of the vinyldiazoacetate was achieved with 90% ee by using the copper–bis(oxazoline) 13 complex (Scheme 8.22).


Scheme 8.22 Intramolecular Cyclopropanation Using Bis(oxazoline)·Cu complex 30.
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The copper-catalyzed intramolecular cyclopropanation of β-keto-α-diazoesters only led to moderate selectivities. Nevertheless, Nakada demonstrated that the results are greatly improved on replacing the ester moiety with a sulfone [62]. Exhaustive studies in this field demonstrated that the optimal reaction conditions involved mesityl-substituted sulfones in the presence of copper–bis(oxazoline) complex 31 (Scheme 8.23) [62a]. The improved reaction conditions are suitable for 5-aryl-1-mesitylsulfonyl-5-hexen-2-ones (R,R1 = H, R2 = Ar) [63] and α-diazo-β-keto mesitylsulfones [64], as well as for the formation of bicyclo[4.1.0]cyclohexanone [65]. Furthermore, this methodology was used as a key step in the total synthesis of natural products such as (+)-allocyathin B2 [66], (−)-malyngolide [67], and (−)-methyl jasmonate [68].


Scheme 8.23 Bis(oxazoline) 31·Cu(I)-Catalyzed Intramolecular Cyclopropanation of α-diazo-β-ketomesitylsulfones.
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Further studies on the reaction revealed that this protocol is also effective for the formation of tricyclic compounds such as tricyclo[4.3.0.0]nonenes and tricyclo[4.4.0.0]decenes [62a, 65]. The synthesis of (+)-digitoxigenin has been realized through the formation of the following tricyclic adduct using copper–bis(oxazoline) 32 complex with 69% yield and 97% ee (Scheme 8.24) [69]. Interestingly, this ligand also induced a high level of enantiocontrol for the formation of tricyclic fused rings from analogous α-diazo-β-ketoesters (Scheme 8.25) [70].


Scheme 8.24 Bis(oxazoline) 32·Cu(I)-Catalyzed Intramolecular Cyclopropanation of α-diazo-β-ketomesitylsulfones.
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Scheme 8.25 Bis(oxazoline) 32·Cu(I)-Catalyzed Intramolecular Cyclopropanation of α-diazo-β-ketoesters.
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The intramolecular cyclopropanation of diazoacetates has been investigated with various transition metals including cobalt, rhodium, ruthenium, and copper. The effectiveness of each system relies on the substitution and the ring size of the fused cyclopropanes formed [71]. Compared with other systems, the Evans' copper/bis(oxazoline) complex 7 is the most suitable for substrates generating medium to large bicyclic rings. For example, the macrolactones shown in Scheme 8.26 are obtained in over 85% ee.


Scheme 8.26 Bis(oxazoline) 7·Cu(I)-Catalyzed Intramolecular Cyclopropanation of α-diazoesters.
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8.3 Asymmetric Aziridination

8.3.1 Intermolecular Aziridination Using Copper Nitrenes

Metal nitrenes, the nitrogen equivalent of metal carbenes, are also known to react with double bonds producing the corresponding aziridine [72]. Metal nitrenes are typically generated from iminoiodinanes [73] and more rarely from azides [74]. Sulfonyloxycarbamates have also been recently identified as metal nitrene precursors [75]. Among metal complexes, copper was recognized early on as a competent catalyst for aziridination reactions [76]. Furthermore, the first reported asymmetric aziridinations were based on chiral copper complexes. Jacobsen reported that salen ligand 33 was suitable for the enantioselective aziridination of styrene derivatives using a preformed iminoiodinane reagent (PhI = NTs) (Scheme 8.27) [77].


Scheme 8.27 Salen·Cu(I)-Catalyzed Aziridination of Dihydronaphthalene.
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Simultaneously, Evans showed that bis(oxazoline) ligands such as 3, induced high enantioselectivities, particularly with cinnamate derivatives (Scheme 8.28) [78].


Scheme 8.28 Bis(oxazoline)·Cu(I)-Catalyzed Aziridination of (E)-Phenyl 3-(naphthalen-1-yl)acrylate.
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Jacobsen has clearly established the involvement of a metal nitrene species as the active intermediate in these reactions [79]. Such a paradigm is also now supported by density functional theory (DFT) calculations [80] and mass spectrometry [81]. As for cyclopropanation reactions, both Cu(I) and Cu(II) metal complexes can be used in this reaction. Although a catalytic cycle involving Cu(I)/Cu(II) complexes has been suggested [82], in most cases it appears that aziridination catalytic cycle proceeds via Cu(I)/Cu(III) intermediates [79, 80]. As nitrene precursors such as iminoiodinanes are oxidizing species, copper(II) metal complexes could enter the catalytic cycle by being oxidized to a Cu(III) species. Nowadays, catalytic copper systems typically use either Cu(OTf) or cationic Cu(CH3CN)4 in the presence of the desired chiral ligand. The catalytic cycle for the copper-catalyzed azidination with an iminoiodinane reagent is shown in Scheme 8.29.


Scheme 8.29 General Mechanism for Cu(I)-Catalyzed Aziridination.
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In contrast to what is observed in cyclopropanation reactions, the aziridination of alkenes is not always stereospecific. For example, the aziridination of Z-β-methylstyrene using Jacobsen's salen–copper complex affords a mixture of the corresponding cis- and trans-aziridine products (Scheme 8.30) [77].


Scheme 8.30 Non Stereospecific Salen Cu(I)-Catalyzed Aziridination of Z-β-Methylstyrene.
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Similarly, the intramolecular aziridination of a Z-allylic N-tosyloxycarbamate in the presence of a copper pyridine complex produces the trans-aziridine as the major product (Scheme 8.31) [83].


Scheme 8.31 Non Stereospecific Cu(II)-Catalyzed Intramolecular Aziridination of (Z)-hex-2-en-1-yl tosyloxycarbamate.
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Nevertheless, the cis-aziridine derived from Z-stilbene is obtained with a high ratio of 95 : 5 when using a Cu(I) complex and biaryl Schiff base ligand 34 (Scheme 8.32) [84].


Scheme 8.32 Stereospecific Cu(I)-Catalyzed Aziridination of Z-Stilbene Using Biaryl Schiff Base Ligand 34.
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The triplet state has been identified as the ground state for copper nitrenes by DFT calculations [80, 85]. However, the energy difference between the triplet state and the singlet state is very small, thus one cannot rule out the intermediacy of singlet metal nitrene species in some cases, depending on the alkene and the ligand.

The seminal studies of Jacobsen and Evans have been followed by the development of many other chiral ligands, particularly many other Schiff bases. The best systems for each class of alkenes are presented in the following sections. Whereas the chiral moiety has been extensively modified in these ligands, the 2,6-dichlorophenyl substituent has typically been preserved, leading to active copper aziridination catalysts, in terms of both turnover number (TON) and enantioselectivity (vide infra, Scheme 8.39 and Scheme 8.40). It was shown by mass spectrometry that if no ortho-substituents are present, the aryl moiety of Schiff base copper complexes can be oxidized by the iminoiodinane reagent [81].

8.3.1.1 Of Terminal Styrene Derivatives

The first catalytic systems using copper complexes developed by Jacobsen and Evans were tested with styrene (Scheme 8.33) [77, 78]. The Cu(I) salen 33 complex produces the R-tosylaziridine in 79% yield and 66% ee using 1.0 equiv of styrene and 1.5 equiv of the preformed iminoiodinane [77].


Scheme 8.33 Enantioselective Aziridination of Styrene Using Iminoiodinanes.
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At the outset, bis(oxazoline) ligands such as 7 appear less effective for the aziridination of styrene. An excellent yield is obtained; however 5 equiv of styrene are required and the corresponding tosyl-aziridine is produced in only 57% ee using preformed iminoiodinane [78]. Similarly results are obtained when the iminoiodinane is preformed in situ from iodosobenzene and tosylamine [86], while slightly lower enantioselectivities are observed when diacetoxyiodobenzene is used as the hypervalent iodine reagent [87]. Bis(oxazoline) 3 affords slightly better results and can be used with both Cu(II) triflate salts or copper zeolite [88]. Chiral C-2-symmetric bisferrocenyldiamine ligand 35 produces the desired aziridine with enantioselectivities similar to those obtained with bis(oxazoline) 3. However, 10 equiv of styrene are necessary to achieve high yields [89].

Iminoiodinane PhI = NNs has also been used as a nitrene precursor in the aziridination of styrene and higher enantioselectivities have been reported in many cases [87, 90]. However, it has recently been shown that these results might be due to an ee measurement problem [91].

Extensive efforts have been devoted toward increasing the enantioselectivity of the aziridination of styrene, including the introduction of chiral anions [92], the use of chiral sulfonimidamides [93], and the development of novel bis(oxazolines) [32, 94], dimiines [84, 95], and other scaffolds [96] as chiral ligands for copper salts. However, in the case of styrene derivatives, these systems all produce the corresponding aziridine with lower enantiomeric ratios, than those obtained with the chiral ligands depicted in Scheme 8.33. Catalytic asymmetric aziridination of enol derivatives has also been reported to proceed with low level of stereoinduction with chiral copper complexes [97].

One of the drawbacks associated with the previously described methods is the production of notoriously stable N-tosyl aryl aziridines. The cleavage of the sulfonyl group is indeed problematic resulting in low yields or contamination with ring-opened products [98]. To overcome this problem, the Lebel's group [83] has developed N-tosyloxycarbamates reagent that produced Troc-protected aziridines that are readily cleaved under mild basic conditions. In the presence of bis(oxazoline)ent-27 containing a gem-dimethyl group at C-5 of the oxazole, the aziridine derived from 4-nitrostyrene is produced in 82% yield and 70% ee, using trichloroethyl-N-tosyloxycarbamate and 3 equiv of the alkene. The more sterically hindered gem-dimethyl reagent affords the corresponding aziridine in 52% yield and 86% ee (Scheme 8.34) [99, 100]. The scope of the reaction is rather limited, as aziridines derived from 2-chlorostyrene and 3-nitrostyrene are produced with modest ee's of 56% and 60%, respectively. Higher stereoselectivies are observed in a double stereodifferentiation system using chiral 1,1,1-trichloro-2-phenylethyl-N-tosyloxycarbamate and bis(oxazoline)ent-27 (Scheme 8.35) [100]. For example, an excellent yield and diastereomeric ratio is obtained for the aziridine derived from 4-nitrostyrene.


Scheme 8.34 Enantioselective Aziridination of Styrenes Using N-Tosyloxycarbamates.
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Scheme 8.35 Diastereoselective Aziridination of Styrenes Using Chiral (S)-2,2,2-Trichloro-1-phenylethyl Tosyloxycarbamate.
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The aziridinations of 2-chlorostyrene and 3-nitrostyrene still proceed in good yields and good level of stereoinduction, although the diastereoselectivity is lower than with more electron-poor substrates (e.g., 4-nitrostyrene). Chiral rhodium dimers are also efficient catalysts with this chiral N-tosyloxycarbamate [101]. Highly enantioselective aziridinations of styrene derivatives using azides as reagents and ruthenium or cobalt catalysts with complex chiral ligands have also been reported [102].

8.3.1.2 Of β-Substituted Styrene Derivatives

In his seminal work, Evans has reported the aziridination of E-β-methylstyrene using bis(oxazoline) 7; the corresponding trans-aziridine was isolated in 62% yield and 70% ee (Scheme 8.36) [78]. Kim observed similar enantioselectivities using chiral ligand 35 [89]. The latter catalytic system also afforded the aziridine from E-stilbene with 68% ee. Biaryl Schiff base ligand 34 has also been studied in the aziridination of β-substituted styrene derivatives, namely, E-β-methylstyrene and E-stilbene, but produced the corresponding aziridines with only low level of enantioselectivity [84].


Scheme 8.36 Enantioselective Aziridination of E-β-Methylstyrene Using N-Tosyliminophenyliodinane.
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The aziridination of a series of 2-arylethylstyrenes using bis(oxazoline) 3 and PhI = NNs proceeds with excellent diastereoselectivities (dr > 99 : 1) and good to excellent enantioselectivities (66–92% ee) (Scheme 8.37) [103]. The aziridine products then undergo an intramolecular Friedel–Crafts alkylation producing the corresponding trans-2-amino-1-aryltetralin. This two-step sequence can also be conducted in a one-pot process.


Scheme 8.37 Bis(oxazoline)·Cu(II)-Catalyzed Aziridination-Friedel–Crafts Reaction.
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Similarly, trans-3-amino-4-arylchromans are synthesized from aryl cinnamyl ethers in moderate yields (25–55%), but good to excellent enantioselectivities (66–95% ee) (Scheme 8.38) [104]. Bis(oxazoline) 36 is the optimal chiral ligand for this class of substrates.


Scheme 8.38 Bis(oxazoline)·Cu(II)-Catalyzed One-pot Enantioselective Synthesis of trans-2-Amino-1-aryltetralins.
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8.3.1.3 Of Cyclic Styrene Derivatives

A recent investigation showed that the Jacobsen salen ligand 31 [77] is optimal with copper to perform the aziridination of dihydronaphthalene (see Scheme 8.27). A simple recrystallization afforded the corresponding aziridine in 47% yield and 98% ee [105]. Other six-membered cyclic styrene derivatives such as chromene provide excellent results with Jacobsen salen ligand 33, producing the aziridine with greater than 98% ee (Scheme 8.39) [77]. Subsequently, the aziridination of chromene has been reported with two other Schiff base-type ligands, 34 [106] and 37 [107] and also proceeds with excellent enantioselectivities.


Scheme 8.39 Enantioselective Aziridination of Chromenes Using N-Tosyliminophenyliodinane.
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Conversely the aziridination of indene, a five-membered cyclic styrene derivative, affords modest enantioselectivity (58% ee) in the presence of salen ligand 33. Other chiral ligands have been also tested, but without much success [95].

8.3.1.4 Of Cinnamate Derivatives

Evans bis(oxazoline) 3 is still today one of the best catalytic systems using copper to perform the aziridination of cinnamate derivatives (see Scheme 8.28) [78]. Both methyl- and t-butyl cinnamates afford the corresponding aziridines in good yields (60–63%) and high enantioselectivities (94–96% ee) when using 1 equiv of the alkene substrate and 2 equiv of a preformed iminoiodinane (PhI = NTs) (Scheme 8.40). Lipton later showed that higher yields are obtained if the alkene is used in excess with the preformed iminoiodinane as the limiting reagent. Under such reaction conditions with bis(oxazoline) 3, the desired product is obtained in 89% yield and 93% ee (Scheme 8.41) [108].


Scheme 8.40 Enantioselective Aziridination of Cinnamates Using N-Tosyliminophenyliodinane.

[image: c08scy040]


Scheme 8.41 Bis(oxazoline) Cu(II)-Catalyzed Aziridination-Ring-Opening Process.
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Nowadays, aziridination reactions of cinnamates are typically performed using 5 equiv of the alkene substrate. There are only a few bis(oxazolines) that perform as well as bis(oxazoline) 3. For example, spiro bis(oxazoline) 38 affords the desired aziridine with 90% ee, but only in 25% yield [109]. The aziridine formed from methyl cinnamate is isolated with ∼70% ee when using Jacobsen's chiral salen ligand 33 [79, 107]. Other chiral Schiff base ligands have, however, been developed and many of them produce the desired aziridine products with similar enantioselectivities as bis(oxazoline) 3. Better results are generally obtained with t-butyl esters. For example, Scott reported that the C2-symmetric ligand 34 affords the aziridine from t-butyl cinnamate with 89% ee (Scheme 8.42) [84, 110]. The aziridination of other cinnamates, with various substituents on the aromatic group, also proceeds with a high level of stereoinduction. Typically the yields are better with EDGs, than with EWGs.


Scheme 8.42 Scope of Cu(I)-Catalyzed Aziridination of Cinnamates Using C2-Symmetric Chiral Ligand 34.
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High enantioselectivies are also achieved for the aziridination of t-butyl cinnamate using axially dissymmetric chiral salen-type ligands 39 [95] and 40 (Scheme 8.40) [111]. Substitution of the aryl moiety of the substrate, however, leads to a decrease in the enantiomeric ratios of the corresponding aziridine products. In 2006, Wang and Ding [107] reported chiral ligand 37, which produces the desired aziridine with high ee and in high yield from t-butyl cinnamate (Scheme 8.40). The reaction is performed at −75 °C with 5 equiv of cinnamate and 1 equiv of PhI = NTs. High enantioselectivity is also observed when the iminoiodinane is in situ generated from tosyl amine and diacetoxyiodobenzene, albeit the yield of the aziridination reaction is lower. Other cinnamates produce the corresponding tosyl-aziridine with high levels of stereoinduction using this catalytic system, except for cinnamates containing the para-methoxy group (Scheme 8.43).


Scheme 8.43 Scope of Cu(I)-Catalyzed Aziridination of Cinnamates Using Chiral Ligand 37.

[image: c08scy043]

The aziridination of acrylate derivatives have been reported to proceed with low levels of stereoinduction. The best result has been obtained using a chiral sulfonimidamide in the presence of iodosobenzene using copper(I) triflate as the catalyst [93]. Under such reaction conditions, the t-butyl acrylate-derived aziridine is isolated in 80% yields and in 97 : 3 dr.

8.3.1.5 Of Chalcone Derivatives

The group of Xu [112] has studied the aziridination of chalcones with preformed iminoiodinane. They have developed bis(oxazoline) ligands 41 and 42, producing these aziridines with high enantioselectivities (96% and 91% ee respectively) (Scheme 8.44). In comparison, bis(oxazoline) 3 affords the desired product with 86% ee and in 38% yield. Quite surprisingly, bis(oxazoline) 41 leads to the opposite enantiomer of the aziridine, in comparison with bis(oxazoline) 3 and 42.


Scheme 8.44 Enantioselective Aziridination of E-Chalcone Using N-Tosyliminophenyliodinane.
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Other chalcones have been tested with bis(oxazoline) 41 and 42 (Scheme 8.45 and Scheme 8.46). High enantioselectivities are observed using bis(oxazoline) 41 with chalcones containing a para-substituent, whereas other substitutions lead to a decrease in enantioselectivity (Scheme 8.45). The scope of the reaction appears better with bis(oxazoline) 42, which typically produces the corresponding aziridines with ee's greater than 90% (Scheme 8.46).


Scheme 8.45 Scope of Cu(I)-Catalyzed Aziridination of Chalcones Using Chiral Ligand 45.

[image: c08scy045]


Scheme 8.46 Scope of Cu(I)-Catalyzed Aziridination of Chalcones Using Chiral Ligand 42.

[image: c08scy046]

The group of Xu [113] has also studied the aziridination of 1,3-dienes. When E,E-cinnamalacetophenone reacts with PhI = NTs in the presence of copper(I) triflate and bis(oxazoline) 3, cis-aziridine A is formed exclusively with 80% ee, albeit in a low yields (Scheme 8.47). The formation of the cis-isomer clearly illustrates that this reaction proceeds via a stepwise process as opposed to a concerted one. Bis(oxazoline) 41 shows poor regioselectivity control, affording a mixture of aziridine products. Good regio- and diastereoselectivities are observed with bis(oxazoline) 42 producing cis-aziridine A in 73% yield, but only with 72% ee.


Scheme 8.47 Enantioselective Aziridination of (2E,4E)-1,5-Diphenylpenta-2,4-dien-1-one Using N-Tosyliminophenyliodinane.

[image: c08scy047]

8.3.1.6 Of Terminal Aliphatic Alkenes

Only a few examples of copper-catalyzed aziridination of aliphatic alkenes have been reported so far [114]. Among these reactions, enantioselective versions are scarce and are not applicable to a wide range of substrates. One of the best examples has been reported by Kim using chiral C-2-symmetric bisferrocenyldiamine 35 and copper(I) triflate. In the presence of PhI = NTs and 10 equiv of alkene, the corresponding aziridine is isolated in 68% yield and 70% ee (Scheme 8.48) [89].


Scheme 8.48 Cu(I)-Catalyzed Aziridination of 1-Hexene Using Chiral C-2-Symmetric Bisferrocenyldiamine 35.
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Catalytic systems based on chiral ruthenium or cobalt catalysts have been reported to produce aliphatic aziridine with high levels of stereoinduction [102], although this is still an unsolved problem in aziridination reactions.

8.3.2 Intramolecular Aziridination Using Copper Nitrenes

There is only one report on enantioselective intramolecular copper-catalyzed aziridinations [115]. The reaction of sulfamates with iodosobenzene in the presence of bis(oxazoline) 7 and a copper(I) complex affords the corresponding bicyclic product in 80–86% yields and 80–84% ee (Scheme 8.49). The use of terminal or Z-substituted alkenes typically results in lower enenatioselectivities.


Scheme 8.49 Bis(oxazoline) Cu(I)-Catalyzed Intramolecular Aziridination Reaction .

[image: c08scy049]

8.4 Conclusion

The copper-catalyzed asymmetric cyclopropanation and aziridination reactions have recently emerged as powerful tools in organic synthesis. High enantioselectivities have been observed for the cyclopropanation reaction of a variety of diazo derivatives bearing one or two EWGs. Despite these major advances, many challenges still remain. In particular, the highly enantioselective cyclopropanation reactions of alkenes using simple diazo compounds (diazomethane, aryl- and alkyl-substituted diazomethane) have yet to be realized.

Novel chiral bis(oxazoline) and Schiff base ligands are now available to perform asymmetric copper-catalyzed aziridinations of cinnamate and chalcone derivatives in high yields and enantioselectivities. Nevertheless, the enantioselective aziridination of other classes of alkenes still remains a challenging task, particularly with nonaromatic alkenes.
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Chapter 9

Copper-Catalyzed Asymmetric Addition Reaction of Imines

Kiyoshi Tomioka, Ken-ichi Yamada, and Yasutomo Yamamoto

9.1 Introduction

9.1.1 Asymmetric Alkylation of Imines with Organometallic Reagents

The catalytic asymmetric addition reactions of organometallic reagents to C=N double bonds of imines provide convenient and versatile routes to optically active amines [1, 2]. In the last two decades, the asymmetric additions of organometallic reagents to the C=N double bonds of imines in the presence of a stoichiometric or catalytic amount of a chiral ligand have been developed for the synthesis of optically active amines. The chiral ligand-mediated enantioselective synthesis has the potential for recovery and reuse of the chiral ligands. In 1990, Tomioka et al. [3] reported the chiral ligand-controlled asymmetric addition reaction of C=N double bonds of imines with organolithium reagents activated by a chiral amino ether ligand 1 (Scheme 9.1). Even with 5 mol% of ligand 1, enantiomerically enriched amine 6 was produced, although with moderate but meaningful ee, opening up the door to catalytic asymmetric addition reactions of organometallic reagents to a C=N double bond of an imine [4]. (−)-Sparteine and chiral bis(oxazolines) 4 were shown by Denmark to have the excellent catalytic ability of asymmetric induction in the reaction of organolithium reagents with imines (Scheme 9.1) [5].


Scheme 9.1 The stoichiometric and catalytic chiral ligand-controlled asymmetric addition reaction of methyllithium to PMP-imine.

[image: c09scy001]

In 1992, Soai reported the first catalytic asymmetric addition reaction of a dialkylzinc reagent to a C=N double bond using chiral amino alcohol 7 to give 9 with relatively high ee even with 10 mol% of 7 (Scheme 9.2) [6].


Scheme 9.2 The chiral amino alcohol-catalyzed asymmetric ethylation of an imine with diethylzinc.

[image: c09scy002]

Energetic approaches toward the catalytic asymmetric addition of organometallic reagents to C=N double bonds of imines have been impressed by chiral π-allylpalladium-catalyzed allylation with allylstannane [7] or allylsilane [8], and rhodium–MOP-based phosphine-catalyzed arylation with arylstannanes [9] or arylboranes [10]. Excellent feature articles have been published on the catalytic generation of reactive organometal–chiral ligand complexes from corresponding less reactive organometallic reagents in situ [11]. However, in contrast to the generally applicable chiral amino alcohol-catalyzed asymmetric alkylation of aldehydes with organozinc reagents [12], the catalytic asymmetric addition of simple alkylmetals to imines had not been achieved until copper-catalyzed asymmetric addition of dialkylzinc to imines appeared [13]. We focus on these recently developed copper-catalyzed asymmetric reactions of imines. Copper is also used as a nice Lewis acid complexed with chiral ligand to give brilliant asymmetric addition reaction of imines. For the reactions of stabilized carbanions, such as enolates, nitronates, and cyanide, the previous report is recommended as an excellent review [11d].

9.1.2 Possibility of Catalytic Reaction

The combination of the poor electrophilicity of the azomethine carbon atom of imine and low nucleophilicity of carbon nucleophile guarantees the possibility of catalytic reactions. The lower electrophilicity of imines has been overcome by attaching activating substituents on the imine nitrogen atom as well as by a Lewis acid activation of imines. Dialkylzinc as a carbon nucleophile is less nucleophilic and, without any activation, reacts very slowly or not at all with imines because the C–Zn bond is rather nonpolar owing to relatively large electronegativity of zinc and an sp-hybridized linear geometry at the zinc [14]. A variety of functionalized dialkylzinc reagents can be prepared via iodine–zinc exchange without [15], or with copper salt [16] or irradiation [17], boron–zinc exchange [18], or nickel-catalyzed hydrozincation [19]. The applications of organozinc reagents in organic synthesis have been summarized in several reviews.

Dialkylzinc reagents have been efficiently activated by transmetallation or complexation with a variety of transition metal salts. For example, this strategy was nicely applied to copper-catalyzed asymmetric conjugate addition reactions [20, 21] by Alexakis [22] and Feringa [20]. Activation of dialkylzinc was also achieved by coordination of a Lewis basic ligand that forces a bent geometry at the zinc, where the increased polarity of C–Zn bond makes the alkyl group more nucleophilic and the zinc more Lewis acidic [18]. The catalytic asymmetric alkylation of aldehydes with dialkylzinc reagents using catalytic amount of chiral amino alcohol ligands is one of the most successful asymmetric catalytic reactions [13]. Soai and coworkers showed that this amino alcohol strategy was applicable to the addition of dialkylzinc reagents to imines, although the catalyst efficiency was not as good as the corresponding reaction with aldehydes (Scheme 9.3). Recently, chiral ligand complexes of copper, zirconium or hafnium were found to accelerate the addition reaction of dialkylzinc reagents to C=N double bonds of imines.


Scheme 9.3 Acceleration of diethylzinc addition to imine by copper.

[image: c09scy003]

9.2 Copper-Catalyzed Asymmetric Addition Reaction of Dialkylzinc to Imines

9.2.1 Addition to C=N Double Bonds of Imines

A copper salt with an appropriate chiral phosphane ligand has been widely utilized as an excellent catalyst for asymmetric conjugate addition of dialkylzinc and other organometallic reagents [20]. For example, in 2000, Tomioka reported the acceleration effect of a copper–phosphane complex on the addition reaction of diethylzinc reagents to imines, and developed a catalytic asymmetric reaction using a chiral amidophosphane as a ligand [13a]. The reaction of diethylzinc with N-tosyl imine 10 was sluggish in giving adduct 11 in low yield along with significant amounts of reduction product 12 and recovered imine 10 after 4 h at 0 °C (Scheme 9.3). The presence of copper(II) triflate accelerated the addition reaction and 11 was obtained in improved higher yield with decreased amounts of 12 and 10 after 12 h at room temperature. A complex of the copper(II) triflate and triphenylphosphine further enhanced the reaction rate as well as suppressed the production of 12 to give 11 in further improved yield after 4 h at 0 °C.

The first copper-catalyzed asymmetric ethylation of imines was reported by using a catalyst: copper(II) triflate and chiral amidophosphane 14. Imines 13 bearing tosyl, mesyl, or 2-trimethylsilylethanesulfonyl groups on the nitrogen atom were ethylated to give the addition products 15 with high enantioselectivity up to 94% in high yield using 1 mol% of 14-copper complex (Scheme 9.4). N-(Diphenylphosphinoyl) imine 13 (R1 = Ph, R2 = Ph2P(O)) was found to be less effective, giving product 15 with lower enantioselectivity and yield (38%, 34% ee) [23]. N-Methoxycarbonyl imine 13 (R1 = Ph, R2 = MeO2C) reacted smoothly to give 15 in 90% yield, but with almost racemic 3% ee, N-p-methoxyphenyl (N-PMP) imine 13 (R1 = Ph, R2 = 4-MeOC6H4) failed to react.


Scheme 9.4 Chiral amidophosphane–copper(II)-catalyzed asymmetric ethylation of N-sulfonyl imines.

[image: c09scy004]

The steric modification of amidophosphane 14 revealed that a bulkier substituent on the pyrrolidine ring improves the catalyst efficiency in both chemical yield and enantioselectivity. For example, 14 failed to give a methylation product with dimethylzinc, whereas amidophosphane 17 bearing 2,4,6-Me3C6H2CH2 group in place of the benzyl group on a pyrrolidine ring was found to afford the methylation product 19 with reasonably high enantioselectivity and yield (Scheme 9.5). Enolizable aliphatic imines were also applicable in this reaction.


Scheme 9.5 Copper-catalyzed asymmetric ethylation of N-tosyl imines with chiral amidophosphane bearing bulky substituents on pyrrolidine ring.

[image: c09scy005]

Charette reported another successful example of copper-catalyzed reaction with a unique chiral bisphosphane monoxide 21 (Scheme 9.6) [24]. A wide range of imines 20 were alkylated into the corresponding adducts 22 with high enantioselectivity in high chemical yield. Dialkylzinc having the siloxy group was shown to be applicable, highlighting an advantage of the functional group tolerance of diorganozinc reagents.


Scheme 9.6 Chiral bisphosphine monoxide–copper-catalyzed asymmetric alkylation of N-(diphenylphosphinoyl) imines.

[image: c09scy006]

Instead of the direct use of unstable enolizable aliphatic imines, a couple of alternatives were available. The sulfinate adducts 23 generate the corresponding imines in situ, which then undergo ethylation to produce adducts 22 with high enantioselectivity and yield (Scheme 9.7) [25]. A three-component type reaction of aldehyde 24, phosphinamide 25, and dialkylzinc also worked for enolizable aldehydes to produce adducts 27 with high %ee (Scheme 9.8) [26].


Scheme 9.7 Bisphosphine monoxide–copper-catalyzed asymmetric addition of diethylzinc to in situ generated imines from sulfinate adducts.

[image: c09scy007]


Scheme 9.8 Catalytic asymmetric addition of dialkylzinc to in situ generated imines from aldehydes and phosphinamide using precatalyst.

[image: c09scy008]

A challenge to asymmetric alkylation of ketimines [27] by Lauzon and Charette [28] was reported to give alkylation product 29 in high yield and with reasonably high ee (Scheme 9.9). The hemiaminal derivatives 28 served as an imine precursor. The selection of copper source was also critical for ethylation and methylation.


Scheme 9.9 Bisphosphine monoxide–copper-catalyzed asymmetric addition of dialkylzinc to ketimines generated from hemiaminal.

[image: c09scy009]

Feringa and Minnaard reported an efficient copper-catalyzed addition of dialkylzinc reagents to sulfinate adducts 30, using the monodentate phosphoramidite ligand 31 (Scheme 9.10) [29].


Scheme 9.10 Copper-catalyzed asymmetric addition of dialkylzinc reagents to N-formyl imines generated from sulfinate adduct using phosphoramidite ligand.

[image: c09scy010]

Methylation with trimethylaluminium–copper acetoacetonate showed better enantioselectivity than dimethylzinc (Scheme 9.11). Phosphoramide 33 generated by in situ oxidation of 31, was found to play an important role as a chiral analog of hexamethylphosphoric triamide (HMPA) to modify a structure of the actual catalyst that gives the product with good ee. In contrast, neither the presence of nor the absence of phosphoramide 33 much affected the result of the reaction using diethylzinc as an alkylating agent. It is also interesting that the enantiofacial selectivity observed was opposite in sense for dimethylzinc and trimethylaluminium.


Scheme 9.11 Copper-catalyzed asymmetric addition of trimethylaluminium to an N-formyl imine generated from sulfinate adduct using phosphoramidite ligand and in situ generated phosphoramide.

[image: c09scy011]

In contrast to the copper-catalyzed conjugate addition reactions [20], the mechanism for the copper-catalyzed addition reactions of dialkylzinc reagents to imines has not been fully discussed or documented yet. Chiral bis(phosphine oxide) 40, monophosphine oxide 43, and monophosphines 41 and 42 also showed an ability to accelerate the addition to N-(diphenylphosphinoyl) imine 37, but without any enantioselectivity (Scheme 9.12) [24a]. Phosphoramidite 31*, which gave excellent results in the copper-catalyzed asymmetric conjugate addition reaction to enones [[22, 30]] failed to promote the addition reaction to imine 37 with meaningful stereocontrol although its diastereomer 31 gave excellent results for the addition to N-formyl imines (Scheme 9.10). (R)-BINAP (1,1′-binaphthyl) (34), (−)-DIOP (35), and Me-DuPHOS (39) [31] were found to be less effective in the reaction of N-tosyl and N-(diphenylphosphinoyl) imines 10 and 37, giving adducts 11 and 38 with lower enantioselectivity, respectively [8a]. Another type of chiral amidophosphane 36 had poor catalytic performance, producing almost racemic 11 in low chemical yield. These results may suggest the importance of coordination to zinc and/or hemilabile chelation to copper, by the oxygen moieties of 14, 17, and 21 in the addition reactions to N-tosyl and N-(diphenylphosphinoyl) imines.


Scheme 9.12 Effects of chiral ligands in the copper-catalyzed asymmetric addition of diethylzinc to N-tosyl benzaldehyde imine and N-(diphenylphosphinoyl) benzaldehyde imine.

[image: c09scy012]

Other ligands were also reported for asymmetric addition of diethylzinc (Scheme 9.13). Although bis(oxazoline) ligands 46 [32] and 1,2-cyclohexanediamine-based amino thiophosphoramide ligand 47 [33] were less efficient for this reaction, binaphthyl-based amino thiophophoramide ligands 48 and 52 [34] were reported to give good results for N-tosyl [35] and N-(diphenylphosphinoyl) [36] aromatic imines, respectively. Recently, ferrocene-connected amidophosphane 49 [37] and ferrocene-based [38] aminophosphane 53 [39] were reported as new ligands for the reaction of N-tosyl and N-(diphenylphosphinoyl) imines 44 and 50, respectively. In the reaction of N-(diphenylphosphinoyl) imines, amidophosphane 49 was less effective [40].


Scheme 9.13 Copper-catalyzed asymmetric addition of diethylzinc to aromatic imines with chiral ligands.

[image: c09scy013]

9.2.2 Conjugate Addition to α,β-Unsaturated Imines

α,β-Unsaturated aldimines are good Michael acceptors for Grignard reagents and organolithium reagents [41]. In contrast to the conjugate addition reaction of enones [20], the regioselectivity of diethylzinc with imine 54 derived from cinnamaldehyde was found to depend on a substituent on imines and a phosphane ligand, and under the standard conditions for saturated imines, 1,4-adduct 55 and 1,2-adduct 56 were obtained in a 4 : 3 ratio after hydrolysis and reduction (Scheme 9.14) [42]. Under the conditions optimized for the conjugate addition, where molecular sieves 4A slightly improved the enantioselectivity, only 1,4-adduct 55 was obtained with good enantiomeric excess. With the α,β-unsaturated ketimine 59, the regioselectivity was reported to be solvent dependent [43]. In contrast to the preferred 1,4-conjugate addition in toluene, a significant amount of 1,2-adduct 61 was produced in tetrahydrofuran (THF) (Scheme 9.15). The reaction of ketimine 62 having an internal Lewis basic functionality proceeded exclusively in the 1,4-conjugate addition manner to give 63 with good enantioselectivity (Scheme 9.16) [44].


Scheme 9.14 Amidophosphanes–copper-catalyzed asymmetric addition of diethylzinc to α,β-unsaturated N-sulfonyl imines.
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Scheme 9.15 Phosphoramidite–copper-catalyzed asymmetric addition of diethylzinc to α,β-unsaturated N-aryl ketimine.
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Scheme 9.16 Phosphoramidite–copper-catalyzed asymmetric addition of diethylzinc to α,β-unsaturated N-sulfonyl ketimine.

[image: c09scy016]

9.3 Copper-Catalyzed Asymmetric Allylation, Arylation, and Alkynylation Reactions of Imines

9.3.1 Copper-Catalyzed Asymmetric Allylation of Imines

In 1998, the first catalytic asymmetric addition of an allyl group to imines was achieved by Yamamoto and coworkers using chiral π-allyl palladium complex as a catalyst with allylstannane [7] or allylsilane [8]. Afterwards, many stoichiometric or catalytic asymmetric allylation reactions of imines have been developed [45], including addition of chiral allylzinc species [46]. Lectka and Jørgensen independently developed the (+)-2,2′-bis(di-p-tolylphosphino)-1,1′-binaphthyl (Tol-BINAP) (64)–copper(I)-catalyzed asymmetric allylation of N-sulfonyl glyoxylate imine 66 with allylsilane 67 [47] and that with allylstannane reagent 68 [48], respectively (Scheme 9.17).


Scheme 9.17 Tol-BINAP–copper-catalyzed asymmetric allylation of imine with allylsilane or allylstannane.

[image: c09scy017]

Tol-BINAP (64)–copper also catalyzed asymmetric allylation of imine 66 via ene reaction to provide homoallylic amine 71 with very high enantioselectivity and yield (Scheme 9.18) [49, 50]. This result clearly shows that copper(I) can efficiently activate C=N double bonds of imines as a Lewis acid catalyst besides increasing the donor ability of carbonucleophiles by transmetallation or complexation.


Scheme 9.18 Tol-BINAP–copper-catalyzed asymmetric ene reaction of imine with alkene.

[image: c09scy018]

Shibasaki reported that N-benzyl ketimines 73 were allylated with good-to-high enantioselectivity with allylboronate 74 using DuPHOS 72–CuF as a catalyst (Scheme 9.19) [51]. The alkoxide was shown to be a critical additive in facilitating the transmetallation [52].


Scheme 9.19 DuPHOS–copper-catalyzed asymmetric allylation of ketimines with allylboronate.

[image: c09scy019]

9.3.2 Copper-Catalyzed Asymmetric Arylation of Imines

In 1994, (−)-sparteine (76) was shown to be a suitable chiral ligand to control enantioselectivity in the addition of phenyllithium to imine by Denmark (Scheme 9.20) [5a, [53]]. Unfortunately the catalytic efficiency was low.


Scheme 9.20 (−)-Sparteine-controlled asymmetric addition of phenyllithium to imine.

[image: c09scy020]

The first successful catalytic asymmetric arylation of imine was achieved by Hayashi in 2000 with a chiral phosphine 78–rhodium catalyst and arylstannane (Scheme 9.21) [9]. Recently, the aryl group donor has been replaced by less toxic aryltitanium [54] or arylboron [10a, 55] reagents.


Scheme 9.21 The first catalytic asymmetric arylation of imine with a chiral phosphane–rhodium complex.

[image: c09scy021]

Copper catalyzes the arylation of glyoxylate imine 81 via a Friedel–Crafts-type reaction as a Lewis acid [56]. Electron-rich indole, pyrrole, furan, thiophene, and N,N-dimethylaniline derivatives 82 underwent addition to imine 93 to provide amino acid derivatives 82 with good-to-very high enantioselectivity (Scheme 9.22) [57, 58]. N-Tosyl imines 44 were also good substrates for the asymmetric Friedel–Crafts-type reaction catalyzed by a bis(oxazoline) 84–copper complex (Scheme 9.23) [59]. Recently, a gold–silver-catalyzed Friedel–Crafts-type reaction of imine was reported, although the asymmetric version has not been developed [60]. A catalytic amount of chiral Brønsted acid [61, 62] and chiral thiourea [63], or a stoichiometric amount of chiral chlorosilane [64] were also reported as promoters of this type of asymmetric transformation.


Scheme 9.22 Tol-BINAP–copper-catalyzed asymmetric Friedel–Crafts reactions of aromatic compounds and imine.

[image: c09scy022]


Scheme 9.23 Bis(oxazoline)–copper-catalyzed asymmetric Friedel–Crafts reactions of indole and imine.

[image: c09scy023]

9.3.3 Copper-Catalyzed Asymmetric Alkynylation of Imines

The activation of terminal alkynes as zinc acetylide-nucleophiles followed by their asymmetric addition to C=O double bonds of carbonyl compounds with chiral amino alcohol ligands is a well-established methodology [[65, 66]]. Carreira first showed applicability of this methodology to addition to C=N double bonds in the racemic addition to nitrones [67]. A few asymmetric versions have been developed using a stoichiometric amount of chiral amino alcohol [68] or chiral dialkoxide as a Lewis base [69]. Recently, a catalytic reaction has been reported using a chiral amino alcohol although the lowest catalyst loading was 40 mol% [70]. Until now, copper has played a major role in this type of asymmetric reactions also. Iridium [71–73], gold [74–76], and silver [77, 78] are also known to catalyze racemic addition of a terminal alkyne to imine.

The first catalytic asymmetric addition of terminal alkynes to imines was achieved by Li in 2002 using chiral bis(oxazoline) ent-46–copper complex with imines generated in situ from aromatic aldehydes 87 and amines 88 (Scheme 9.24) [79]. The enantioselectivity and yield as well as generality of alkyne were improved by using modified ligand 90 [80].


Scheme 9.24 Bis(oxazoline)-catalyzed asymmetric alkynylation of imines generated in situ from aromatic aldehydes and arylamines.

[image: c09scy024]

Bis(oxazoline) 91 was also reported to be a better ligand than 46 for the addition to glyoxylate imine 92 (Scheme 9.25) [81]. Interestingly, the reaction rate was accelerated in the presence of 10 mol% of p-anisidine. Not only simple 1-alkynes and arylethyne but synthetically useful trimethylsilylethyne also afforded the corresponding product, although yield and enantioselectivity were 55% and 48% ee.


Scheme 9.25 Bis(oxazoline)–copper-catalyzed asymmetric alkynylation of imines.

[image: c09scy025]

Direct asymmetric alkynylation at the benzylic position of tetrahydroisoquinoline 94 was demonstrated using this catalyst via oxidation giving 95 in 63% ee (Scheme 9.26) [82].


Scheme 9.26 Bis(oxazoline)–copper-catalyzed asymmetric alkynylation of tetrahydroisoquinoline 94.

[image: c09scy026]

Pentafluorophenyl-substituted 96 was the best (Scheme 9.27) [83]. New binaphthyl-based diamino diether ligand 97 was also developed for catalytic asymmetric addition of terminal alkynes to imine [84].


Scheme 9.27 Binaphthyl-based ligand–copper-catalyzed asymmetric alkynylation of imines.

[image: c09scy027]

In 2002, Knochel succeeded in the catalytic asymmetric alkynylation of enamines, thus enolizable imines. The combination of copper(I) bromide [85] and Quinap (100) was found to be the best giving 104 with up to 90% ee [86]. The reaction is proposed to proceed via in situ generated iminium species followed by addition of an alkynyl group to the C=N double bond (Scheme 9.28) [87]. It is noteworthy that synthetically useful trimethylsilylethyne also provided corresponding propargylamine with high yield and enantioselectivity. Improvement of enantioselectivity was achieved with a new ligand 101 [88].


Scheme 9.28 Quinap (100) or a new P,N-ligand 101–copper-catalyzed asymmetric alkynylation of in situ generated imines.

[image: c09scy028]

Recently, copper-catalyzed asymmetric alkynylation of aromatic N-aryl imines 98 with terminal alkynes, dimethylzinc, and a catalytic amount of chiral tridentate N,O-ligand 105 was reported (Scheme 9.29) [89]. In this reaction, addition of dimethylzinc improved enantioselectivity as well as chemical yield. Diastereoselective addition of a chiral alkynylboron reagent to achiral imine [90, 91] and aluminium acetylides to chiral N-sulfinyl imines were also reported [92].


Scheme 9.29 Catalytic asymmetric addition of alkyne to imines with chiral ligand 105, copper salt, and dimethylzinc.

[image: c09scy029]

Asymmetric alkylation of imine was also catalyzed by zirconium [93, 94], hafnium [95], titanium [96, 97]. Late transition metals such as rhodium [98, 99] constitute excellent catalysts. Simple N,O-ligands also form a good catalysis system for organozinc reagents [6a, 100–108].

9.4 Copper as a Lewis Acid Catalyst for Asymmetric Reaction of Imines

Asymmetric catalytic Mannich-type reaction of imine is also a milestone in the development of asymmetric synthetic organic chemistry. Chiral ligand-controlled asymmetric addition of lithium ester enolate with imine is an early frontrunner in this type of catalytic reactions [109].

9.4.1 Copper-Catalyzed Asymmetric Mannich-Type Reaction of Imines

Copper catalysts play brilliant role in these fields on being coupled with a chiral ligand [110]. Jørgensen succeeded in the catalytic use of N,P-ligand 107 for the reaction of glycine derivative [108] with imine 10 to give product [109] with 97% ee as a major diastereomer of 79 : 21 (Scheme 9.30). A three-component direct Mannich-type reaction has been realized by Kobayashi (Scheme 9.31) [111].


Scheme 9.30 Asymmetric direct Mannich-type reaction.
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Scheme 9.31 Asymmetric direct Mannich-type reaction of three components.
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Trimethylsilane (TMS)-enol ether 112 was found to be a good carbon nucleophile giving the Mannich product 113 with extremely high 99% ee by Tol-BINAP 64-copper catalyst by Lectka (Scheme 9.32) [47b, 112]. Carretero succeeded in the ester Mannich reaction, not ketone, of 116 with designed imine 115 to provide 117 with 99% ee (Scheme 9.33) [113]. Shibasaki and Kanai developed ester Mannich-type reaction of ketamine 119 giving the product bearing a quaternary carbon with 95% ee (Scheme 9.34) [114]. The conjugate reduction of 123 and the following Mannich-type reaction with 122 were also developed by Shibasaki, giving the Mannich product 124 bearing both the quaternary and tertiary chiral centers with high efficiency (Scheme 9.35) [115].


Scheme 9.32 Asymmetric Mannich-type reaction of silyl enol ether.
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Scheme 9.33 Asymmetric Mannich-type reaction of silyl enol ether of ester.
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Scheme 9.34 Asymmetric Mannich-type reaction of ketimine giving quaternary carbon.
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Scheme 9.35 Conjugate reduction-asymmetric Mannich-type tandem reaction of ketimine.
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9.4.2 Copper-Catalyzed Asymmetric Diels–Alder-type Reaction of Dienes with Imines

The reaction of imines and activated diene was found to proceed with a copper catalyst, giving Diels–Alder-type adducts. Diene 125 was reacted with imine 66 to give cyclohexenone 126 with 96% ee by the catalysis of copper and Tol-BINAP 64 (Scheme 9.36) [116]. Whiting proved that Danishefsky-Kitahara diene 129 reacts with imine 128 by the catalysis of diamine 127–copper(II) to give adduct 130 with 86% ee (Scheme 9.37) [117]. Carretero also succeeded in showing that the Danishefsky-Kitahara diene 129 reacts with imine 10 by the catalysis of 114-copper bromide to give 131 with 97% ee in 90% yield (Scheme 9.38) [118].


Scheme 9.36 Asymmetric Diels–Alder-type reaction of cyclic diene.
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Scheme 9.37 Asymmetric Diels–Alder-type reaction of Danishefsky-Kitahara diene with imine.
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Scheme 9.38 Asymmetric Diels–Alder-type reaction of Danishefsky-Kitahara diene with imine.
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9.4.3 Copper-Catalyzed Asymmetric Henry Reaction of Imines

The Henry reaction is the conventional methodology for the production of nitrogen-containing compounds. Catalytic asymmetric version was realized by copper–bis(oxazoline) 132 to give the amino acid derivative 135 with 97% ee starting from nitroalkane 134 and imine 133 (Scheme 9.39) [119]. Knudsen and Jørgensen [120] also developed the Henry reaction giving the quaternary carbon compound 137 starting from nitroalkane 136 (Scheme 9.40). Shibasaki used his bimetallic complex 138 to induce the Henry reaction of nitroethane 140 with imine 139 giving 141 with 94% ee in 96% yield (Scheme 9.41) [121]. The first example of the catalytic asymmetric aza-Henry reaction of nitronates that does not require external base was described by Jørgensen in 2001 (Scheme 9.42) [122].


Scheme 9.39 Asymmetric Henry-type reaction of imine.
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Scheme 9.40 Asymmetric reaction of imine.
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Scheme 9.41 Asymmetric reaction of imine.
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Scheme 9.42 Asymmetric reaction of imine.

[image: c09scy042]

It has been reported that dialkylzinc reagents could initiate and mediate a radical process [123]. When dialkylzinc reagents react with molecular oxygen [99a, 124–130] or are heated with a copper salt [130b], alkyl radicals are formed and radical chain processes are initiated. Accordingly, the asymmetric reaction with a dialkylzinc reagent sometimes suffers from side reactions through radical pathways [121a, 131]. These side reactions may be prevented by strictly controlled conditions under inert gas [121] or by a radical scavenger as an additive [123].

9.5 Conclusions

In the last decade, the methodology for asymmetric C–C bond formation by an addition reaction to an imine has been surprisingly improved and a number of catalytic reactions have been developed. Copper catalysis plays one of the most important roles in this field because of its high ability to activate a C=N double bond of an imine as well as to facilitate alkyl group transfer from organometallic reagents. In spite of many efficient catalysis systems being developed, the application of enolizable imines is still sometimes problematic, and few asymmetric catalysis systems are available for ketimines. Widening the applicability of these substrates would be the target in the next decade. Apparently, dialkylzinc reagents are among the ideal organometallic reagents as functionalized alkyl group donors because of their mild reactivity. We believe that further development of this field will provide a convenient approach to a variety of chiral nitrogen-containing molecules.

References

1. (a) Tomioka, K. (1990) Synthesis, 541.(b) Noyori, R. (1994) Asymmetric Catalysis in Organic Synthesis, John Wiley & Sons, Inc., New York;(c) Jacobsen, E.N., Pfaltz, A., and Yamamoto, H. (eds) (1999) Comprehensive Asymmetric Catalysis, Springer, Berlin;(d) Lagasse, F. and Kagan, H.B. (2000) Chem. Pharm. Bull., 48, 315;(e) Iguchi, M., Yamada, K., and Tomioka, K. (2003) in Organolithiums in Enantioselective Synthesis (ed. D.M. Hodgson), Springer, Berlin, p. 22.

2. Reviews: (a) Kobayashi, S., Mori, Y., Fossey, J.S., and Salter, M.M. (2011) Chem. Rev., 111, 2626;(b) Yamada, K. and Tomioka, K. (2008) Chem. Rev., 108, 2874;(c) Friestad, G.K. (2005) Eur. J. Org. Chem., 3157;(d) Zhou, P., Chen, B., and Davis, F.A. (2004) Tetrahedron, 60, 8003;(e) Job, A., Janeck, C.F., Bettray, W., Peters, R., and Enders, D. (2002) Tetrahedron, 58, 2253;(f) Ellman, J.A., Owens, T.D., and Tang, T.P. (2002) Acc. Chem. Res., 35, 984;(g) Alvaro, G. and Savoia, D. (2002) Synlett, 651;(h) Bloch, R. (1998) Chem. Rev., 98, 1407;(i) Davis, F.A., Zhou, P., and Chen, B.C. (1998) Chem. Soc. Rev., 27, 13;(j) Enders, D. and Reinhold, U. (1997) Tetrahedron: Asymmetry, 8, 1895.

3. Tomioka, K., Inoue, I., Shindo, M., and Koga, K. (1990) Tetrahedron Lett., 31, 6681.

4. (a) Tomioka, K., Inoue, I., Shindo, M., and Koga, K. (1991) Tetrahedron Lett., 32, 3095;(b) Inoue, I., Shindo, M., Koga, K., and Tomioka, K. (1993) Tetrahedron: Asymmetry, 4, 1603;(c) Inoue, I., Shindo, M., Koga, K., and Tomioka, K. (1994) Tetrahedron, 50, 4429;(d) Inoue, I., Shindo, M., Koga, K., Kanai, M., and Tomioka, K. (1995) Tetrahedron: Asymmetry, 6, 2527;(e) Taniyama, D., Kanai, M., Iida, A., and Tomioka, K. (1997) Chem. Pharm. Bull., 45, 1705;(f) Taniyama, D., Kanai, M., Iida, A., and Tomioka, K. (1997) Heterocycles, 46, 165;(g) Taniyama, D., Hasegawa, M., and Tomioka, K. (2000) Tetrahedron Lett., 41, 5533;(h) Hasegawa, M., Taniyama, D., and Tomioka, K. (2000) Tetrahedron, 56, 10153.

5. (a) Denmark, S.E., Nakajima, N., and Nicaise, O.J.C. (1994) J. Am. Chem. Soc., 116, 8797;(b) Denmark, S.E., Nakajima, N., Nicaise, O.J.C., Faucher, A.M., and Edwards, J.P. (1995) J. Org. Chem., 60, 4884;(c) Denmark, S.E. and Sttif, C.M. (2000) J. Org. Chem., 65, 5875.

6. (a) Soai, K., Hatanaka, T., and Miyazawa, T. (1992) J. Chem. Soc., Chem. Commun., 1097;(b) Soai, K., Suzuki, T., and Shono, T. (1994) J. Chem. Soc., Chem. Commun., 317;(c) Hayase, T., Inoue, Y., Shibata, T., and Soai, K. (1996) Tetrahedron: Asymmetry, 7, 2509;(d) Suzuki, T., Narisada, N., Shibata, T., and Soai, K. (1996) Tetrahedron: Asymmetry, 7, 2519;(e) Sato, I., Kodaka, R., and Soai, K. (2001) J. Chem. Soc., Perkin Trans. 1, 2912;(f) Sato, I., Hosoi, K., Kodaka, R., and Soai, K. (2002) Eur. J. Org. Chem., 3115;(g) Soai, K. and Sato, I.C.R. (2003) Geoscience, 6, 1097.

7. (a) Nakamura, H., Nakamura, K., and Yamamoto, Y. (1998) J. Am. Chem. Soc., 120, 4242;(b) Bao, M., Nakamura, H., and Yamamoto, Y. (2000) Tetrahedron Lett., 41, 131;(c) Fernandes, R.A., Stimac, A., and Yamamoto, Y. (2003) J. Am. Chem. Soc., 125, 14133.

8. (a) Nakamura, K., Nakamura, H., and Yamamoto, Y. (1999) J. Org. Chem., 64, 2614;(b) Fernendes, R.A. and Yamamoto, Y. (2004) J. Org. Chem., 69, 735.

9. (a) Hayashi, T. and Ishigedani, M. (2000) J. Am. Chem. Soc., 122, 976;(b) Hayashi, T. and Ishigetani, M. (2001) Tetrahedron, 57, 2589.

10. (a) Kuriyama, M., Soeta, T., Hao, X., Chen, Q., and Tomioka, K. (2004) J. Am. Chem. Soc., 126, 8128;(b) Hao, X., Kuriyama, M., Chen, Q., Yamamoto, Y., Yamada, K., and Tomioka, K. (2009) Org. Lett., 11, 4470;(c) Hao, X., Chen, Q., Kuriyama, M., Yamada, K., Yamamoto, Y., and Tomioka, K. (2011) Catal. Sci. Technol., 1, 62;(d) Hao, X., Chen, Q., Yamada, K., Yamamoto, Y., and Tomioka, K. (2011) Tetrahedron, 67, 6469.

11. (a) Denmark, S.E. and Nicaise, O.J.C. (1996) J. Chem. Soc., Chem. Commun., 999;(b) Arend, M., Westermann, B., and Risch, N. (1998) Angew. Chem., Int. Ed. Engl., 37, 1044;(c) Kobayashi, S. and Ishitani, H. (1999) Chem. Rev., 99, 1069;(d) Friestad, G.K. and Mathies, A.K. (2007) Tetrahedron, 63, 2541;(e) Bäse, S., Baumann, T., Dahmen, S., and Vogt, H. (2007) Chem. Commun., 1881.

12. (a) Noyori, R. and Kitamura, M. (1991) Angew. Chem., Int. Ed. Engl., 30, 49;(b) Soai, K. and Niwa, S. (1992) Chem. Rev., 92, 833;(c) Soai, K., Shibata, T., and Sato, I. (2000) Acc. Chem. Res., 33, 382;(d) Pu, L. and Yu, H.B. (2001) Chem. Rev., 101, 757.

13. (a) Fujihara, H., Nagai, K., and Tomioka, K. (2000) J. Am. Chem. Soc., 122, 12055;(b) Nagai, K., Fujihara, H., Kuriyama, M., Yamada, K., and Tomioka, K. (2002) Chem. Lett., 8;(c) Soeta, T., Nagai, K., Fujihara, H., Kuriyama, M., and Tomioka, K. (2003) J. Org. Chem., 68, 9723.

14. Boersma, J. (1982) in Comprehensive Organometallic Chemistry (eds G. Wilkinson, F.G.A. Stone, and E.W. Abel), Pergamon Press, New York, p. 823.

15. (a) Rozema, M.J., Sidduri, A.R., and Knochel, P. (1992) J. Org. Chem., 57, 1956;(b) Micouin, L. and Knochel, P. (1997) Synlett, 327;(c) Kneisel, F.F., Dochnahl, M., and Knochel, P. (2004) Angew. Chem. Int. Ed., 43, 1017.

16. (a) Rozema, M., Eisenberg, C., Lütjens, H., Ostwald, R., Belyk, K., and Knochel, P. (1993) Tetrahedron Lett., 34, 3115;(b) Vettel, S. and Knochel, P. (1994) Tetrahedron Lett., 35, 5849.

17. Charette, A.B., Beauchemin, A., and Marcoux, J.F. (1998) J. Am. Chem. Soc., 120, 5114.

18. (a) Langer, F., Devasagayaraj, A., Chavant, P.Y., and Knochel, P. (1994) Synlett, 410;(b) Langer, F., Schwink, L., Devasagayaraj, A., Chavant, P.Y., and Knochel, P. (1996) J. Org. Chem., 61, 8229;(c) Boudier, A., Darcel, C., Flachsmann, F., Micouin, L., Oestreich, M., and Knochel, P. (2000) Chem. Eur. J., 6, 2748;(d) Boudier, A., Hupe, E., and Knochel, P. (2000) Angew. Chem. Int. Ed., 39, 2294;(e) Hupe, E. and Knochel, P. (2001) Org. Lett., 3, 127.

19. (a) Vettel, S., Vaupel, A., and Knochel, P. (1995) Tetrahedron Lett., 36, 1023;(b) Vettel, S., Vaupel, A., and Knochel, P. (1996) J. Org. Chem., 61, 7473.

20. Reviews for copper-catalyzed asymmetric conjugate addition reactions: (a) Rossiter, B.E. and Swingle, N.M. (1992) Chem. Rev., 92, 771;(b) Krause, N. (1998) Angew. Chem., Int. Ed. Engl., 37, 283;(c) Feringa, B.L. (2000) Acc. Chem. Res., 33, 346;(d) Alexakis, A. and Benhaim, C. (2002) Eur. J. Org. Chem., 3221;(e) López, F., Minnaard, A.J., and Feringa, B.L. (2006) Acc. Chem. Res., 40, 179.

21. Reviews for enantioselective conjugate addition reactions: (a) Tomioka, K. and Nagaoka, Y. (1999) in Comprehensive Asymmetric Catalysis, Vol. III, Chapter 31 (eds E.N. Jacobsen, A. Pfaltz, and H. Yamamoto), Springer, New York;(b) Tomioka, K. (2000) in Modern Carbonyl Chemistry (ed. J. Otera), Chapter 12, Wiley-VCH Verlag GmbH, Weinheim;(c) Sibi, M.P. and Manyem, S. (2000) Tetrahedron, 56, 8033;(d) Tomioka, K. (2004) in Comprehensive Asymmetric Catalysis (eds E.N. Jacobsen, A. Pfaltz, and H. Yamamoto) Supplement to Chapter 31.1, Springer, New York, p. 109;(e) Christoffers, J., Koripelly, G., Rosiak, A., and Rössle, M. (2007) Synthesis, 1279.

22. Alexakis, A., Frutos, J., and Mangeney, P. (1993) Tetrahedron: Asymmetry, 4, 2427.

23. Fujihara, H. (2001) Catalytic asymmetric alkylation of imines with organozincs by the copper-chiral phosphane catalyst PhD thesis. Kyoto University, Japan.

24. (a) Boezio, A.A. and Charette, A.B. (2003) J. Am. Chem. Soc., 125, 1692;(b) Boezio, A.A., Pytkowitz, J., Côté, A., and Charette, A.B. (2003) J. Am. Chem. Soc., 125, 14260;A review: (c) Charette, A.B., Boezio, A.A., Côte, A., Moreau, E., Pytkowicz, J., Desrosiers, J.N., and Legault, C. (2005) Pure Appl. Chem., 77, 1259.

25. (a) Côté, A., Coezio, A.A., and Charette, A.B. (2004) Proc. Natl. Acad. Sci. U.S.A., 101, 5405;(b) Desrosiers, J.N., Côté, A., and Charette, A.B. (2005) Tetrahedron, 61, 6186.

26. Côté, A. and Charette, A.B. (2005) J. Org. Chem., 70, 10864.

27. Riant, O. and Hannedouche, J. (2007) Org. Biomol. Chem., 5, 873.

28. Lauzon, C. and Charette, A.B. (2006) Org. Lett., 8, 2743.

29. Pizzuti, M.G., Minnaard, A.J., and Feringa, B.L. (2008) J. Org. Chem., 73, 940.

30. Arnold, L.A., Imbos, R., Mandoli, A., de Varis, A.H.M., Naasz, R., and Feringa, B.L. (2000) Tetrahedron, 56, 2865.

31. Côte, A., Boezio, A.A., and Charette, A.B. (2004) Bisphosphine 51 can be served as a precorsour of monoxide 31 when 51 is premixed with a copper salt before the addition of dialkylzinc reagent. Angew. Chem. Int. Ed., 43, 6525.

32. Li, X., Cun, L.F., Gong, L.Z., Mi, A.Q., and Jiang, Y.Z. (2003) Tetrahedron: Asymmetry, 14, 3819.

33. Shi, M. and Zhang, W. (2003) Tetrahedron: Asymmetry, 14, 3407.

34. A review: Zhang, W. and Shi, M. (2007) Synlett, 19.

35. Wang, C.J. and Shi, M. (2003) J. Org. Chem., 68, 6229.

36. (a) Shi, M. and Wang, C.J. (2003) Adv. Synth. Catal., 345, 971;(b) Shi, M., Lei, Z.Y., and Xu, Q. (2006) Adv. Synth. Catal., 348, 2237.

37. Wang, M.C., Xu, C.L., Zou, Y.X., Liu, H.M., and Wang, D.K. (2005) Tetrahedron Lett., 46, 5413.

38. A review: Arrayás, R.G., Adrio, J., and Carretero, J.C. (2006) Angew. Chem. Int. Ed., 45, 7674.

39. Wang, M.C., Liu, L.T., Hua, Y.Z., Zhang, J.S., Shi, Y.Y., and Wang, D.K. (2005) Tetrahedron: Asymmetry, 16, 2531.

40. Wang, M.C., Xu, C.L., Cheng, F., and Ding, X. (2006) Tetrahedron, 62, 12220.

41. (a) Kogen, H., Tomioka, K., Hashimoto, S., and Koga, K. (1981) Tetrahedron, 37, 3951;(b) Tomioka, K., Shindo, M., and Koga, K. (1989) J. Am. Chem. Soc., 111, 8266;(c) Shindo, M., Koga, K., and Tomioka, K. (1992) J. Am. Chem. Soc., 114, 8732;(d) Shindo, M., Koga, K., and Tomioka, K. (1998) J. Org. Chem., 63, 9351;(e) Tomioka, K., Shioya, Y., Nagaoka, Y., and Yamada, K. (2001) J. Org. Chem., 66, 7051.

42. Soeta, T., Kuriyama, M., and Tomioka, K. (2005) J. Org. Chem., 70, 297.

43. Palacios, F. and Vicario, J. (2006) Org. Lett., 8, 5405.

44. Esquivias, J., Arrayás, R.G., and Carretero, J.C. (2005) J. Org. Chem., 70, 7451.

45. Ding, H. and Friestad, G.K. (2005) Synthesis, 17, 2815.

46. Hanessian, S. and Yang, R.Y. (1995) Tetrahedron Lett., 37, 8997.

47. (a) Ferraris, D., Dudding, T., Young, B., Drury, W.J. III and Lectka, T. (1999) J. Org. Chem., 64, 2168;(b) Ferraris, D., Young, B., Cox, C., Dudding, T., Drury, W.J. III Ryzhkov, L., Taggi, A.E., and Lectka, T. (2002) J. Am. Chem. Soc., 124, 67.

48. Fang, X., Johannsen, M., Yao, S., Gathergood, N., Hazell, R.G., and Jørgensen, K.A. (1999) J. Org. Chem., 64, 4844.

49. Drury, W.J. III Ferraris, D., Cox, C., Young, B., and Lectka, T. (1998) J. Am. Chem. Soc., 120, 11006.

50. Yao, S., Fang, X., and Jørgensen, K.A. (1998) J. Chem. Soc., Chem. Commun., 2547.

51. Wada, R., Shibuguchi, T., Makino, S., Oisaki, K., Kanai, M., and Shibasaki, M. (2006) J. Am. Chem. Soc., 128, 7687.

52. Miyaura, N. and Suzuki, A. (1995) Chem. Rev., 95, 2457.

53. Review: Bolm, C., Hildebrand, J.P., Muñiz, K., and Hermanns, N. (2001) Angew. Chem. Int. Ed., 40, 3284.

54. Hayashi, T., Kawai, M., and Tokunaga, N. (2004) Angew. Chem. Int. Ed., 43, 6125.

55. (a) Tokunaga, N., Otomaru, Y., Okamoto, K., Ueyama, K., Shintani, R., and Hayashi, T. (2004) J. Am. Chem. Soc., 126, 13584;(b) Weix, D.J., Shi, Y., and Ellman, J.A. (2005) J. Am. Chem. Soc., 127, 1092;(c) Jagt, R.B.C., Toullec, P.Y., Geerdink, D., de Vries, J.G., Feringa, B.L., and Minnaard, A.J. (2006) Angew. Chem. Int. Ed., 45, 2789;(d) Duan, H., Jia, Y., Wang, L., and Zhou, Q. (2006) Org. Lett., 8, 2567.

56. Reviews: (a) Jørgensen, K.A. (2003) Synthesis, 1117;(b) Bandini, M., Melloni, A., and Umani-Ronchi, A. (2004) Angew. Chem. Int. Ed., 43, 550.

57. Johannsen, M. (1999) Chem. Commun., 2233.

58. (a) Saaby, S., Fang, X., Gathergood, N., and Jørgensen, K.A. (2000) Angew. Chem. Int. Ed., 39, 4114;(b) Saaby, S., Bayón, P., Aburel, P.S., and Jørgensen, K.A. (2002) J. Org. Chem., 67, 4352.

59. Jia, Y.X., Xie, J.H., Duan, H.F., Wang, L.X., and Zhou, Q.L. (2006) Org. Lett., 8, 1621.

60. Luo, Y.M. and Li, C.J. (2004) Chem. Commun., 1930.

61. Uraguchi, D., Sorimachi, K., and Terada, M. (2004) J. Am. Chem. Soc., 45, 629.

62. Seayad, J., Seayad, A.M., and List, B. (2006) J. Am. Chem. Soc., 128, 1086.

63. Taylor, M.S. and Jacobsen, E.N. (2004) J. Am. Chem. Soc., 126, 10558.

64. Shirakawa, S., Berger, R., and Leighton, J.L. (2005) J. Am. Chem. Soc., 127, 2858.

65. A review for asymmetric addition of an alkynyl group to C=N double bonds: Zani, L. and Bolm, C. (2006) Chem. Commun., 4263.

66. Reviews: (a) Pu, L. (2003) Tetrahedron, 59, 9873;(b) Cozzi, P.G., Hilgraf, R., and Zimmermann, N. (2004) Eur. J. Org. Chem., 20, 4095.

67. Frantz, D.E., Fassler, R., and Carreira, E.M. (1999) J. Am. Chem. Soc., 121, 11245.

68. Jiang, B. and Si, Y.G. (2004) Angew. Chem. Int. Ed., 43, 216.

69. Wei, W., Kobayashi, M., Ukaji, Y., and Inomata, K. (2006) Chem. Lett., 35, 176.

70. Zani, L., Eichhorn, T., and Bolm, C. (2007) Chem. Eur. J., 13, 2587.

71. Sakaguchi, S., Kubo, T., and Ishii, Y. (2001) Angew. Chem. Int. Ed., 40, 2534.

72. (a) Fischer, C. and Carreira, E.M. (2001) Org. Lett., 3, 4319;(b) Fischer, C. and Carreira, E.M. (2004) Synthesis, 1497.

73. Yamazaki, Y., Fujita, K., and Yamaguchi, R. (2004) Chem. Lett., 33, 1316.

74. Wei, C. and Li, C.J. (2003) J. Am. Chem. Soc., 125, 9584.

75. Kantam, M.L., Prakash, B.V., Reddy, C.R.V., and Sreedhar, B. (2005) Synlett, 2329.

76. Lo, V.K.Y., Liu, Y., Wong, M.K., and Che, C.M. (2006) Org. Lett., 8, 1529.

77. Wei, C., Li, Z., and Li, C.J. (2003) Org. Lett., 5, 4473.

78. Ji, J.X., Au-Yeung, T.T.L., Wu, J., Yip, C.W., and Chan, A.S.C. (2004) Adv. Synth. Catal., 346, 42.

79. (a) Wei, C. and Li, C.J. (2002) J. Am. Chem. Soc., 124, 5638;(b) Wei, C., Mague, J.T., and Li, C.J. (2004) Proc. Natl. Acad. Sci. U.S.A., 101, 5749;(c) Rosa, J.N., Santos, A.G., and Afonso, C.A.M. (2004) J. Mol. Catal. A, 214, 161;(d) McDonagh, C., O'Conghile, P., Gebbink, R.J.M.K., and O'Leary, P. (2007) Tetrahedron Lett., 48, 4387.

80. Bisai, A. and Singh, V. (2006) Org. Lett., 8, 2405.

81. Ji, J.X., Wu, J., and Chan, A.S.C. (2005) Proc. Natl. Acad. Sci. U.S.A., 102, 11196.

82. Li, Z. and Li, C.J. (2004) Org. Lett., 6, 4997.

83. (a) Benaglia, M., Negri, D., and Dell'Anna, G. (2004) Tetrahedron Lett., 45, 8705;(b) Orlandi, S., Colombo, F., and Benaglia, M. (2005) Synthesis, 1689;(c) Colombo, F., Benaglia, M., Orlandi, S., Usuelli, F., and Celentano, G. (2006) J. Org. Chem., 71, 2064.

84. Hatano, M., Asai, T., and Ishihara, K. (2008) Tetrahedron Lett., 49, 379.

85. Early report on CuCl-catalyzed alkynylation of enamine: Brannock, K.C., Burpitt, R.D., and Thweatt, J.G. (1963) J. Org. Chem., 28, 1462.

86. (a) Koradin, C., Polborn, K., and Knochel, P. (2002) Angew. Chem. Int. Ed., 41, 2535;(b) Koradin, C., Gommermann, N., Polborn, K., and Knochel, P. (2003) Chem. Eur. J., 9, 2797.

87. (a) Gommermann, N., Koradin, C., Polborn, K., and Knochel, P. (2003) Angew. Chem. Int. Ed., 42, 5763;(b) Gommermann, N. and Knochel, P. (2004) Chem. Commun., 2324;(c) Dube, H., Gommermann, N., and Knochel, P. (2004) Synthesis, 2015;(d) Gommermann, N., Gherig, A., and Knochel, P. (2005) Synlett, 2796;(e) Gommermann, N. and Knochel, P. (2005) Synlett, 2799;(f) Gommermann, N. and Knochel, P. (2005) Tetrahedron, 61, 11418;(g) Gommermann, N. and Knochel, P. (2006) Chem. Eur. J., 12, 4380.

88. Thomas, F., Knöpfel, T.F., Ichikawa, T., Watanabe, T., and Carreira, E.M. (2004) Angew. Chem. Int. Ed., 43, 5971.

89. Liu, B., Liu, J., Jia, X., Huang, L., Li, X., and Chan, A.S.C. (2007) Tetrahedron: Asymmetry, 18, 1124.

90. Wu, T.R. and Chong, J.M. (2006) Org. Lett., 8, 15.

91. Gonzalez, A.Z., Canales, E., and Soderquist, J.A. (2006) Org. Lett., 8, 3331.

92. Turcaud, S., Berhal, F., and Royer, J. (2007) J. Org. Chem., 72, 7893.

93. (a) Porter, J.R., Traverse, J.F., Hoveyda, A.H., and Snapper, M.L. (2001) J. Am. Chem. Soc., 123, 984;(b) Porter, J.R., Traverse, J.F., Hoveyda, A.H., and Snapper, M.L. (2001) J. Am. Chem. Soc., 123, 10409;(c) Akullian, L.C., Snapper, M.L., and Hoveyda, A.H. (2003) Angew. Chem. Int. Ed., 42, 4244.

94. Traverse, J.F., Hoveyda, A.H., and Snapper, M.L. (2003) Org. Lett., 5, 3237.

95. Akullian, L., Porter, J., Traverse, J., Snapper, M., and Hoveyda, A. (2005) Adv. Synth. Catal., 347, 417.

96. Basra, S., Fennie, M., and Kozlowski, M. (2006) Org. Lett., 8, 2659.

97. A review on additives in asymmetric catalysis: Vogl, E.M., Groger, H., and Shibasaki, M. (1999) Angew. Chem. Int. Ed., 38, 1570.

98. Nishimura, T., Yasuhara, Y., and Hayashi, T. (2006) Org. Lett., 8, 979.

99. (a) Yamada, K., Yamamoto, Y., Maekawa, M., Akindele, T., Umeki, H., and Tomioka, K. (2006) Org. Lett., 8, 87;(b) Almansa, R., Guijarro, D., and Yus, M. (2007) Tetrahedron, 63, 1167.

100. El-Shehawy, A.A. (2006) Tetrahedron: Asymmetry, 17, 2617.

101. (a) Zhang, X., Gong, L., Mi, A., Cui, X., Jiang, Y., Choi, M.C.K., and Chan, A.S.C. (2001) Tetrahedron Lett., 42, 6369;(b) Zhang, H.L., Zhang, X.M., Gong, L.Z., Mi, A.Q., Cui, X., Jiang, Y.Z., Choi, M.C.K., and Chan, A.S.C. (2002) Org. Lett., 4, 1399;(c) Zhang, H.L., Jiang, F., Zhang, X.M., Cui, X., Gong, L.Z., Mi, A.Q., Jiang, Y.Z., and Wu, Y.D. (2004) Chem. Eur. J., 10, 1481.

102. Jimeno, C., Reddy, K.S., Solà, L., Moyano, A., Pericàs, M.A., and Riera, A. (2000) Org. Lett., 2, 3157.

103. (a) Beresford, K.J.M. (2002) Tetrahedron Lett., 43, 7175;(b) Beresford, K.J.M. (2004) Tetrahedron Lett., 45, 6041.

104. (a) Zhang, X., Lin, W., Gong, L., Mi, A., Cui, X., Jiang, Y., Choi, M.C.K., and Chan, A.S.C. (2002) Tetrahedron Lett., 43, 1535;(b) Zhang, X.M., Zhang, H.L., Lin, W.Q., Gong, L.Z., Mi, A.Q., Cui, X., Jiang, Y.Z., and Yu, K.B. (2003) J. Org. Chem., 68, 4322.

105. Almansa, R., Guijarro, D., and Yus, M. (2007) Tetrahedron: Asymmetry, 18, 896.

106. (a) Dahmen, S. and Bräse, S. (2002) J. Am. Chem. Soc., 124, 5940.

107. Hermanns, N., Dahmen, S., Bolm, C., and Bräse, S. (2002) Angew. Chem. Int. Ed., 41, 3692.

108. (a) Zhang, H.L., Liu, H., Cui, X., Mi, A.Q., Jiang, Y.Z., and Gong, L.Z. (2005) Synlett, 615;(b) Liu, H., Zhang, H.L., Wang, S.J., Mi, A.Q., Jiang, Y.Z., and Gong, L.Z. (2005) Tetrahedron: Asymmetry, 16, 2901.

109. (a) Fujieda, H., Kanai, M., Kambara, T.Y., Iida, A., and Tomioka, K. (1997) J. Am. Chem. Soc., 119, 2060;(b) Tomioka, K., Fujieda, H., Hayashi, S., Hussein, M.A., Kambara, T., Nomura, Y., Kanai, M., and Koga, K. (1999) Chem. Commun., 715;(c) Fujieda, H., Hata, S., Yamada, K., and Tomioka, K. (2005) Heterocycles, 66, 611.

110. Bernardi, L., Gothelf, A.S., Hazell, R.G., and Jørgensen, K.A. (2003) J. Org. Chem., 68, 2583.

111. Salter, M.M., Kobayashi, J., Shimizu, Y., and Kobayashi, S. (2006) Org. Lett., 8, 3533.

112. (a) Taggi, A.E., Hafez, A.M., and Lectka, T. (2003) Acc. Chem. Res., 36, 10;(b) Ferraris, D., Young, B., Cox, C., Drury, W.J. III Dudding, T., and Lectka, T. (1998) J. Org. Chem., 63, 6090.

113. Gonzalez, A.S., Arrayas, R.G., and Carretero, J.C. (2006) Org. Lett., 8, 2977.

114. Suto, Y., Kanai, M., and Shibasaki, M. (2007) J. Am. Chem. Soc., 129, 500.

115. Du, Y., Xu, L.W., Shimizu, Y., Oisaki, K., Kanai, M., and Shibasaki, M. (2008) J. Am. Chem. Soc., 130, 16146.

116. Yao, S., Saaby, S., Hazell, R.G., and Jørgensen, K.A. (2000) Chem. Eur. J., 6, 2435.

117. (a) Guillarme, S. and Whiting, A. (2004) Synlett, 711;(b) Bromidge, S., Wilson, P.C., and Whiting, A. (1998) Tetrahedron Lett., 39, 8905.

118. Mancheno, O.G., Arrayas, R.G., and Carretero, J.C. (2004) J. Am. Chem. Soc., 126, 456.

119. Nishiwaki, N., Knudsen, K.R., Gothelf, K.V., and Jørgensen, K.A. (2001) Angew. Chem. Int. Ed., 40, 2992.

120. Knudsen, K.R. and Jørgensen, K.A. (2005) Org. Biomol. Chem., 3, 1362.

121. Handa, S., Gnanadesikan, V., Matsunaga, S., and Shibasaki, M. (2007) J. Am. Chem. Soc., 129, 4900.

122. Knudsen, K.R., Risgaard, T., Nishiwaki, N., Gothelf, K.V., and Jørgensen, K.A. (2001) J. Am. Chem. Soc., 123, 5843.

123. Reviews: (a) Yamada, K., Yamamoto, Y., and Tomioka, K. (2004) J. Synth. Org. Chem Jpn., 62, 1158;(b) Bazin, S., Feray, L., and Bertrand, M.P. (2006) Chimia, 60, 260.

124. Miyano, S. and Hashimoto, H. (1971) J. Chem. Soc., Chem. Commun., 1418.

125. Ryu, I., Araki, F., Minakata, S., and Komatsu, M. (1998) Tetrahedron Lett., 39, 6335.

126. (a) Bertrand, M.P., Feray, L., Nouguier, R., and Perfetti, P. (1999) Synlett, 1148;(b) Bertrand, M.P., Feray, R., Nouguier, R., and Perfetti, P. (1999) J. Org. Chem., 64, 9189;(c) Bertrand, M.P., Coantic, S., Feray, L., Nouguier, R., and Perfetti, P. (2000) Tetrahedron, 56, 3951;(d) Bazin, S., Feray, L., Siri, D., Naubron, J.V., and Bertrand, M.P. (2002) Chem. Commun., 2506;(e) Bazin, S., Feray, L., Vanthuyne, N., and Bertrand, M.P. (2005) Tetrahedron, 61, 4261;(f) Bazin, S., Feray, L., Vanthuyne, N., Siri, D., and Bertrand, M.P. (2007) Tetrahedron, 63, 77.

127. (a) Miyabe, H., Ushiro, C., Ueda, M., Yamakawa, K., and Naito, T. (2000) J. Org. Chem., 65, 176;(b) Miyabe, H., Konishi, C., and Naito, T. (2000) Org. Lett., 2, 1443;(c) Miyabe, H., Asada, R., Yoshida, K., and Takemoto, Y. (2004) Synlett, 540;(d) Miyabe, H., Asada, R., and Takemoto, Y. (2005) Tetrahedron, 61, 385.

128. Feringa, B.L., Kellog, R.M., and van der Deen, H. (2000) Org. Lett., 2, 1593.

129. (a) Yamada, K., Fujihara, H., Yamamoto, Y., Miwa, Y., Taga, T., and Tomioka, K. (2002) Org. Lett., 4, 3509;(b) Yamada, K., Yamamoto, Y., and Tomioka, K. (2003) Org. Lett., 5, 1797;(c) Yamamoto, Y., Yamada, K., and Tomioka, K. (2004) Tetrahedron Lett., 45, 795;(d) Yamada, K., Yamamoto, Y., Maekawa, M., and Tomioka, K. (2004) J. Org. Chem., 64, 1531;(e) Yamada, K., Yamamoto, Y., Maekawa, M., Chen, J.B., and Tomioka, K. (2004) Tetrahedron Lett., 45, 6595;(f) Yamamoto, Y., Maekawa, M., Akindele, T., Yamada, K., and Tomioka, K. (2005) Tetrahedron, 61, 379;(g) Akindele, T., Yamamoto, Y., Maekawa, M., Umeki, H., Yamada, K., and Tomioka, K. (2006) Org. Lett., 8, 5729.

130. (a) Denes, F., Chemla, F., and Normant, J.F. (2003) Angew. Chem. Int. Ed., 42, 4043;(b) Denes, F., Cutri, S., Perez-Luna, A., and Chemla, F. (2006) Chem. Eur. J., 12, 6506.

131. Li, K. and Alexakis, A. (2006) Angew. Chem. Int. Ed., 45, 7600.


Chapter 10

Carbometallation Reactions

Dorian Didier and Ilan Marek

10.1 Introduction

Carbon–carbon bond formation using organometallic species was widely studied after the discovery of organomagnesium reagents by Grignard in 1900 [1]. Following this pioneering discovery and subsequent reactivity on polar carbon electrophiles, the reaction of organometallic reagents on nonpolarized unsaturated hydrocarbons were investigated [2]. Since then, the addition of a carbon–metal bond of an organometallic across a carbon–carbon unsaturated system leading to a new organometallic species that can be further functionalized is called a carbometallation reaction.

When the carbometallation reaction is performed on a triple bond (Scheme 10.1a), two regioisomers can be obtained. The control of the stereochemistry has been investigated in detail in the last few decades and summarized in several reviews [3]. In the context of this chapter on enantioselective synthesis through the use of copper catalyst, subsequent reaction of vinylcopper is needed to generate asymmetric synthesis.

Scheme 10.1 [image: c10scy001]

On the other hand, if the reaction is now performed on a polysubstituted double bond bearing different groups (R1 ≠ R2 and R3 ≠ R4, Scheme 10.1b), two regioisomers can be obtained, and after reaction with an electrophile, two new sp3 stereogenic centers are created. In order to have a powerful reaction in synthetic organic chemistry, it will then be necessary to fully control the regio- and the diastereoselectivity of the carbometallation [4].

The mechanism of the carbocupration reaction has recently been investigated in detail and few important points are summarized below.

For alkylation reactions, the highest occupied molecular orbital (HOMO) of the organocopper and the lowest unoccupied molecular orbital (LUMO) of the alkyl halide must have the same orbital symmetry to achieve an in-phase interaction [5]. In the linear ground-state geometry, the organocuprate R2Cu− has a HOMO mainly consisting of the 3dz2 orbital (−0.17 eV) symmetry, suitable for interaction with the σ* orbital of a C–X (X = halogen or heteroatom) bond (Figure 10.1a). In contrast, the HOMO of the organocopper cannot react with the π* of a multiple bond [6]. However, considering that thermal vibrations can cause bending of the R–Cu–R bond and raise the low-lying 3dxz orbital to a new HOMO (+0.56 eV), an in-phase interaction is now possible with the π* orbital of a double C=C or triple C≡C bond (Figure 10.1b) [7], forming a typical donation/back-donation complex (Dewar–Chatt–Ducanson) [8].

Figure 10.1 [image: c10fgy001]

The mechanism of the addition of an organocuprate on an unsaturated system can be explained and analyzed as a two-step process, following the energetic studies of Morokuma and Kitaura [9]. The first step is bending the ground-state geometries of both reactants. In the second step, reactants mutually superimpose HOMO (metal) and LUMO (π*) of appropriate orbital symmetry to form the π-complex. This π-complex can also be drawn as resonance T-shaped CuIII intermediates, stabilized by the neighboring vinylic anion. The final CuI carbometallated product is then formed after a four-member ring rearrangement. This hypothetical mechanism has been preferred to the one involving a direct addition of the copper species on the π-system via a metathesis-like mechanism, energetically higher by computational modeling (Scheme 10.2).

Scheme 10.2 [image: c10scy002]

Copper-catalyzed carbometallation reaction leading to enantiomerically enriched adducts is still a challenging topic owing to the difficulty of adding organocopper species to unactivated double bonds. Most of the known examples are related to the carbometallation of strained double bonds. Alternatively, to have enantiomerically enriched adducts, the copper-catalyzed carbometallation of alkynes should be followed by subsequent reactions to give access to the desired adducts.

10.2 Carbometallation of Cyclopropenes

Cyclopropenes have been widely used in carbocupration reactions [10], but only few examples concern the asymmetric copper-catalyzed additions. The first example using cyclopropenes in carbocupration reactions was described by Nakamura and coworkers in 1988 [11], on cyclopropene-acetals (Scheme 10.3).

Scheme 10.3 [image: c10scy003]

The use of such unsaturated strained three-member rings has been exemplified with both alkyl and alkenyl organocuprate reagents, to furnish, after addition of different electrophiles, functionalized syn-cyclopropanes with good-to-excellent yields.

10.2.1 Copper-Catalyzed Carbomagnesiation

The copper-catalyzed addition of Grignard reagents to asymmetric cyclopropenes bearing a methoxymethyl (MOM) ether moiety has been recently reported [12]. The presence of the chelating group allows a diastereoselective copper-catalyzed carbomagnesiation reaction, enabling the creation of a quaternary stereocenter. This procedure requires 10–30 mol% of copper iodide to reach good yields for the addition of sp3 and sp2 organometallic species. The subsequent addition of different electrophiles affords a wide range of polysubstituted cyclopropanes in good yields and diastereoselectivities (Scheme 10.4).

Scheme 10.4 [image: c10scy004]

The coordination of the copper species by the MOM group directs the carbometallation to the syn diastereotopic face of the double bond. The copper atom is bounded to the less substituted carbon center, leading to the diastereoselective formation of a quaternary stereocenter.

Following the same strategy, the selectivity of the carbometallation has been controlled by a nonprotected alcohol (Scheme 10.5). However, excess of Grignard reagents are needed to reach excellent yields and diastereoselectivities, up to 99 : 1.

Scheme 10.5 [image: c10scy005]

The syn-addition, relative to the hydroxyl group, could be rationalized by a transition state similar to the one previously discussed, involving the coordination of the metal.

On the basis of these results, Fox and coworkers could efficiency direct the nucleophilic addition to cyclopropenes, expanding the scope of the reaction to alkyl, alkenyl, and alkynyl nucleophiles.

The diastereoselective copper-catalyzed carbometallation could also be extended to the addition of arylmagnesium halides (Scheme 10.6) [13]. In this particular case, the copper species needs to be combined with tributylphosphine [14]. Although 4 equiv of Grignard reagents were required, reasonable yields and moderate-to-excellent diastereoselectivities were obtained. Both aryl compounds bearing electron-donating and electron-withdrawing groups could be selectively added.

Scheme 10.6 [image: c10scy006]

The resulting cyclopropyl copper species could also be trapped with different electrophiles to afford a large variety of functionalized compounds as single syn-isomers. When electrophiles such as carbon dioxide or dimethylformamide (DMF) were used, hetero-[3,1,0]-bicyclo adducts were obtained, in moderate yields, but with good diastereoselectivities (Scheme 10.7).

Scheme 10.7 [image: c10scy007]

Marek and coworkers [15] have recently reported the use of enantiomerically pure cyclopropenylcarbinols as a reliable source of chiral alkylidenecyclopropane derivatives (Scheme 10.8).

Scheme 10.8 [image: c10scy008]

In this particular case, 2 equiv of organomagnesium reagents were required as the first equivalent is needed for the deprotonation of the alcohol, whereas the second does the nucleophilic substitution. Excellent enantioselectivities were obtained for the alkylidenecyclopropanes. The mechanism of the reaction has been elucidated and is composed by a syn-addition followed by a transmetallation into the cyclopropylmagnesium species and finally by a syn-elimination reaction (Scheme 10.9).

Scheme 10.9 [image: c10scy009]

10.2.2 Copper-Catalyzed Carbozincation

Following the pioneer work of Gevorgyan, Rubin, and Orchin who used esters as syn-directing groups in catalytic hydroboration [16] and hydroformylation [17] reactions of cyclopropenes, Fox and coworkers described the use of ester-containing cyclopropene derivatives to control the copper-catalyzed carbozincation of double bonds [18]. These copper-catalyzed reactions could introduce alkyl-zinc (methyl or ethyl) and aryl-zinc species. Good-to-excellent yields and diastereoselectivities were obtained for tri-, tetra-, and penta-substituted cyclopropanes. The resulting cyclopropyl zinc derivatives can react with different electrophiles to expand the functionalization on the cyclopropyl ring. These reactions can also be performed on gem-disubstituted cyclopropenes. In all cases, excellent diastereoselectivities, up to 95/5 in favor of the cis addition to the ester moiety, were obtained (Scheme 10.10).

Scheme 10.10 [image: c10scy010]

By analogy with the copper-catalyzed conjugate additions, the authors proposed a cooperative action of Cu and Zn [18], copper acting as an electrophilic enhancer by its coordination to the double bond. The organozinc reagent, coordinated to the directing group, reacts with the alkene via a syn-addition, on the same side as the ester [19].

Although the final products do not present optical activity, the same group reported the diastereoselective carbometallation of achiral cyclopropenes with in situ-formed diorganozinc reagents with excellent diastereoselectivities, for the introduction of bulky nucleophiles such as ortho-substituted aryl, vinyl, or isopropyl groups.

This strategy has then been applied to substrates bearing an enantiomerically pure oxazolidinone as a chiral auxiliary. As in the previous cases, the addition of organozinc compounds resulted in an excellent face discrimination of the double bond, through a syn-chelated copper-catalyzed carbozincation with diastereomeric ratio up to 95/5 (Scheme 10.11).

Scheme 10.11 [image: c10scy011]

These compounds were converted to the corresponding methyl ester via a Sm(OTf)3-mediated methanolysis, to obtain, in fine, enantioenriched polysubstituted cyclopropanes [18].

10.3 Carbometallation of Alkynes

Numerous examples have described the carbocupration of alkynes, but as it usually leads to stereodefined alkenes, no enantioselective synthesis could result. However, if one uses enantiomerically pure substituted alkynes, adducts resulting from the copper-catalyzed carbometallation would present the same optical activity as in the starting material. However, as the copper-catalyzed addition is not the step that generates the enantioinduction, it is not described in the following section.

10.3.1 Copper-Catalyzed Carbometallation Followed by Zinc Homologation

There are only few cases where the presence of a catalytic amount of copper salts leads to a better transformation, although the presence of copper species in the reactive intermediates has not been firmly proved. For instance, polysubstituted metallated vinylsulfoximines and sulfoxides [20] were easily prepared as a unique isomer by a totally regio- and stereoselective copper-catalyzed carbozincation reaction. The addition is syn and the resulting sp2 organometallic can easily react with classical electrophiles.

If the electrophile is a zinc carbenoid, enantiomerically enriched adducts possessing quaternary stereocenters are formed in a single reaction, as recently described by Marek and coworkers [21]a. Such strategy could lead to the stereocontrolled formation of homoallylic alcohols (Scheme 10.12), with the construction of two new asymmetric carbon centers [21]b.

Scheme 10.12 [image: c10scy012]

The copper-catalyzed carbozincation of alkynyl sulfoxide [22] proceeds quantitatively with dialkyl-zinc to lead to the corresponding vinyl alkyl-zinc species (Scheme 10.12). Subsequently, benzaldehyde and CH2I2 were added and the corresponding homoallylic alcohols were obtained in good yields and excellent diastereomeric ratio. Mechanistically, the formation of such compounds has been rationalized by an insertion of CH2I2 into the sp3 carbon–zinc bond to lead to the corresponding vinyl(iodomethyl)zinc carbenoid with concomitant formation of R2–I. The sp2 carbon ligand bound to the zinc then undergoes a 1,2-rearrangement to the electrophilic carbon attached to the same metal to furnish the new allylzinc species, which finally adds to the benzaldehyde already present in the reaction mixture.

Although copper is needed for the first step of the reaction, namely, the carbometallation, its presence has been found to be beneficial for the homologation reaction (Scheme 10.13).

Scheme 10.13 [image: c10scy013]

By using this simple four-component methodology, the authors were able to prepare a challenging all-carbon quaternary center [23], in which CH3 versus CD3 groups were stereoselectively introduced, as described in Scheme 10.14.

Scheme 10.14 [image: c10scy014]

10.3.2 Copper-Catalyzed Carbomagnesiation – Elimination Sequence

Following the pioneering work of Rona and Crabbé [24], the group of Normant and Alexakis developed the copper-catalyzed carbometallation of acetylenic acetals and propargylic epoxides and ethers, leading to the formation, after an O-elimination reaction, of asymmetric allenes. First initiated on acetals, this strategy allows the formation of alkoxyallenes in good diastereoisomeric ratio (Scheme 10.15) [25].

Scheme 10.15 [image: c10scy015]

The use of enantioenriched propargylic ethers have also been investigated, leading to the formation of optically active allenes in quantitative yields. In all cases, the optical purity of the final allenes is very close to the initial optical purity of the propargylic ether (Scheme 10.16). Phosphorus ligands have been introduced in this strategy to prevent the racemization of the final allene, racemization generated by single electron transfer of the organocopper species or from Cu0 [26].

Scheme 10.16 [image: c10scy016]

Interestingly, both enantiomers of the allenes could be obtained from the same configuration of the starting material by simply changing the nature of the halide of the Grignard reagent (Scheme 10.17) [27].

Scheme 10.17 [image: c10scy017]

This surprising salt effect on the stereochemical outcome of the reaction led the authors to suggest the following mechanism: First, when the reaction is run at low temperature, the adduct can be isolated in 30% yield. Indeed, hydrolysis of the reaction mixture at this intermediate stage allows the isolation of the E-allylic ether in 30% yield. The E-stereochemistry indicates that the addition occurred by a syn mode. This alkenyl-metal intermediate disappears in favor of the allene, which is obtained in quantitative yield. Thus, this catalytic reaction proceeds through an addition–elimination reaction mechanism and not through a CuIII intermediate. Then, it appears that the halogen (X) in RMgX plays a crucial role not only on the optical yield but also on the sense of the overall process syn or anti. As a general rule, with n-BuMgBr, an overall syn process is always observed, whereas with n-BuMgI, an anti-process invariably occurs.

As the addition is syn, the type of β-elimination of the alkenyl-metal intermediate determines the overall stereochemistry. As at least 30% of the intermediate is formed with only 5% CuBr, the intermediate should mainly be an alkenyl Grignard reagent.

To check this hypothesis, carbocupration of the propargylic ether followed by iodinolysis gave the alkenyl iodine in 70% yield. Metal–halogen exchange affords the alkenyllithium reagent from which the transmetallation is made with MgI2 or MgCl2 (Scheme 10.18). In a simplified view, it may be admitted that the small size and the electronegativity of the chlorine atom allows a cyclic transition state where the greater Lewis acidity of MgCl2 plays a role in favor of a syn-elimination. On the other hand, the size of the iodine atom does not allow such a cyclic arrangement and the elimination becomes predominantly anti.

Scheme 10.18 [image: c10scy018]

The synthetic interest of the syn process led the author to improve the optical yield of such a procedure. The addition of 1 equiv of trimethylchlorosilane (TMSCl) leads to increase the concentration of MgCl2 generated in situ. The levels of stereoselection for both syn and anti processes have thus reach interesting results, starting from the same chiral propargylic ethers. The Grignard reagent undergoes first a transmetallation to a copper species, which adds to the triple bond of the propargylic ether, leading to an alkenyl-copper complex. This copper intermediate may undergo a β-elimination which is of anti type. However, this intermediate must also transmetallate to an alkenyl Grignard species as, at an intermediate stage of the reaction, both copper and magnesium species represent 30 mol% of the mixture with only 5 mol% of CuI salt present. According to the nature of the halogen of the Grignard intermediate, a syn or an anti β-elimination takes place. The rate of the exchange from copper species to magnesium species and the kinetics of the β-elimination determine the final proportions of the syn or the anti-allene. The accelerating effect of a good ligand such as PBu3 in the β-elimination of the alkenyl-copper intermediate will be favored, rather than the transmetallation to a magnesium species which, with chlorine, will favor the syn process.

The best conditions for the addition–elimination process have been applied to enantiomerically enriched ethers derived from chiral diols.

The results obtained with nonfunctionalized alkynes show the predominance of a syn-elimination process. The tight cyclic transition state seems to play a key role in the elimination step, owing to the intramolecular chelation of the bimetallic species. Few examples have been made with different Grignard reagents and propargylic ethers, showing in each case, a good transfer of chirality to the final allene (Scheme 10.19).

Scheme 10.19 [image: c10scy019]

However, when a bulky group like t-Bu is introduced in the reaction via the Grignard reagent, the intermediate is destabilized and the transmetallation does not occur. A direct elimination following an anti-process is thus involved, furnishing the opposite enantiomer of the final allene (Scheme 10.20).

Scheme 10.20 [image: c10scy020]

10.4 Summary

Copper-catalyzed carbometallation reaction en route to enantiomerically enriched adducts is still a very challenging area of research and is mainly restricted to strained alkenes. However, such carbometallations opened new approaches to polyfunctionalized cyclopropane and alkylidenecyclopropane derivatives. On the other hand, the copper-catalyzed carbometallation of alkynes led to alkenyl-metal species that need to be further functionalized to lead to interesting enantiomerically enriched products. No doubt that the potential of copper catalysis in carbometallation reactions will continue to flourish and that beautiful transformations will continue to appear.
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Chapter 11

Chiral Copper Lewis Acids in Asymmetric Transformations

Shinya Adachi, Ramkumar Moorthy, and Mukund P. Sibi

11.1 Introduction

Copper is a group 11 element, and can exist in three oxidation states; Cu(0), Cu(I), and Cu(II). The Cu(I) and Cu(II) salts are extensively used in Lewis acid catalysis [1]. The Cu(II) salts are more Lewis acidic compared to Cu(0) and Cu(I) salts and the Lewis acidity can be altered by the counter anions, since they impart electrophilicity to the metal [2]. The copper Lewis acids have found a broad range of application in the field of organic chemistry, due to its ability to promote many organic transformations and more notably in stereoselective transformation. There are various reasons for the continued attraction for copper salts in asymmetric catalysis: (i) ready availability and/or accessibility, (ii) two oxidation states, and (iii) moderate Lewis acidity [3].

This review details the utility and application of chiral Cu(I) and Cu(II) Lewis acids in stereoselective transformations over the past 10 years. In selected cases, seminal work prior to the indicated timeframe has been included. A wide range of asymmetric catalysis by chiral copper salts are discussed, such as conjugate additions, cycloadditions, condensations, oxidations, and rearrangements. However, reactions where copper functions as a reagent but not as a Lewis acid are not discussed.

11.2 Cycloadditions

11.2.1 Diels–Alder Cycloadditions

The Diels–Alder Reaction has been a main focus for synthetic organic chemists, for the construction of six-membered carbocycles with control over four stereogenic centers. The enantioselective variants of the normal Diels–Alder reaction have expanded remarkably in the past decade and a number of chiral ligands have been developed in the course of these studies. The most common and efficient ligands for Cu(II) mediated reactions are C2-symmetric bis(oxazolines). The Cu(II) chiral complex has become a fundamental tool to focus on issues related to reactivity and selectivity for Diels–Alder reactions. Variety of Cu(II)/chiral ligand combinations have been developed and studied for activation of a wide range of dienophiles by Evans, Jørgensen, Kanemasa, and others.

Following the original work of Evans and coworkers [4] using copper Lewis acid as catalysts in Diels–Alder reactions employing oxazolidinone enoates as dienophiles, number of different groups have studied the Cu(II)-catalyzed Diels–Alder reactions using different dienophiles. Sibi and coworkers [5] have investigated pyrazolidinone auxiliary 1 for highly enantioselective Cu(II)-catalyzed Diels–Alder reactions (Scheme 11.1). The fluxional behavior of N(1)-substituent provided high enantioselectivity for the Cu(II)-catalyzed Diels–Alder reactions for pyrazolidinone crotonate as dienophile and also N(1)-substituent proved critical to achieve high selectivity without significant steric bulk from a bis(oxazoline) ligand.


Scheme 11.1 Asymmetric Diels–Alder reactions of crotonates.

[image: c11scy001]

A different approach using N-acryloyl-1,3-benzoxazol-2-(3H)-ones (7) as an alternate achiral auxiliary for the Cu(II)-catalyzed Diels–Alder reactions has been reported (Scheme 11.2) [6]. The square planar geometry formed between the Cu(II)/Phen-BOX 8 complex and auxiliary was not perfect for Diels–Alder reactions with cyclopentadiene (2), thereby resulting in modest selectivity.


Scheme 11.2 Copper-catalyzed asymmetric Diels–Alder reactions of acrylamides.

[image: c11scy002]

Palomo and coworkers [7] developed α-hydroxy enones 10 as achiral templates for asymmetric Diels–Alder reactions catalyzed by Cu(SbF6)2/t-Bu-BOX 5 with high diastereo- and enantioselectivity (Scheme 11.3). The α-hydroxy enone templates not only functioned well in cycloaddition with highly reactive cyclopentadiene, but also with a number of less reactive dienes. In general, α-hydroxy enones have proven to be an effective template for a variety of transformations and the template can be readily converted to other functional groups. The α-hydroxy enones bearing β-aryl substituents show high reactivity, diastereo-, and enantioselectivity in cycloadditions.


Scheme 11.3 Asymmetric Diels–Alder reactions of α-hydroxy enones.

[image: c11scy003]

Pyrrolidinone appended 3-(acyloxy)acrylate 12 has been evaluated in enantioselective Cu(II)/BOX 5 or 8 catalyzed Diels–Alder cycloaddition (Scheme 11.4) [8]. The impact of the acyl substituent (R) on enantioselectivity was examined and these reactions proceeded with only moderate selectivity. A reversal of stereochemistry was observed for the cycloaddition when ligand 8 was used instead of 5 although both ligands have the same absolute stereochemistry. This reversal was attributed to the formation of Cu(OTf)2/ligand complexes with different geometries.


Scheme 11.4 Asymmetric Diels–Alder reactions of pyrrolidinoney-3-(acyloxy)acrylates.

[image: c11scy004]

Asymmetric Diels–Alder reactions catalyzed by transfer of chirality from DNA double helix to a Cu(NO3)2 complex has been reported (Scheme 11.5) [9]. The transfer of chirality was accomplished by coordination of the Cu(II) Lewis acid to a ligand 15 or 18, capable of intercalating the DNA double helix. At first, 9-aminoacridine 15 was used as a DNA-intercalating moiety and cycloaddition proceeded with moderate enantioselectivity. However, the enantioselectivity for Diels–Alder reactions was augmented by integration of the DNA double helix and metal binding subunits into one moiety and removing the spacer unit. This modification resulted in an increase in selectivity for the cycloaddition and was attributed to closer contact of Cu(II) with the DNA double helix.


Scheme 11.5 Enantioselective Diels–Alder reactions of aza-chalcone using copper DNA complexes.

[image: c11scy005]

The use of 2-alkenoyl pyridine N-oxides 20 as new and efficient dienophiles for the Cu(II)/Phen-BOX 8 catalyzed enantioselective Diels–Alder reaction has been investigated (Scheme 11.6) [10]. Various pyridine N-oxide dienophiles underwent Diels–Alder reactions with high diastereo- and enantioselectivity for the cycloadduct.


Scheme 11.6 Copper-catalyzed asymmetric Diels–Alder reactions of enones using pyridine N-oxide template.

[image: c11scy006]

A highly diastereo- and enantioselective Diels–Alder reaction with propiolamide derivatives 22 mediated by Cu(NTf2)2/(3-(2-naphthyl)-l-alanine amide) 24 complex has been reported (Scheme 11.7) [11]. The scope and limitations of the enantioselective Diels–Alder reaction was investigated under the optimized conditions using different reactive cyclic dienes and substituted propiolamides.


Scheme 11.7 Asymmetric Diels–Alder reactions of propiolamides catalyzed by Cu(II)-(3-(2-naphthyl)-L-alanine amide) ligand.

[image: c11scy007]

Ishihara and coworkers have examined the drawbacks for Diels–Alder reaction in regards to catalytic activity, enantioselectivity of cycloaddition, and the scope of substrates. To overcome these drawbacks, a rational design of a chiral cationic catalyst was studied using weak secondary interactions between the cationic species of substrate/Lewis acid and the chiral ligands. The drawbacks of asymmetric Diels–Alder reactions were explored with various dienes and substrates under optimized conditions and reaction proceeded with high enantioselectivity (Scheme 11.8) [12].


Scheme 11.8 Enantioselective Diels–Alder reactions using chiral bis(oxazoline)s.

[image: c11scy008]

11.2.2 Hetero Diels–Alder Reactions

Chiral copper Lewis acids have also found broad application in a variety of hetero-Diels–Alder reactions. Many examples have been reported in which the copper Lewis acid activates either the diene or the dienophile component. Evans and coworkers [13] utilized C2-symmetric bis(oxazoline)–Cu(II) catalyst in inverse electron demand hetero-Diels–Alder reaction using α,β-acyl phosphonates 29 and β,γ-acyl esters 32 as a heterodiene (Scheme 11.9). A wide range of substituents on the heterodiene and the dienophile were tolerated and cycloaddition proceed in high yields with high enantioselectivities.


Scheme 11.9 Asymmetric hetero-Diels–Alder reaction of α,β-acyl phosphonates and β,γ-acyl esters.

[image: c11scy009]

C2-symmetric bis(oxazoline)–Cu(II) catalysts have been successfully utilized in hetero-Diels–Alder reaction for α-diketones 35a and α-ketoesters 35b as the dienophiles (Scheme 11.10) [14]. The methodology provided the Diels–Alder cycloadduct in high regio-, diastereo-, and enantioselectivity at low catalyst loading.


Scheme 11.10 Enantioselective hetero-Diels–Alder reaction of α-diketones or α-ketoesters.

[image: c11scy010]

Copper(II)–Schiff base complexes have been evaluated in hetero-Diels–Alder reaction between Brassard type diene 38 and aldehyde 39. A chiral complex prepared from Cu(OTf)2 and Schiff base 44a gave cycloadduct 41 in high enantio- and diastereoselectivity (Scheme 11.11) [15]. Kanai and Shibasaki reported a general catalytic method for the hetero-Diels–Alder reaction between Danishefsky-type siloxy dienes 43 and ketones 42 (Scheme 11.11) [16]. CuOTf·(C6H6)1/2/Walphos catalyst complex with tetrabutylammoniumdifluoro triphenylsilicate (TBAT) and Ph3PO as the catalytic additive gave good selectivity and also different ketones were examined as dienophiles in the hetero-Diels–Alder reaction.


Scheme 11.11 Enantioselective hetero-Diels–Alder reaction of Brassard and Danishefsky dienes.
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There are two general approaches to aza-Diels–Alder reactions: (i) incorporate the requisite nitrogen atom into the 2π component (imine) and (ii) incorporation of the requisite nitrogen in the 4π component (azadiene). For both types of aza-Diels–Alder cycloadditions, different chiral copper Lewis acids have been successfully used. Jørgensen and coworkers [17] developed Cu(I)-catalyzed enantioselective aza-Diels–Alder reaction of imines (Scheme 11.12). The combination of Cu(I)/phosphino-oxazoline 49 complexes gave the best results for the N-tosyl α-imino ester 47 with Danishefsky's diene 46, while Cu(I)/1,1′-binaphthyl (BINAP)BINAP 52 complexes were good for dimethyl-substituted Danishefsky's diene 50.


Scheme 11.12 Enantioselective aza-Diels–Alder reactions of imines.
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Copper(I)-catalyzed enantioselective aza-Diels–Alder reaction of N-sulfonyl imines 53 as heterodienophiles has been reported (Scheme 11.13) [18]. In previous work, aza-Diels–Alder reactions were restricted to reactive N-tosyl imine of ethyl glyoxylate 47 as dienophiles, whereas use of chiral Cu(I) complexes of phosphino sulfenyl ferrocenes 55 expands the cycloaddition reaction to reactive N-tosyl imine but also to unreactive dienophiles. Phosphorous substitution on ferrocenes proved to play a critical role in both reactivity and enantioselectivity of the aza-Diels–Alder reaction with complex [55·CuBr]2.


Scheme 11.13 Asymmetric aza-Diels–Alder reaction of N-suflonyl imines.
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A catalytic enantioselective version of nitroso-Diels–Alder reactions with achiral dienes 57 and aryl nitroso derivatives 56 catalyzed by Cu(PF6)(MeCN)4 in the presence of (S)-SEGPHOS ((S)-(–)-5,5′-Bis(diphenylphosphino)-4,4′-bi-1,3-benzodioxole 59) has been described (Scheme 11.14) [19]. Scope of the nitroso-Diels–Alder reaction was investigated by varying the substitution in diene and the dienophile. The cycloaddition proceeded with high enantioselectivity. Gulea and coworkers reported the first copper(II)–bis(oxazolines) 62 complexes catalyzed asymmetric hetero-Diels–Alder reaction of dithioesters 60 with simple dienes 61. The cycloaddition proceeded with low to moderate selectivity for simple dienes, whereas for different cyclic dienes, the cycloaddition with dithioesters 60 resulted in low enantioselectivity (Scheme 11.14) [20].


Scheme 11.14 Asymmetric hetero-Diels–Alder reaction of nitroso and dithioesters.
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11.2.3 [3 + 2], [2 + 2], and [4 + 3] Cycloaddition Reactions

A number of new chiral Cu(II) and Cu(I) catalysts have been developed and evaluated in [3 + 2], [2 + 2], and [4 + 3] cycloaddition methodologies. The majority of examples in this area pertain to 1,3-dipolar cycloadditions of nitrones and azomethine ylides.

The asymmetric 1,3-dipolar cycloaddition reactions are theoretically a powerful strategy for the construction of different five-membered heterocycles. Sibi and coworkers [21] reported highly efficient exo- and enantioselective Cu(OTf)2/3 catalyzed nitrone cycloaddition for β-substituted electron-deficient substrates (Scheme 11.15). The fluxional behavior of N(1)-substituent and substituent at C(5) of pyrazolidinone template 64 proved critical to achieve high selectivity for nitrone cycloaddition without significant steric bulk from optimal chiral Lewis acid. They further expanded nitrone cycloaddition catalyzed by Cu(OTf)2/69 to α,α,β-trisubstituted substrate substrate 68 (Scheme 11.15) [22]. The N–H imide was used as a template to control the rotamer geometry in Lewis acid coordinated substrate and to increase the reactivity by avoiding A1,3 strain. A range of substituents on the α,α,β-trisubstituted substrate and the nitrone were tolerated and cycloaddition proceed in high yields with high exo-selectivity and enantioselectivity.


Scheme 11.15 Enantioselective nitrone cycloaddition of α,β-disubstituted and α,α,β-trisubstituted enones.

[image: c11scy015]

β-Lactams are a broadly studied family of heterocycles due to their extensive biology and application in the field of antibiotics. Kinugasa's seminal report on the cycloaddition of copper acetylide with a nitrone, demonstrated a direct route for the synthesis of β-lactams and has paved the way for the development of catalytic enantioselective variants. Lo and Fu [23] reported the CuCl/bis(azaferrocene) 75 catalyzed cycloaddition between a terminal alkyne and a nitrone leading to β-lactams (Scheme 11.16). A range of substituents on the nitrone and on the terminal alkyne was examined and the cycloaddition proceeded with excellent diastereo- and enantioselectivity. Shintani and Fu further developed a strategy for enantioselective intramolecular Kinugasa reactions. The planar-chiral bisazaferrocene 75 catalysts that were used for intermolecular reaction did not give an optimized result for the intramolecular reaction. However, when CuBr/phosphaferrocene-oxazoline 79 was used as a catalyst for intramolecular Kinugasa reaction, the cycloaddition proceeded with high diastereo- and enantioselectivity (Scheme 11.16) [24]. The methodology was also extended for the preparation of α-allylated β-lactams by trapping the intermediate with allyl iodide as an electrophile.


Scheme 11.16 Asymmetric intra- and intermolecular Kinugasa reactions.
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Ishihara and coworkers [25] reported the first Cu(II)/3-(2-naphthyl)-l-alanine amide 24 catalyzed 1,3-dipolar cycloaddition between acryloylpyrazole 22 and nitrones (Scheme 11.17). The intramolecular π–cation interaction between Cu(II)–chiral ligand complex and dipolarophile creates an asymmetric environment resulting in excellent enantioselectivity for nitrone cycloaddition. They extended the nitrone cycloaddition to propioloylpyrazole 82 with the same chiral Lewis acid. The potential and scope of the nitrone cycloaddition was established and predominantly endo-diastereomers with high enantioselectivity were obtained.


Scheme 11.17 Asymmetric nitrone cycloaddition of acryloylpyrazole and propioloylpyrazole.

[image: c11scy017]

Enantioselective nitrone cycloaddition of 2-alkenoyl pyridine N-oxides 20 as dipolarophiles mediated by Cu(II)-catalysts has been reported (Scheme 11.18) [26]. Different electron-deficient and -rich dipolarophiles and dipoles were tolerated under optimum reaction condition and gave predominantly endo-diastereomers with high enantioselectivity.


Scheme 11.18 Enantioselective nitrone cycloaddition of enones using pyridine N-oxide template.
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Asymmetric 1,3-dipolar cycloaddition of azomethine ylide is a key strategy for the construction of highly functionalized pyrrolidines, which are key building blocks in medicinal chemistry. Carretero and coworkers [27] demonstrated Cu(I)/Fesulfos ligand 89 catalyzed cycloaddition of azomethine ylide with different electron-rich dipolarophiles (Scheme 11.19). They constructed highly functionalized pyrrolidines with excellent endo diastereoselectivity and enantioselectivity. The chiral copper Lewis acid also favored cycloaddition reaction of azomethine ylide derived from ketimines 86 with N-phenyl maleimide 87. The resulting pyrrolidines, which have a quaternary center at C-5 position, were isolated with excellent diastereo- and enantioselectivity.


Scheme 11.19 Synthesis of highly substituted pyrrolidines by enantioselective azomethine ylide cycloaddition.
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Carretero and coworkers [28] further examined the asymmetric 1,3-dipolar cycloaddition of azomethine ylides catalyzed by Cu(CH3CN)4ClO4/Taniaphos 93 with aryl vinyl sulfones 91 (Scheme 11.20). The chiral Lewis acid system gave very high exo-selectivity for the cycloadduct and the products were obtained in good enantioselectivities. The cycloadduct was further transformed to a highly reactive intermediate for the synthesis of 2,5-disubstituted pyrrolidines. They further expanded the azomethine ylide cycloaddition to N-(2-pyridylmethyl) imines 94, and was catalyzed by Cu(CH3CN)4PF6/bis(oxazoline) 97 (Scheme 11.20) [29]. The Cu(II)/97 was able to tolerate a wide range of substituted dipolarophiles, such as maleimides, fumarates, fumarodinitrile, enones, and nitroalkenes and also favored cycloaddition reaction to N-(2-pyridylmethyl) imines derived from ketones.


Scheme 11.20 Asymmetric azomethine ylide cycloaddition to aryl vinyl sulfones and N-(2-pyridylmethyl) imines.
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Copper(I)/ClickFerrophos 100 complex catalyzed azomethine ylide cycloaddition reaction of methyl N-benzylideneglycinate 98 with electron-deficient vinyl sulfone as a dipolarophile has been reported (Scheme 11.21) [30]. The Cu(I)/ClickFerrophos gave highly exo-selective trisubstituted pyrrolidine with high enantioselectivity. The Cu(I)/100 complex was successfully used for investigating cycloaddition reactions with different dipolarophiles such as acrylates, maleates, and maleimides.


Scheme 11.21 Cu(I)/ClickFerrophos catalyzed asymmetric azomethine ylide cycloaddition.
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A Cu(I) complex with axially chiral TF-BiphamPhos 104 as a ligand has been examined in asymmetric 1,3-dipolar cycloaddition of azomethine ylides. Using this catalytic system, reaction of different iminoesters 101 and dipolarophiles gave pyrrolidines with excellent endo selectivities and enantioselectivities (Scheme 11.22) [31]. The Cu(I)/104 complex could tolerate azomethine ylides derived from amino esters other than glycine, such as alanine, leucine, phenylalanine, and tryptophan. In addition, the asymmetric cycloaddition of azomethine ylide derived from aliphatic cyclohexanecarbaldehyde has been studied and the corresponding cycloadduct was isolated with high diastereo- and enantioselectivity.


Scheme 11.22 Enantioselective azomethine ylide cycloaddition using axially chiral ligand.

[image: c11scy022]

Copper-catalyzed enantioselective 1,3-dipolar cycloadditions of azomethine imines with terminal alkynes have been investigated (Scheme 11.23) [32]. The CuI/phosphaferrocene-oxazoline 107 complex catalyzed [3 + 2] cycloadditions of terminal alkynes with 3-oxopyrazolinin-1-ium-2-ides (105) derived from pyrazolidin-3-ones and aldehydes, gave highly enantioselective cycloadducts. Cycloadditions of azomethine imines with electron-deficient alkynes were performed at higher temperatures, but for Cu(I) catalyzed cycloaddition, the reaction was conducted at room temperature due to the formation of transient copper acetylide, which presumably lowers the alkyne lowest unoccupied molecular orbital (LUMO). The Cu(I)/107 complex was found to tolerate a wide range of azomethine imines and alkynes.


Scheme 11.23 Asymmetric azomethine imine cycloaddition of terminal alkynes.
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The use of C2-symmetric bis(oxazoline)–Cu(II) catalyst for 1,3-dipolar cycloaddition of azomethine imine with 2-acryloyl-3-pyrazolidinone (108) has been evaluated. The cycloadducts were obtained in high yields with moderate to good exo-selectivity and high enantioselectivity (Scheme 11.24) [33]. The fluxional behavior of N(1)-substituent showed a moderate impact on the enantioselectivity for the Cu(II)-catalyzed azomethine imine cycloadditions and the methodology showed limited scope for dipolarophiles.


Scheme 11.24 Enantioselective azomethine imine cycloaddition of 2-acryloyl-3-pyrazolidinones.
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11.2.4 Nazarov Cyclization

The Nazarov cyclization is a cationic electrocyclic reaction used in the synthesis of five-membered carbocycles. The reaction requires the use of either a strong protic acid or a mild Lewis acid and it undergoes 4-π conrotatory electrocyclization. Aggarwal and Belfield [34] reported the first asymmetric Nazarov cyclization of divinyl ketones bearing an α-ester or α-amide groups (Scheme 11.25). The cyclizations of divinyl ketone 111 bearing α-ester groups catalyzed by Cu(SbF6)2/PyBox 113 gave moderate to good enantioselectivities when the catalyst loading was 1.0 or 0.5 equiv. When the same catalytic system was used for cyclizations of divinyl ketones 114 bearing α-amide groups, cyclization proceeded with poor enantioselectivity. However, Cu(SbF6)2/Ph-BOX 8 complexes gave high enantioselectivity for cyclization of substrates 114 bearing α-amide groups.


Scheme 11.25 Asymmetric Nazarov cyclization of divinyl ketone.
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Tang and coworkers [35] studied different Cu(II) and Sc(III) and pybox-derived complexes as catalysts or promoters in the enantioselective Nazarov cyclization of alkoxy divinyl β-ketoester 116 (Scheme 11.26). This reaction proceeded with poor selectivity. However, a pendant group on the box ligand gave a very good three-dimensional conformation for the catalyst–substrate complex for better stereocontrol. Cu(BArF)2/tris(oxazoline)s 118 was able to catalyze asymmetric Nazarov cyclization for alkoxy divinyl β-ketoester 116 with high diastereo- and enantioselectivity (Scheme 11.26). Recently, Frontier and coworkers [36] reported stoichiometric asymmetric Nazarov/Wagner–Meerwein sequence reaction for dienones 119 catalyzed by C2-symmetric bis(oxazoline)–Cu(II) complex with high selectivity (Scheme 11.26).


Scheme 11.26 Enantioselective Nazarov cyclization of divinyl-β-ketoesters and dienones.
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11.3 Claisen Rearrangements

Asymmetric Claisen rearrangement is a powerful tool for C–C bond formation and the rearrangement is capable of installing multiple stereocenters in a highly diastereoselective manner. Hiersemann and coworkers [37] reported the Claisen rearrangement of 2-alkoxycarbonyl-substituted allyl vinyl ethers ((E,E)-121, (Z,E)-121, (E,Z)-121, (Z,Z)-121)) catalyzed by Cu(OTf)2/Ph-BOX 8 (Scheme 11.27). The rearrangement proceeded with high enantioselectivities regardless of the E- or Z-configuration of the allyl ether double bond, but syn- and anti-diastereoselectivity was impacted by the double bond configuration of the allyl ether. The Z-isomer of allyl vinyl ethers gave high diastereo- and enantioselective product, whereas E-isomer gave a product with lower diastereo- and enantioselectivity. Balta and coworkers [38] investigated the Claisen rearrangement of 1-methyl-2-isopropyoxycarbonyl-6-propyl allyl vinyl ether catalyzed by Cu(II)/Phen-BOX 8 or Cu(II)/t-Bu-BOX 5 by density functional theory under three different reaction conditions such as vacuum, CH2Cl2, and CH3CN. The Cu(II)/Phen-BOX 8 catalyzed reaction in vacuum gave low selectivity whereas in CH2Cl2, CH3CN gave higher selectivity with reversal of absolute configuration. However, Cu(II)/t-Bu-BOX 5 catalyzed rearrangement was calculated to have high selectivity under all three conditions without reversal of configuration. The effect of selectivity in the rearrangement catalyzed by Cu(II)/5 was due to steric interactions between the substrate and the catalyst, while in the case of Cu(II)/8 catalyzed rearrangement the selectivity is determined by solvent effects.


Scheme 11.27 Asymmetric Claisen rearrangement of 2-alkoxycarbonyl-substituted allyl vinyl ethers.
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11.4 Ene Reactions

Following the pioneering work of Evans et al. [39], Jørgensen [40], and Lectka [41], using copper Lewis acids as catalysts in ene reactions, Yang and coworkers [42] have reported intramolecular carbonyl ene reactions catalyzed by Cu(OTf)2/Ph-BOX 8 for unsaturated α-keto esters 123 (Scheme 11.28). The methodology provides an efficient strategy for the synthesis of five- or six-membered carbocycles 124 with two contiguous chiral centers.


Scheme 11.28 Asymmetric intramolecular carbonyl Ene reaction.
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Immobilized Cu(II)-zeolite Y (Cu-HY) bis(oxazoline) complexes have been investigated as a heterogeneous catalyst for enantioselective ene reactions (Scheme 11.29) [43]. The immobilized Cu(II)-zeolite catalyst (Cu-HY) when used in conjunction with Cu(II)/Ph-BOX 8 or Cu(II)/t-Bu-BOX 5 was found to promote carbonyl- or imino-ene reactions for a variety of olefins 125 or 128 with ethyl glyoxylate 126 or imine derivatives. The Cu-HY/Ph-BOX 8 heterogeneous catalyst was more competent than the homogeneous Cu(OTf)2/Ph-BOX 8 catalyst in terms of selectivity and could be reused with little loss of reactivity or selectivity following reactivation of the catalyst.


Scheme 11.29 Enantioselective Ene reaction catalyzed by Cu(II)/bis(oxazoline) complexes immobilized on zeolite-Y.
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An asymmetric Conia-ene reaction has been developed using cooperative catalysis (Brønsted base and Lewis acid). Cooperative catalysis is a powerful strategy for obtaining high stereoinduction in a variety of reactions. Cu(I)/bifunctional 9-amino-9-deoxyepicinchona-derived urea 132a or 132b was able to catalyze enantioselective Conia-ene reactions of β-ketoesters 130 in high enantioselectivity. A wide range of β-ketoesters was tolerated in this reaction (Scheme 11.30) [44].


Scheme 11.30 Asymmetric Conia-ene reaction using cooperative catalysis.
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Asymmetric hetero-ene reactions of alkyl enol ethers 134 catalyzed by Cu(OTf)2 or Mg(OTf)2/chiral N,N′-dioxide 136 proceed in excellent enantioselectivities under mild reaction conditions (Scheme 11.31) [45]. Different chiral ligands were investigated for the asymmetric hetero-ene transformation. The N,N′-dioxide ligand with ortho-iPr substituents on the aniline gave higher stereoinduction than substituents at different positions on the aniline. This has been attributed to bulkier electron donating group adjusting the electronic and stereoinductive environment of the catalyst. A variety of 1,2-dicarbonyl compounds such as isatins, α-ketoesters, and glyoxal derivatives were competent in the hetero-ene reactions.


Scheme 11.31 Enantioselective hetero-Ene reactions of alkyl enol ethers.
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11.5 Nucleophilic Addition to C=O and C=N Double Bonds

11.5.1 Aldol Reactions

The aldol reaction is a powerful method for carbon–carbon bond formation, which affords β-hydroxy carbonyl compounds. Over the past decade, a number of highly enantioselective aldol reactions have been reported. Evans and coworkers [46] reported the first example of chiral copper complex-catalyzed aldol reaction. They demonstrated that Cu(II)/pybox complex 141 is an efficient catalyst for highly enantioselective aldol addition of silylketene acetal 140 to (benzyloxy)acetaldehyde (139) (Scheme 11.32). The aldol reaction of methyl pyruvate (35b) and enolsilanes was also catalyzed by Cu(OTf)2/5 (10 mol%) to afford α-hydroxy esters in high enantioselectivity (99% ee) [47]. Not only silyl ketene S,O-acetals 140 but also enolsilanes derived from acetophenone and acetone gave high enantioselectivity.


Scheme 11.32 Chiral Copper Complex-catalyzed Mukaiyama Aldol Reaction.
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The scope of enantioselective Cu(II)-catalyzed asymmetric aldol reaction of silyl ketene acetals has been extended through the use of the CuCl2–bis(oxazoline) 146 complex developed by Le Engers and Pagenkopf [48]. The CuCl2/146 complex catalyzed the addition of O,O-ketene silyl acetals 145 prepared from simple esters to aryl glyoxylates 144 to afford corresponding products 147 in good yields with high enantioselectivities in most cases (Scheme 11.33). This catalyst system overcomes the need for expensive thioesters and steric intolerance of ketones.


Scheme 11.33 Mukaiyama Aldol Reaction of O,O-ketene Silyl Acetals to Aryl Glyoxylates.
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Mukaiyama–aldol reaction of monodentate aldehyde 148 with silyl ketene acetal 149 catalyzed by Cu(OTf)2/4 has been described (Scheme 11.34) [49]. Moderate to good enantioselectivities were obtained with good yields. Interestingly, the use of water as a solvent was essential for good enantioselectivities.


Scheme 11.34 Mukaiyama Aldol Reaction of Monodentate Aldehyde.
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In the presence of a chiral copper Lewis acid catalyst, dienolsilanes react with α-keto esters in a vinylogous manner at the terminal position to give α,β-unsaturated δ-hydroxy diesters (Scheme 11.35). CuCl2/146 complex catalyzed the reaction of α-ketoester 151 with dienolsilane 152 in high enantioselectivity of up to 98% ee, although Cu(OTf)2/146 complex gave poor enantioselectivity [50]. Cu(OTf)2/158 complex developed by Bolm and coworkers [51] also exhibited high enantioselectivity in reactions with dienolsilanes 154 and 156.


Scheme 11.35 Vinylogous Aldol Reaction.
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11.5.2 Mannich-Type Reactions

Enantioselective Mannich-type addition of carbonyl compounds to imines is an attractive method for the preparation of chiral β-amino carbonyl compounds. Kobayashi and coworkers have contributed to the significant development of chiral copper-catalyzed enantioselective Mannich-type reactions (Scheme 11.36). They have shown that chiral diamine 160 is an excellent ligand in chiral Cu(II) catalyzed enantioselective reactions of iminoesters and iminophosphonates 159 with silyl enol ethers 162 [52a–c]. Using Cu(OTf)2/160, enantioselective addition of enamides 164 [52d,e] and allylsilanes 166 [52f] were also realized in excellent yields with enantioselectivities. It is noteworthy that several products obtained in these reactions are biologically important compounds.


Scheme 11.36 Chiral Diamine/Cu(OTf)2-catalyzed Mannich-type Reactions.
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11.5.3 Nitroaldol/Nitro Mannich Reactions (Henry/Aza-Henry Reactions)

Henry reaction is a powerful C–C bond formation reaction to yield β-nitro compounds. Jørgensen and coworkers [53] reported the first example of an enantioselective copper-catalyzed Henry reaction (Scheme 11.37). The addition of nitromethane (169) to α-ketoesters 168 were achieved in high enantioselectivity by using Cu(OTf)2/t-Bu-BOX 5 catalyst. Triethylamine was essential and played a significant role in selectivity and reactivity of this transformation.


Scheme 11.37 Cu(OTf)2/t-Bu-BOX-catalyzed Henry reaction.
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Evans et al. [54] reported a copper acetate–bis(oxazoline) 172-catalyzed enantioselective Henry reaction (Scheme 11.38). The catalyst promotes the addition of nitromethane (169) to a variety of aldehydes 171 with high enantioselectivity. This reaction does not require the use of an amine base. It is suggested that a weakly Lewis acidic metal complex facilitates the deprotonation of nitroalkane.


Scheme 11.38 Copper Acetate/bis(Oxazoline)-catalyzed Henry Reaction.
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The nitro-Mannich reactions (aza-Henry reaction) generally give anti-products selectively. Shibasaki and coworkers reported the first syn-selective nitro-Mannich reaction. They investigated Cu/Sm/Schiff base 176 complex catalyzed syn-selective asymmetric nitro-Mannich reactions between N-Boc imines 174 and nitroalkane 175 (Scheme 11.39) [55]. A heterobimetallic complex prepared from Cu(OAc)2, Sm5O(Oi-Pr)13, 176, and 4-MeO-phenol was found to catalyze the nitro-Mannich reaction and was applicable to various aromatic, heteroaromatic, and isomerizable aliphatic N-Boc imines, giving products in excellent yields, syn/anti selectivities, and enantioselectivities. The authors propose the cooperative dual activation of nitroalkanes and imines with Cu and Sm, in which Cu(II) acts as a Lewis acid to activate the N-Boc-imine.


Scheme 11.39 Syn-selective Nitro-Mannich Reaction.
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A successful application of copper(I)–N,N′-dioxide complex as a chiral Lewis acid for Henry reaction of aldehydes and α-ketoesters has been described [56]. A combination of N,N′-dioxide 180 and (CuOTf)2·C7H8 efficiently catalyzes the addition of nitromethane 169 to aldehydes 178 or α-ketoesters 179 (Scheme 11.40). The corresponding nitroalcohol products 181 and 182 were isolated in high yields and generally high enantioselectivities. The ESI–HRMS of the Cu complex indicated the formation of [C25H43CuN4O4]+. This result suggests that a monomeric Cu/180 = 1 : 1 complex without OTf moiety is responsible for the Henry reaction.


Scheme 11.40 Copper (I)-N,N-dioxide Complex-catalyzed Henry Reaction.
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Chiral supramolecular copper(II) complexes 186 was reported to be efficient for Henry reaction of nitromethane (169) with aldehydes 183 (Scheme 11.41) [57]. The corresponding products 185 were isolated in high yields and high enantioselectivity. The reactions were performed in ethanol or water and in the absence of a base.


Scheme 11.41 Chiral Supramolecular Copper(II) Complexes-catalyzed Henry Reaction.
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Recently, Cu(OTf)2/bisoxazolidine 188-catalyzed enantioselective Henry reactions using α-keto amides have been reported (Scheme 11.42) [58]. The addition of nitromethane (169) to both aromatic and aliphatic α-keto amides 187 gave N-phenyl 2-oxo-2-phenylacetamides 189 in high yields and high enantioselectivities. The product amides 189 were converted to important building blocks, 1,3-diaminopropanols 190, in two reduction steps.


Scheme 11.42 Henry Reactions of α-Keto Amides.
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11.5.4 1,2-Addition-Type Friedel–Crafts Alkylation

Friedel–Crafts alkylation reaction is an atom-economical method for forming a carbon–carbon bond between electron-rich aromatics and electron-deficient alkenes. A number of highly enantioselective Friedel–Crafts alkylations have been reported over the past decade. Friedel–Crafts alkylations can be mainly divided into 1,2-addition-type or 1,4-addition-type. In this section, 1,2-addition type of Friedel–Crafts alkylation reactions will be discussed. Jørgensen and coworkers [59] reported the first example of chiral copper Lewis acid-catalyzed 1,2-addition-type Friedel–Crafts alkylation (Scheme 11.43). Friedel–Crafts alkylation of ethyl glyoxylate (126) or trifluoro ethylpyruvate (192) with anilines, indoles, and furans was effectively catalyzed by Cu(OTf)2/t-Bu-Box 5. Additional electron-rich aromatic compounds were also competent in this reaction. The reaction afforded the α-hydroxy esters 193 in high enantioselectivities and high yields.


Scheme 11.43 Cu(OTf)2/t-Bu-Box-catalyzed Friedel–Crafts Alkylation.
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Enantioselective Friedel–Crafts alkylation of indoles with ethyl 3,3,3-trifluoropyruvate has been reported (Scheme 11.44) [60]. The reaction catalyzed by Cu(OTf)2/195a in dichloromethane gave the desired (R)-trifluoromethyl-substituted product 196 in 95% yield and 95% ee. In contrast, the reaction catalyzed by Cu(NTf)2/195b in toluene gave the opposite enantiomer (S)-196 in 99% yield and 90% ee. It should be noted that catalyst loading could be reduced to 0.5 mol% without a significant decrease in yield and enantioselectivity.


Scheme 11.44 Friedel–Crafts Alkylation of Indoles with Ethyl 3,3,3-Trifluoropyruvate.
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Enantioselective Friedel–Crafts alkylation of indole 194 with N-sulfonyl aldimines 197 has been reported [61]. A Cu(OTf)2/Bn-Box 198 affords optically active 3-indolylmethanamine derivatives 199 in moderate to good yields and excellent enantioselectivities (Scheme 11.45).


Scheme 11.45 Friedel–Crafts Alkylation of Indole with N-Sulfonyl Aldimines.
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11.6 Conjugate Additions

11.6.1 Mukaiyama Michael Reaction

Mukaiyama Michael reaction is one of the most straightforward methods for constructing 1,5-dicarbonyl compounds, important building blocks in organic synthesis. Chiral copper Lewis acids are competent in Mukaiyama Michael reactions [62]. In 1997, Katsuki and coworkers demonstrated Cu(OTf)2/t-Bu-BOX 5 catalyzes the addition of 2-trimethylsiloxy furan (156) to α,β-unsaturated carbonyl compound 200 in high enantioselectivity (Scheme 11.46). After this report, Evans and coworkers reported Mukaiyama–Michael addition of silyl ketene acetal to alkylidene malonates 202 [63] or unsaturated esters 204 [64] using the same catalyst Cu(OTf)2/t-Bu-BOX 5 (Scheme 11.47). In both cases, addition of hexafluoro-2-propanol (HFIP) was necessary for obtaining high enantioselectivity. The effect of HFIP is considered to retard undesirable silicon shuttle pathway.


Scheme 11.46 Mukaiyama Michael Reaction of 2-Trimethylsiloxyfuran.
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Scheme 11.47 Mukaiyama Michael Reaction of Silyl S,O-Ketene Acetal.
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A Cu(II)-catalyzed enantioselective conjugate addition of silyl ketene acetal 140 to β-enamidomalonates 207 for the synthesis of β-amino acid derivatives has been developed (Scheme 11.48) [65]. Using Cu(OTf)2/69, the conjugate addition products were isolated in excellent yields and good enantioselectivities. It was found that the N-acyl group in the β-enamidomalonate 207 has a significant impact on enantioselectivity.


Scheme 11.48 Mukaiyama Michael Addition of Silyl Ketene Acetal to β-Enamidomalonate.
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Mukaiyama–Michael reaction of 3-(trialkylsilanoxy)-diazo-3-butenoate catalyzed by Cu(OTf)2/t-Bu-BOX 5 has been reported (Scheme 11.49) [66]. The reaction of α,β-unsaturated 2-acylimidazole 209 bearing aromatic and aliphatic β-substituents proceeded in high yield and excellent enantioselectivity. In contrast, reaction of N-oxazolidinone-derivatized α,β-unsaturated carbonyl compounds did not proceed under similar conditions. t-Butyldimethylsilane (TBS) enol ether 210 gave better enantioselectivity than the trimethylsilane (TMS) analog in the absence of any additive (54% vs 12% ee). The resulting Michael product could be transformed into chiral diester 212 by cleavage of the diazoacetoacetate and the imidazole template.


Scheme 11.49 Mukaiyama–Michael Reaction of 3-(Trialkylsilanoxy)-diazo-3-butenoate.
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11.6.2 Michael Addition to Enamides

Highly enantioselective Michael addition of enamides 214 to a variety of alkylidenemalonates 213 using Cu(OTf)2/diamine 215 as a catalyst has been reported (Scheme 11.50) [67]. Chemical yields and enantioselectivities of Michael products 216 were high with both aromatic and aliphatic R1-substituents. In this reaction, an external proton source such as HFIP was not necessary for promoting catalyst turnover and obtaining high selectivity. In this reaction, a proton can be transferred smoothly during the addition of 214 to 213. Since the products are imines, they can be hydrolyzed to carbonyl derivatives 217 or reduced to give nitrogen-containing compounds 218.


Scheme 11.50 Cu(OTf)2/diamine-catalyzed Michael addition of Enamides to Alkylidenemalonates.
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11.6.3 Michael Addition of Carbon Nucleophiles

A DNA based-hybrid catalyst was demonstrated to promote a highly enantioselective Michael reaction of dimethylmalonate or nitromethane in water (Scheme 11.51) [68a]. Salmon testes DNA and CuII/18 complex self-assemble to give the DNA hybrid catalyst 222. Catalyst 222 promoted Michael addition of dimethylmalonate (220) or nitromethane (169) to α,β-unsaturated 2-acyl imidazole 219 in high yield and moderate to excellent enantioselectivity. After extraction of products 221, the catalyst was easily recovered from aqueous phase. The recovered catalyst was used in further reactions without deterioration in yield and enantioselectivity. These results indicate the versatility of the DNA-based catalysis.


Scheme 11.51 DNA-based-hybrid Complex-catalyzed Michael Reaction.
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11.6.4 Aza-Michael Reaction

Conjugate addition of nitrogen nucleophiles is an efficient method for the preparation of β-amino acids. In this context, Palomo and coworkers [69] reported Cu(II)/t-Bu-Box-catalyzed enantioselective conjugate addition of carbamates 224 (Scheme 11.52). α′-Hydroxy enones bearing aliphatic β-substituents 223 were good substrates for this reaction and corresponding products 225 were obtained in high yields and excellent enantioselectivities.


Scheme 11.52 Conjugate Addition of Carbamates to α-Hydroxy Enones.
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11.6.5 1,4-Addition-Type Friedel–Crafts Alkylation

Electron-rich aromatics can also be used as a nucleophile for chiral Lewis acid-catalyzed 1,4-addition reaction, which is also referred to as Friedel–Crafts alkylation. The first example using chiral copper Lewis acid was reported by Jørgensen and coworkers. Cu(OTf)2/t-Bu-Box 5 also successfully catalyzes Friedel–Crafts alkylation of indoles, furans, and additional electron-rich aromatic compounds with β,γ-unsaturated α-ketoesters 226 (Scheme 11.53) [70]. It should be noted that only 2 mol% of catalyst gave the products in high enantioselectivity when indole was used as the nucleophile.


Scheme 11.53 Friedel–Crafts Alkylation of Electron-rich Aromatic Compounds with β,γ-Unsaturated α-Ketoesters.

[image: c11scy053]

A highly enantioselective Friedel–Crafts alkylation of indoles and diethyl benzylidenemalonates 229 catalyzed by using pseudo-C3-symmetric trisoxazoline 230/Cu(ClO4)2·6H2O has been developed (Scheme 11.54) [71]. HFIP was required for accelerating the reaction.


Scheme 11.54 Friedel–Crafts Alkylation of Indoles and Diethyl Benzylidenemalonate.
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An aza-box ligand has been developed and its use in enantioselective conjugate addition has been examined. Reiser and coworkers [72] reported that aza-BOX 233–Cu(II) complex gave high enantioselectivity of >99% ee for indole addition to arylidine malonates (Scheme 11.55). The ratio of chiral ligand to copper was an important factor for obtaining high enantioselectivity. Whereas 1/1.1 of Cu/ligand ratio gave 85% ee, 1/1.04 of Cu/ligand ratio gave >99% ee.


Scheme 11.55 Aza-BOX/Cu(II) Complex-catalyzed Friedel–Crafts Alkylation.
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Heteroarylidenemalonate-derived bis(oxazoline) ligand 236/Cu(OTf)2 complex is an excellent catalyst for Friedel–Crafts alkylation reaction. Fu and coworkers [73] have shown that enantioselective Friedel–Crafts alkylation of indole 194 with arylidenemalonates 235 proceeds to afford the desired products 237 in excellent yields and enantioselectivities (Scheme 11.56).


Scheme 11.56 Heteroarylidenemalonate-derived bis(oxazoline)/Cu(OTf)2 Complex-catalyzed Friedel–Crafts Alkylation.
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The enantioselective Friedel–Crafts alkylation of indoles 238 with α′-phosphoric enones 239 has been reported. Friedel–Crafts alkylation of α′-phosphoric enones catalyzed by Cu(OTf)2/ent-172 239 gave the corresponding products 240 in high yields and enantioselectivities (Scheme 11.57) [74]. The product phosphoric ketone 240 could be converted to a methyl ketone by a simple dephosphonylation.


Scheme 11.57 Friedel–Crafts Alkylation of Indoles with α′-Phosphoric Enones.

[image: c11scy057]

Palomo and coworkers [75] employed α′-hydroxy enones 242 as substrates in copper Lewis acid-catalyzed enantioselective Friedel–Crafts alkylation (Scheme 11.58). Cu(OTf)2/5 catalyzed the addition of indoles 241a and pyrroles 241b to α′-hydroxy enones 242 to afford the corresponding products 243 in high yields and excellent enantioselectivities. It is noteworthy that the authors succeeded in converting the products 243 to not only esters but also aldehydes or ketones.


Scheme 11.58 Friedel–Crafts Alkylation of Indoles with α′-Hydroxy Enones.
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2-Enoylpyridine 1-oxides 245 have also been employed as substrates in enantioselective Friedel–Crafts reaction with indoles [76]. Cu(OTf)2/246 successfully catalyzes the addition of indoles 244 to 2-enoylpyridine-1-oxides 245 to afford conjugate addition products in high yield and enantioselectivity (Scheme 11.59). It was found that diphenyl groups at the C-5 of oxazoline rings play an important role in the enantioselectivity of the reaction.


Scheme 11.59 Friedel–Crafts Alkylation of Indoles with 2-Enoylpyridine 1-oxides.
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A DNA based-hybrid complex catalyzed enantioselective Friedel–Crafts alkylation of indoles in water has been reported (Scheme 11.60) [77]. DNA and Cu(II) promoted Friedel–Crafts alkylation of indoles 249 to α,β-unsaturated 2-acyl imidazole 248 in high yield and moderate to excellent enantioselectivity [77]. The catalyst loading could be lowered to 0.15 mol%. The DNA sequence influenced the enantioselectivity of the product 250. After evaluation of a series of synthetic double- and single-stranded DNA molecules, it was found that d(TCAGGGCCCTGA)2 affords good results in most cases. This sequence also gave good results in the DNA based-hybrid complex catalyzed Diels–Alder reaction. It should be noted that this reaction is the first example of Lewis acid-catalyzed asymmetric Friedel–Crafts alkylation with olefin in water.


Scheme 11.60 DNA based-hybrid Complex-catalyzed Friedel–Crafts Alkylation.

[image: c11scy060]

Enantioselective Friedel–Crafts alkylation of trifluoroethylidene malonates 251 with indole has been reported (Scheme 11.61) [78]. Reactions of indole 194 with trifluoroethylidene malonate 251 catalyzed by Cu(OTf)2/i-Pr-BOX 4 gave product 252 bearing a trifluoromethyl group in excellent yield and enantioselectivity. The product could be readily converted to β-trifluoromethyl-β-carboline 253 in high enantioselectivity.


Scheme 11.61 Friedel–Crafts Alkylation of Trifluoroethylidene malonates with Indole.
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Though catalytic asymmetric tandem reaction has received considerable attention in the past decade, the control of multiple contiguous stereocenters in acyclic products is still a difficult task [79]. To this end, Arai and coworkers have developed an efficient method for control of three contiguous acyclic stereocenters in a tandem Friedel–Crafts/Henry (FCH) reaction (Scheme 11.62). A catalyst prepared from (CuOTf)2 and chiral ligand 257 was found to be an efficient catalyst for the FCH reaction of indoles 254, nitroalkenes 255, and aldehydes 256. After optimization of reaction conditions, the three component-coupling products 258 were obtained in excellent yield, diastereoselectivity, and enantioselectivity. Inclusion of HFIP as an additive was found to promote catalyst turnover.


Scheme 11.62 Tandem Friedel–Crafts/Henry Reaction.
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Recently, Wang and coworkers [80] reported complex 261 is an efficient catalyst for enantioselective Friedel–Crafts alkylation of pyrrole derivatives 259 with nitroalkenes 260 (Scheme 11.63). The reaction using complex 261 in toluene gave corresponding products 262 in excellent yields and enantioselectivities. Interestingly, complex 261 was tolerant to water. Excellent enantioselectivities were also observed in the reaction using toluene/water = 9/1 as solvent.


Scheme 11.63 Friedel–Crafts Alkylation of Pyrrole Derivatives with Nitroalkenes.
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11.7 α-Functionalization of Carbonyl Compounds

Asymmetric α-functionalization reactions provide access to important α-chiral carbonyl compounds. Until now, a number of chiral Cu(II) complex-catalyzed α-functionalization reactions have been reported. Jørgensen and coworkers [81] discovered Cu(OTf)2/BOX catalysts give excellent results in enantioselective direct amination of α-keto esters 263 or β-keto-esters 266 with dibenzyl azodicarboxylate 264 (Scheme 11.64). The products 265 or 267 can be converted to β-amino-α-hydroxy acid derivatives or α-amino-β-hydroxy acid derivatives. Remarkably, the enantioselectivities and yields of the amination of β-keto-esters were very excellent even when 0.2–0.5 mol% of catalyst was employed.


Scheme 11.64 Cu(OTf)2/BOX-catalyzed α-Amination of α-Keto Esters.
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Shibatomi and coworkers [82] disclosed Cu(OTf)2/SPYMOX 269-catalyzed enantioselective gem-chlorofluorination of active methylene compounds (Scheme 11.65). gem-Chlorofluorination of a range of β-keto esters 268 or β-keto phosphonates with N-chlorosuccinimide (NCS) and (PhSO2)2NF generally gave products 270 in good yields and enantioselectivities. The product 270 was readily transformed to α-fluoro-α-heteroatom-substituted carbonyl compounds 271, 272, or fluoro epoxide 273 via nucleophilic substitution. A protected β-amino acid with a gem-chlorofluoromethylene group in 274 was also synthesized from product 270.


Scheme 11.65 Cu(OTf)2/chiral Spiro Oxazoline-catalyzed Gem-chlorofluorination of Active Methylene Compounds.
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An oxidative and enantioselective cross-coupling reaction of N-substituted glycine esters with α-substituted β-ketoesters has been reported (Scheme 11.66) [83]. Catalyst ent-69/Cu(OTf)2 generally gave excellent enantioselectivities with high yields. The products 277 can be converted to various α-alkyl α-amino acids. In this reaction, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) acts as an oxidant and converts N-protected glycine ester 276 to imine 279 which reacts with chiral copper enolate 278 to give target products 277.


Scheme 11.66 Oxidative Cross-coupling Reaction of N-Substituted Glycine Esters with α-Substituted β-Ketoesters.
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A catalytic enantioselective alkylation of 3-halooxinodoles has been reported [84]. The alkylation of 3-bromo or chloro-oxindoles 280 with malonates 281 proceeded with moderate to excellent enantioselectivities in the presence of 20 mol% of catalyst 282 (Scheme 11.67). The corresponding products 283 are versatile intermediates toward the synthesis of natural product scaffolds. For example, product 283a, which could be recrystallized to 99% ee, was readily transformed to pyrrolidinone–spirooxindole 285, which is prevalent in a large family of biologically active alkaloids, in two steps.


Scheme 11.67 Alkylation of 3-Halooxinodoles.
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Very recently, a chiral Cu complex-catalyzed alkylation of β-ketoesters and subsequent cyclization of the product to spirolactones has been reported. An allyl alcohol was used for in situ preparation of the alkylating reagent in this transformation (Scheme 11.68) [85]. Chiral pincer ligand/copper complex 288, catalyzed the alkylation of cyclic β-ketoesters in high yields and high enantioselectivities. Alkyl iodides were prepared in situ from the corresponding alcohols in the presence of CsI and BF3-etherate. When two-substituted allylic alcohol 287 was used, spirolactone 289 was obtained in 84% yield with 99% ee by treatment with BF3-etherate.


Scheme 11.68 Alkylation of β-Ketoesters and Subsequent Cyclization to Spirolactones.
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11.8 Kinetic Resolution

Kinetic resolution of alcohols can be accomplished using chiral copper complexes. Recently, several groups have investigated chiral Cu(II)-catalyzed enantioselective benzoylation of diols. Matsumura and coworkers [86] reported a highly effective kinetic resolution of dl-1,2-diols using CuCl2/BOX 292 catalyst (Scheme 11.69). Excellent selectivity factors (>645) were observed in the resolution of aromatic diols. Resolution of aliphatic diols also gave useful levels of selectivity (up to s = 28).


Scheme 11.69 Kinetic Resolution of dl-1,2-Diols using CuCl2/BOX Catalyst.
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After Muramatsu's report, Reiser and coworkers [87] investigated the benzoylation of 1,2-diols using CuCl2/aza(bisoxazoline) 295 complex (Scheme 11.70). It should be noted that only 0.5 mol% of catalyst is enough for the reaction to proceed in high yield and high enantioselectivity. They also tried the reaction using polymer-bound aza(bisoxazoline) 296. Selectivity factors ranged from s = 61 to >411 over five cycles of catalyst use.


Scheme 11.70 Kinetic Resolution of dl-1,2-Diols using CuCl2/aza(bisoxazoline) Catalyst.
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11.9 Asymmetric Desymmetrization

Although chiral tertiary alcohols are important structural units in natural products and pharmaceuticals, desymmetrization methods that produce tertiary alcohols remain rare. In this context, Kang and coworkers [88] have developed an enantioselective synthesis of tertiary alcohols by the desymmetrizing benzoylation of two-substituted glycerols 297 (Scheme 11.71). Two complementary catalysts, in which ent-198 and 298 were used as a ligand, gave the desired products 299 in high yields and enantioselectivities. The catalyst CuCl2/ent-198 gave good results in the reaction of 2-alkyl-substituted substrates, whereas the catalyst CuCl2/298 gave good results in the reaction of 2-vinyl, phenyl, or benzyl substrates.


Scheme 11.71 Desymmetrization of 2--substituted glycerols.
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A report from Kang laboratories detailed the asymmetric synthesis of all-carbon quaternary stereocenters via desymmetrization of 2,2-disubstituted 1,3-propanediols 230 [89]. CuCl2/231 was found to provide the highest enantioselectivity in the desymmetrization of 230 (Scheme 11.72). It is remarkable that the small ethyl group in 230 was distinguished from the methyl in good enantioselectivity of 84%. Vinyl diol (R1 = Me, R2 = CH=CH2) could also be resolved, but with low enantioselectivity of 51% ee probably due to the smaller size difference between R1 and R2.


Scheme 11.72 Desymmetrization of 2,2-disubstituted 1,3-propanediols.
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11.10 Free-Radical Reactions

Chiral Lewis acid-catalyzed conjugate addition of a radical to an alkene and the subsequent trapping of the radical adduct by different reagents, such as allyl stannane, C=O, C=C, C=X, provides an efficient approach for the formation of multiple C–C bonds with adjacent chiral centers at α- and β-position. The Cu(OTf)2/bis(oxazoline) 69 catalyzed conjugate addition of nucleophilic radical to oxazolidinone derived cinnamates 233 followed by trapping with allyl stannane, resulted in anti diastereomers with high enantioselectivity (Scheme 11.73) [90]. The enantioselectivity of conjugate addition/trapping depends on the size of the nucleophilic radical and the Lewis acid controls the sense of enantioselectivity.


Scheme 11.73 Asymmetric radical conjugate additions to alkenes.
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Friestad and coworkers [91] reported Cu(II)/t-Bu-BOX 5 catalyzed asymmetric free-radical additions to N-acyl hydrazones 235 (Scheme 11.74). Different alkyl radicals add to N-acyl hydrazone derivatives at 100 mol% loading of Cu(II)/5 efficiently and gave the addition product with high enantioselectivity. Significant erosion of enantioselectivity was observed on lowering the catalyst loading. The free-radical additions to N-acyl hydrazones represent an alternative methodology to classical Strecker and Mannich reactions for asymmetric amine synthesis.


Scheme 11.74 Enantioselective free-radical additions to N-acyl hydrazones.
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11.11 Conclusions

Copper Lewis acids have played a critical role in the development of a variety of asymmetric transformations. Copper salts are readily available, cheap, and nontoxic. The copper salts are available in two different oxidations and the counter ions can be varied readily and thus providing a convenient method for altering the Lewis acidity of the metal. A variety of ligands have been developed which when coupled with copper salts provide complexes of predictable geometry. All of the above positive attributes of copper Lewis acids have allowed researchers to apply them in a variety of enantioselective transformations. The examples described in this chapter clearly demonstrate the potential of chiral copper (II) complexes. Further development of new and novel copper complexes holds promise and it is very likely that the next decade will witness additional examples of useful asymmetric transformations and add to the existing pool of reactions for the synthetic chemist.
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Chapter 12

Mechanistic Aspects of Copper-Catalyzed Reactions

Per-Fredrik Larsson, Per-Ola Norrby, and Simon Woodward

12.1 Introduction

The field of copper catalysis is an immensely important area for organic chemistry and has been studied for decades. Key texts [1–3] and overviews [4–12] have been published over the years, summarizing reactivity, structure, characterization as well as mechanistic and theoretical insights into this hugely diverse field of reactivity. The most pertinent resource to this chapter is the comprehensive 2002 review of Evans and Rovis [13] on asymmetric copper catalysis emphasizing mechanism. This brief chapter seeks only to summarize key mechanistic findings for conjugate addition, allylic alkylation and substitution, Lewis acid catalysis, addition to carbonyl and imine, copper hydride chemistry, cyclopropanation, aziridination, and allylic oxidation with an emphasis on both asymmetric catalysis and recent results (Scheme 12.1).


Scheme 12.1 Chapter overview.
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12.2 Conjugate Addition

Asymmetric copper-catalyzed conjugate addition reaction is a versatile and a very useful organic transformation. Progress in this area has been covered in several reviews [14–23]. The mechanism for nonstabilized nucleophiles (e.g., RMgX, ZnR2, AlR3) is thought to share much of the characteristics from the stoichiometric versions involving lithium organocuprates [24]. The general catalytic cycle involves a transmetallation of the nucleophile to CuI with the stoichiometric metal staying associated and functioning as a Lewis acid in the following steps: formation of a π-complex with the enone and either an oxidative addition (to a σ-complex) followed by reductive elimination or a carbocupration (1,2-migratory insertion) with subsequent rearrangement to reform the copper catalyst (Scheme 12.2). Cu(I) is thought to be the active catalyst although Cu(II)-salts are the most commonly used precatalysts because they are less hygroscopic and air sensitive. NMR and EPR (electron paramagnetic resonance) studies support the theory of in situ reduction of Cu(II) to Cu(I) [25]. As of today, the mechanistic studies done on these reactions have not been able to fully distinguish between the two pathways although oxidative addition/reductive elimination are the most common proposals [26–29].


Scheme 12.2 General catalytic cycle for copper-catalyzed conjugate addition.
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The existence of organocopper(III) complexes has historically been debated but there is a consensus of opinion today that these complexes exist, both as characterized complexes as well as intermediates and reactive species in various reactions, which can be seen as a support for the oxidative addition/reductive elimination pathway [30–61]. The observed cis–trans isomerization of some acyclic starting enones can also be explained through a reversible oxidative addition but not through the irreversible carbocupration pathway [29, 62]. As early as 1997, Snyder et al. [63] ruled out the carbocupration pathway based on comparison of measured and density functional theory (DFT)-predicted 13C kinetic isotope effects for the addition of LiCuBu2 to cyclohexanone. Extension of this observation to ligated systems has not yet been reported and in one case a carbocupration route was identified in DFT calculations [64]. The reductive elimination step is thought to be the stereodetermining step and this has been proposed to be strongly accelerated by coordination of π-acceptor ligands to the σ-CuIII intermediate – particularly cyanides and phosphine (or their equivalent) ligands.

The aggregation between the Cu(I) complex and the main-group Lewis acids (e.g., Mg, Zn, Al) has been reported to have a great influence on the reaction selectivity [26, 27, 29, 65]. Nakamura et al. [66] has followed the bimetallic concept and designed aminohydroxyphosphine ligands for the conjugate addition of organozinc reagents with the ability to coordinate to both the Cu(I) as well as the Lewis acid (figure within Scheme 12.3). The design was based on a combination of experimental investigations and computational modeling.


Scheme 12.3 Bimetallic coordinated aminohydroxyphosphine ligands.
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In the case of conjugate addition with stabilized nucleophiles (e.g., enolsilanes, indoles), the use of ligated copper(II) has proved much more effective. As these reactions typically use CuII(bis-oxazoline) Lewis acids and do not involve organocopper species, they are considered in Section 12.4.

12.3 Allylic Alkylation and Substitution

In analogy with the copper-catalyzed conjugate addition, most of the mechanistic properties of allylic substitution are shared with the stoichiometric reactions. Numerous reviews have analyzed mechanistic possibilities for this reaction class [1–6, 12, 15, 16]. The reaction starts with a transmetallation to the copper catalyst, followed by a SN2′-selective oxidative addition to generate a σ-allylcopper(III) intermediates from which a reductive elimination yields the final product. A simplified catalytic cycle is shown in Scheme 12.4 [11, 24].


Scheme 12.4 General catalytic cycle for copper-catalyzed allylic substitution.
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There has been some debate concerning the form of the catalytic cycle. The displacement of the leaving group can in principle go by two different pathways: either (i) a direct “SN2′-like” displacement forming the product or (ii) by the formation of a copper(III) intermediate followed by a reductive elimination to form the product. Mechanistic studies on stoichiometric diallylcopper(I) reactions with allylic substrates has confirmed that the most probable pathway is through a copper(III) intermediate, on the basis of the observed product distribution pattern (Scheme 12.5) [67].


Scheme 12.5 Direct displacement versus copper(III) intermediate.

[image: c12scy005]

The same study also confirms the predicted distribution pattern for the copper(III)-pathway for the catalytic reaction between allylic Grignard reagents and allylic substrates. The nature of the copper(III) intermediate has remained unknown for a long time. One structure that has been significantly favored is a σ-allylcopper(III) intermediate. However, computational studies point out that the reductive elimination actually is favored from the π-allylcopper(III) intermediate but that the σ-allylcopper(III) intermediate plays a major role in the observed stereoisomerization (Scheme 12.6) [68].


Scheme 12.6 Stereoisomerization through S σ-allylcopper(III) intermediates.
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Since primary allylic substrates are most often used, a highly selective SN2′ regioselectivity is required for such prochiral substrates to achieve asymmetric syntheses. The α (SN2) versus γ (SN2′) selectivity depends on a large number of factors including the reaction conditions, for example, addition time, catalytic loading, reaction temperature, leaving group, and substrate substitution pattern [16]. The formation of the γ-substituted product is promoted by elevated reaction temperature, slower addition of the nucleophile, higher catalytic loading, and the use of allylic substrates with higher reactivity [69, 70]. This selectivity is thought to be due to the formation of either [RCuX]− or dialkylcuprates in the catalytic cycle; the former favoring γ-addition. In support of this stoichiometric addition of [RCuX]− yields, the γ-substituted product in contrast to the dialkylcuprates that give primarily the α-substituted product [71–88]. The mechanistic explanation for this is the rearrangement of the secondary to the primary alkylcuprate(III) intermediate (Scheme 12.7).


Scheme 12.7 Rearrangement of secondary to primary alkylcuprate(III) in allylic substitution.
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The reductive elimination from the secondary σ-allylcopper(III) (1) intermediate is hampered by electron-donating groups, for example, an alkyl group, hence allowing the rearrangement through a π-allylcopper(III) intermediate to the primary σ-allylcopper(III) intermediate (2), which, by reductive elimination, yields the α-substituted product. The use of racemic allylic substrates to achieve enantioenriched products has been much less successful and has not been studied until comparatively recently. The mechanistic concepts behind such transformations can be narrowed down to four different pathways (Scheme 12.8) [89].


Scheme 12.8 Mechanistic pathways for enantioenriching processes.
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While kinetic resolution (KR) and its dynamic kinetic resolution analogs (DKR) are mature concepts in asymmetric synthesis, the concepts of dynamic kinetic asymmetric transformation (DYKAT) and direct enantioconvergent transformation (DET) are best exemplified. The possibility of the former was shown by Bäckvall through the racemization of enantiopure allylic substrates (3) during their alkylation with Grignard reagents (Scheme 12.9a) [90]. The recovery of (±)-3 is indicative of the chemistry of Scheme 12.8 (3). In 2010, Sawamura published the first DET transformation: a copper-catalyzed boryl substitution reaction with chiral phosphine ligands on racemic allylic ether, yielding high conversion and ee (Scheme 12.9b) [89]. By deuterium labeling (Scheme 12.9c), the authors concluded that the same chiral catalyst undergoes a different mechanistic pathway with the two enantiomers of the racemic starting material leading to the DET of the starting material. In this case, the conclusion was that one enantiomer reacted through an anti-SN2′ addition to the substrate, opposed to the other enantiomer, which reacted through a syn-SN2′ addition (Scheme 12.9c) [89].


Scheme 12.9 Copper-catalyzed DYKAT and DET examples.

[image: c12scy009]

Similar conclusions were drawn by Alexakis and coworkers [91] in the addition of alkyl Grignard reagents to the racemic cyclic allylic substrates (4) using chiral phosphoramidite ligated copper catalysts. These provided high conversion and ee for the alkylated product (5) (Scheme 12.10). Experimental data together with computational work concluded that the mechanism behind this reaction was a DET as opposed to a previously proposed DYKAT-pathway (Scheme 12.10) [92]. The computational study concluded that oxidative addition was the rate-limiting step and that the reductive elimination was spontaneous, driven by the exothermic C–C bond formation. These results disproved the presence of a η1-η3-η1 equilibrium (interconversion of undetected intermediates A and B) and hence an overall DYKAT process. Instead the process is driven by the regiodivergent oxidative addition where one enantiomer reacts through an anti-SN2′- and the other by a simple SN2-fashion (leading to inversion at C(1)), hence forming the same intermediate (undetected C) that spontaneously forms the product by reductive elimination.


Scheme 12.10 Unrealized DYKAT versus proved DET mechanisms in RMgX allylic additions.

[image: c12scy010]

12.4 Copper as Lewis Acid

This section covers the mechanistic aspects of copper(II) complexes as Lewis acid in asymmetric transformations – all of these species are devoid of Cu–R bonds. The preferred ligands for these transformations are N,N-chelates, such as the ubiquitous bis-oxazolines (box ligands) or the tridentate pybox versions. The main focus is on aldol and Diels–Alder reactions (Scheme 12.11). Such asymmetric aldol and Diels–Alder transformations have proved essential methods for introducing chirality into complex molecules and these topics have been covered in numerous reviews [93–97].


Scheme 12.11 Asymmetric copper-catalyzed aldol and Diels–Alder reactions.

[image: c12scy011]

Evans and coworkers [98, 99] have thoroughly studied the copper-catalyzed enantioselective aldol additions of enolsilanes to (benzyloxy)acetaldehyde and pyruvate esters (Scheme 12.12). A plausible mechanism was proposed on the basis of several factors including use of chelate forming substrates, temperature dependence, solvent effects, ligand structure, EPR-data, and computational work correlated with X-ray structures (Scheme 12.13). The catalytic cycle starts with a complexation between the chiral copper–ligand complex and the substrate, forming (6). Subsequent nucleophilic addition (affording 7) is followed by a silyl transfer with final decomplexation being favored by the diminished chelate ability of the products.


Scheme 12.12 Representative enantioselective aldol additions.

[image: c12scy012]


Scheme 12.13 Proposed mechanism for the copper(II)-catalyzed aldol reaction.
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The stereochemical outcome of the reaction is determined by the structure of the copper–ligand–electrophile complex. The (S)-configuration is normally observed in cases using box ligands. This system is, however, strongly dependent on the counterion (Scheme 12.14). In the case of (benzyloxy)acetaldehyde when noncoordinating [SbF6]− counterions are used, the (S)-enantiomer is attained via a distorted square-planar complex (Scheme 12.15). However, using OTf− as counterion gives the (R)-enantiomer through a five-coordinate complex as the CuII center is sufficiently Lewis acidic to coordinate even this weak donor ligand. Contrary to the box systems, the pybox Cu(II) complexes must always form five-coordinate complexes independent of the counterion used (Scheme 12.15).


Scheme 12.14 Counterion dependence using box ligand catalysis.

[image: c12scy014]


Scheme 12.15 Pybox system.

[image: c12scy015]

The observed (S)-enantiomer is formed via addition of the nucleophile to the least hindered face of the aldehyde. The X-ray structure (Cambridge database entry CEBQUV) confirms that the benzyl ether is positioned in the axial position. Silyl crossover experiments showed that significant amount of intermolecular silyl transfer is present in the case of both (benzyloxy)acetaldehyde and pyruvate esters. The study shows that the intermolecular silyl transfer does not compete with the coordinating chiral copper catalyst at −78 °C, which could result in loss of enantiopurity. Adding excess of TMSOTf accelerates the reaction and could indicate that the silyl transfer is the rate-limiting step in the catalytic cycle.

The copper box ligand system has not only been useful for the asymmetric aldol transformations but has also been successful in the area of catalytic asymmetric Diels–Alder reactions. Several mechanistic features are shared between the two reactions. The stereochemical outcome of the Diels–Alder reaction is governed by chelate coordination of dienophile to the copper–ligand complex. Deeth and Fey [100] have developed an molecular mechanics (MM) model (LFMM, ligand field molecular mechanics) to ascribe the stereochemical outcome for the reaction between acrylamide and cyclopentadiene, depending on the ligand structure (Scheme 12.16).


Scheme 12.16 Control factors in Cu(II)-box-promoted asymmetric Diels–Alder reactions.
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The structure of (8) has been confirmed through X-ray structures, PM3 semiempirical calculations, and double-stereodifferentiation experiments, to be a distorted square-planar structure [13, 101]. Two factors were found to influence the regio- and the enantioselectivity: a distortion angle (χ) and the conformational freedom around the O=C–C=C bond (ϵ) (Scheme 12.17). Owing to method limitations, the angle of the ligand plane twist was approximated as shown.


Scheme 12.17 Distortion and conformational freedom effects in copper(II) Lewis acids.

[image: c12scy017]

The model was successful in predicting the experimentally observed endo-attack by the cyclopentadiene despite the fact that the exo-attack is more sterically favorable (Scheme 12.18).


Scheme 12.18 Diene face selectivity in copper(II) Lewis acids.

[image: c12scy018]

This is somewhat surprising as MM does not account for secondary orbital interactions between the π-electrons of the diene and the unsaturated substituents in the dienophile, which is the most common explanation for this selectivity. The distortion angle (χ) proved to be fairly similar for both endo- and exo-attack and was ruled out as the factor governing the regioselectivity. The reason for the observed regioselectivity is instead explained by two factors: the unfavorable interaction between the box ligand and the CH2 hydrogens in cyclopentadiene and the larger torsion angle (ϵ) of the O=C–C=C bond in the transition state of the exo-attack compared to the transition state of the endo-attack. Contrary to the successful regioselectivity predictions, the enantioselectivity prediction by this model proved to be poor. The main factor influencing the enantioselectivity was found to be the differences in the distortion angle (χ). However, all the factors controlling χ were not treated correctly by the model, hence giving rise to large deviations in the enantioselectivity predictions. Other factors that also proved to be an issue were the influence of the bite angle, lack of solvation and counterion coordination, and underestimation of the conformational freedom by the model.

The flexibility of the ligand and effects from solvents and counterions has been shown to have a dramatic effect on the enantioselectivity of several Diels–Alder reactions. In 1995, Johannsen and Jørgensen [102] observed the same stereoisomeric outcome for the hetero Diels–Alder reaction of glycolate esters with dienes even though the ligand had opposing stereoconfiguration, (S,S)-tBu-BOX and (R,R)-Ph-BOX (Scheme 12.19). The initial explanation for this behavior was ascribed the ability for the copper–(R,R)-Ph-BOX–substrate complex to acquire a tetrahedral geometry opposed to the square-planar geometry (Scheme 12.19). Similar findings were also published by Evans and coworkers [103] for the Diels–Alder reaction between crotonyl phosphonates and ethyl vinyl ethers. In this case, the same absolute configuration of the ligands, (S,S)-tBu-BOX and (S,S)-Ph-BOX, gave opposite stereoisomers of the product. Although a switch from square-planar to tetrahedral geometry was also considered as a plausible explanation for the observed experimental results, a model based on favorable π-interaction (9) was also proposed (Scheme 12.20) [104].


Scheme 12.19 Enantioface reversal in copper(II) Lewis acids.
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Scheme 12.20 Proposed favorable π-interaction to account for reversal of stereoface selectivity in phenylglycine-based Lewis acids.
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In light of their previous findings, Jørgensen and coworkers [105] have studied the solvent effect of the intermediate copper–ligand–substrate structure for the hetero Diels–Alder reaction between ethyl glyoxylate and 1,3-cyclohexadiene. In analogy with Evans results, the (S,S)-Ph-BOX and (S,S)-tBu-BOX gave opposite stereochemical configuration of the product. Somewhat surprisingly, a linear relationship was found between the ee and the dielectric constant of the solvent for the Cu[(S,S)-Ph-BOX]X2. As the dielectric constant increases, the ee decreases and using MeCN even yields the opposite enantiomer. Together with X-ray structures and computational work, the authors conclude that the reason for this behavior is mainly due to the lower energy barrier for the switch between square-planar and tetrahedral geometry for the Cu[(S,S)-Ph-BOX](substrate)2+ system, compared to the Cu[(S,S)-tBu-BOX](substrate)2+ system. The Cu[(S,S)-Ph-BOX](substrate)2+ system is hence more sensitive toward changes of reactions conditions as in the case of solvents.

The counterion influence on the asymmetric Diels–Alder reaction between acrylamide and cyclopentadiene has been studied by Bolm and coworkers. Using a weakly coordinating counterion such as OTf gave higher ee values as opposed to using strongly coordinating counterions such as Cl− (Scheme 12.21) [106]. The counterions did not affect the yield of the reaction, which, in both cases, gave full conversion.


Scheme 12.21 Counterion influence.
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The reactions were studied by CW (continuous wave), FID detection (free induction decay), EPR, pulse ENDOR (electron nuclear double resonance), HYSCORE (hyperfine sublevel correlation), and optical spectroscopy. The geometries of the Cu(X)2–ligand complexes were gained through EXAFS (extended X-ray absorption fine structure). The reason for the observed drop in ee when using Cl− was determined to be the ability for weakly coordinating counterions (OTf−, SbF6−) to move to an axial position when coordinating the substrate during the catalytic cycle, yielding a unique, well-defined copper intermediate (10, Scheme 12.22). The inability of the substrate to force the strongly coordinating counterions in an axial position leads to two distorted intermediate structures with the substrate coordinating in a pseudoaxial position. No ee was induced from these intermediate structures.


Scheme 12.22 Coordination of the substrate using weakly coordinating counterions.
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12.5 1,2-Addition to Imines and Carbonyls

This section is limited to those reactions that are thought to proceed through a CuIR intermediate, rather than the addition of an external nucleophile to substrates ligated to chiral copper Lewis acids (see Section 12.4) – sometimes disentangling, which as the mode of action for a particular system, is not trivial. Given the distinct “soft” character of organocopper(I) species, direct addition to a “harder” C=X (X = NR, O) electrophile is an initially unexpected reaction. Indeed, the first asymmetric additions to imines were not noted until 1990–1992 [107], additions to aldehydes/ketones from 2002 to 2006 [108], and 1,2-enone additions have only come to the fore since 2010. Additions during imines are by far the most common (progress in the area during 2008–2011 is summarized) [109]. Some initial pointers to the reaction mechanism(s) are given by the substrate range for these reactions, which is quite restrictive for effective asymmetric reactions under copper catalysis (Scheme 12.23). There is an emerging consensus that coordination of the CuR motif to a proximal π-bond (shown bold in Scheme 12.23) is required for these reactions. Similar features have been noted in 1,2 versus 1,4-reductions with asymmetric copper(I) hydride species (see also Section 12.6) [110].


Scheme 12.23 Representative substrates and nucleophiles for copper-catalyzed asymmetric 1,2-additions.
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The seminal finding of Charette that (R,R)-BozPhos (Scheme 12.24) leads to a highly selective catalyst [111] for addition of ZnR2 to ArCH=CNP(O)Ph2 with Cu(OTf)2 has been widely used and mimicked by other heterodonor atom set chiral ligands. However, few (if any) mechanistic studies have been published. While the structure of [Cu(BosPhos)2]OTf has been reported [112], only crude pointers to potential substrate binding motifs are reported. The X-ray structures reported for two related MII (M = Co, Cu) complexes showing both O- and N-coordination for P(O)(N=CY2) units (Scheme 12.24) [113]. Imine coordination is heavily implicated in substrate activation, as only substrate (11, Ar = 2-pyridyl) is reactive toward weakly nucleophilic AlkylZnBr and not (11, Ar = Ph), an idea supported by a crystallographic study [114]. Finally, η2-coordination of tosyl imines is also known [115]. DFT studies aimed at extracting “loaded” catalyst rest state from this mire would be useful – but to the best of our knowledge, this has not yet (2012) been achieved.


Scheme 12.24 Mechanistic lead compounds for copper-catalyzed asymmetric 1,2-additions.
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There is greater mechanistic evidence for species present in copper(I)-catalyzed additions of terminal alkynes to aldehydes. The reaction of Cu(OBut) with the large bite angle ligand (S,S,R,R)-TRAP and PhCCH leads to the formation of a single species assigned to the terminal acetylide (12) (Scheme 12.24) on the basis of 1H, 31P NMR, and mass spectrometry [116]. In the presence of PhCHO and excess PhCCH and ButOH (to promote protonolysis), 12 spontaneously generates the 1,2-acetylide addition product. As observed by 31P NMR spectroscopy, the major species present during the reaction is still 12, yet broadening of the signal indicates it is in clear exchange both with the aldehyde and product alkoxide species. It is assumed that the reactive form of (12) is monomeric as the related [(diphosphine)Cu-CCR]2 dimers are relatively stable [117]. The assertion of aggregation is supported by the Kagan-type nonlinear effects [118] shown by related additions of MeCN to aldehydes [119] which could easily be in accord with the presence of a reservoir of unreactive stable dimer.

In a recent series of papers, Harutyunyan has been able to overturn one of the central dogmas of organocopper chemistry – that such species do not attack the carbonyl group of enones [120]. By using α-substituted Michael acceptors (Y > H, that are often poor substrates for 1,4-addition of organometallics), 1,2-additions could be realized. Under these conditions, the π-complex (13) (Scheme 12.25) can be diverted toward the carbonyl via the steric bulk of the substituent Y. Such an idea builds on the early π-directing group concept of Yamamoto used to rationalize diastereoselection in carbonyl additions by various CuR species [121]. Very recently, these ideas have been extended to rationalize the addition of hindered Grignard reagents to acetophenones under similar conditions via (14) [122]. However, the possibility of a Cu[image: c12-math-0001]Ar π-contact cannot be discounted at this point.


Scheme 12.25 Substrate-mediated copper-catalyzed asymmetric 1,2-additions.
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12.6 Copper Hydride

Since the introduction of stoichiometric “Stryker's reagent,” [(Ph3P)CuH]6, in 1988, as a versatile hydride source for conjugate addition and 1,2-carbonyl reduction, the field of copper hydride chemistry has grown with great success [123]. Catalytic equivalents are now most frequently prepared through in situ formation of the copper hydrides, at catalytic loadings, by various pathways (Scheme 12.26). The ligand (L) usually is a phosphine or an N-heterocyclic carbene (NHC) ligand. Asymmetric versions are widely developed with P-ligands (of which hindered Josiphos ligands such as (15) are favored), while use of chiral carbene ligands in this area is still in its infancy. The E-group is typically R3Si, R3Sn.


Scheme 12.26 Formation of copper hydride species.
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The in situ formation of copper hydride species mainly through hydrosilylation and the use of chiral phosphine ligands have enabled development of enantioselective methods of reduction. The general catalytic cycle for conjugate addition is presented in Scheme 12.27.


Scheme 12.27 General catalytic cycle for conjugate addition using copper hydride. In structure (16), the hydrogen atoms and all but the ipso carbon of the phenyl ring have been deleted for clarity.
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Hydride addition to the enone has been modeled by DFT calculations at the M06/6-31 + G(d,p)/LANL2DZ(Cu) level for 1,4-addition to (E)-PhC(Me)=C(O)Me using a model ligand [124]. The transition state (16) is akin to alkene hydroalumination with a copper(I) center throughout. While there is a complex interplay of ligand and substrate affects, there is clear evidence that enones that favor s-cis conformations lead to a change in regiochemistry, leading to highly selective 1,2-reductions. This is particularly evident in the reduction of the geometric isomers of (17) where essentially complete reversal of regiochemistry is observed.

12.7 Cyclopropanation, Aziridination, and Allylic Oxidation

The stereodiscriminating features of simple cyclopropanation of styrene (PhCH=CH2) by diazoacetates N2=CH(CO2R) (R = alkyl) are now largely understood owing to DFT calculations supported by some solution NMR work [125]. The key species in the reaction are shown in Scheme 12.28. Diazoacetates are sufficiently reducing that only copper(I) catalysts are viable under the reaction conditions. While both N- and C-copper coordinated diazoacetates are realized in solution, only the latter, such as (19), extrude nitrogen to afford the critical CuI=CH(CO2R) carbene complex facilely. Calculations by Li (B3LYP/6-31G) [126] indicate free rotation about the Cu–C bond and a viable transition state where lengthening of the C–N2 bond to 1.68 Å results in nitrogen liberation and the formation of highly electrophilic (singlet like) bound carbenoids. The lability of such carbenoids is believed to result from an antibonding interaction between the d10 metal center and the sp2 hybrid of the singlet carbene. The electrophilicity of such CuI=CH(CO2R) species is clear from facility by which they scavenge coordinating anions [127] (leading to poorly selective tetrahedral cyclopropanation catalysts), or coordinate additional diazoacetate (leading to nonlinear dependence on its concentration [128]). This situation is exacerbated for cationic carbene complexes and only a single example of a neutral Cu=CH(CO2R) (20) has been characterized thus far [129]. The facility with which such copper carbenes capture alkene substrates makes DFT identification of the asymmetric transition states problematic unless special approaches are taken.


Scheme 12.28 Key species in styrene asymmetric cyclopropanation by N2=CH(CO2R) under copper(I) catalysis.
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Norrby identified concerted but asynchronous addition of styrene via (21) that accounts for the high enantioselectivity through minimization of the steric issues caused through rehybridization of the carbene carbon to sp3, as originally suggested by Pfaltz, and in line with his own kinetic isotope effect studies [130]. This model has also found to be the favored pathway in cyclopropanation of Ph2C=CH2 [131]. In styrene, the distal nature of the phenyl and ester functions is the cause of the poor trans diastereoselectivity (unless R1 is sterically demanding). Unfortunately, the simple “styrene model” (Scheme 12.28) is strongly affected by both steric and electronic changes at the alkene. For example, cyclopropanation of (E)-stilbene (under identical conditions that favored 21) is predicted by DFT study to lead to the metallacyclobutane (22) (Scheme 12.29). A similar endo approach was noted in B3LYP/6-311G modeling of alkyl alkene approach where (23) was found to be derived from the lowest energy transition state [132]. Driving the terminal alkene R substituent from the “top face” of the catalyst (e.g., 24) can also explain both the success of apparent tridentate ligands favoring the formation of cis diastereomers [133] and the difficulty in attaining chiral versions of such species with C2 symmetric ligands.


Scheme 12.29 Key species in nonstyrene asymmetric cyclopropanation by N2=CH(CO2R) under copper(I) catalysis.
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Moderate-level DFT calculation on aziridination of ethane by BrCuIINHBr indicate a concerted, but asynchronous, reaction pathway [134]. However, in ligated systems (typically with chiral bis-oxazolines or bis-imines), the situation is considerably more complicated than a simple extension to “aza-cyclopropanation,” especially when ubiquitous PhI=NSO2Ar species are used as the nitrene source. In general, only activated (conjugated) alkenes are optimal substrates for such asymmetric reactions and certain dienes (such as (E,E)-PhCH=CHCH=COPh) show nonretention of alkene geometry – implying the existence of an intermediate with radical character [135]. Copper-catalyzed aziridination kinetics, with aryl alkenes, show first-order [136] or both first- and zero-order dependency [137] on the alkene concentration and there is evidence that the product aziridines are implicated in irreversible deactivation of the chiral catalysts. The activity of ligated copper complexes follows their CuII/CuI redox couples [138] and B3LYP/6-311G/LANL2DZ modeling is in accord with the pathway shown in Scheme 12.30.


Scheme 12.30 Proposed reaction pathway in (asymmetric) alkene aziridination.
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Interaction of labile CuIX (X = PF6 or analogous) sources with PhI=NSO2Ar leads rapidly to (25) with expulsion of PhI. This formal copper(III) d8 chelate nitrene is also isoenergetic with triplet state (26). The latter can be thought of as a copper(II) d9 system with increased electron density at nitrogen. Such low energy spin-crossover processes are typical in such nitrene chemistry. Capture of the alkene by (26) leads to the biradical (27), which must reconvert to a singlet state before ring closure becomes facile. Alternatively, an almost barrierless process for singlet (25) to insert into the alkene was calculated. Given the very similar calculated energies of the singlet and triplet states in the model systems, it is likely that “real-world” systems will suffer perturbation toward either of the manifolds depending on the ligands, counteranions, and solvents selected. A possible candidate for singlet behavior is Hajra and Sinha's [139] PhINNs aziridination of (E)-TolCH=CHCH2OPh, which leads to a single diastereoisomer in 95% ee, strongly suggesting concerted addition, while the related C–H insertion studies of Nicholas provide good evidence for triplet behavior [140]. In particular, in the latter studies, the opening of cyclopropyl systems and common products from diastereomeric starting materials points to species related to (26) – and this was supported by DFT calculations.

The Kharasch–Sosnovsky reaction (allylic CH oxidation by peroxides) constitutes a rare example where mechanistic discoveries promoted the discovery of the synthetic asymmetric process. The early mechanistic insights of Beckwith and Zavitsas [141] (Scheme 12.31) foreshadowed even the early discoveries of Muzart [142] and Pfaltz [143].


Scheme 12.31 Mechanism of the Kharasch–Sosnovsky reaction.
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Unfortunately, the very nature of Scheme 12.31 leads to some rather stringent limitations on asymmetric versions of the reaction:


	The aggressive character of the tert-butoxy radical leads to regiochemical issues for all but simple symmetrical substrates.

	Allyl radicals of type (29) poorly intercept (30) when in competition with more nucleophilic species (e.g., chiral ligands and the typical reaction solvents: MeCN and acetone). The rate is improved in the absence of ligands/solvents, or more weakly coordinated ones, but if this approach is pushed too far, catalyst deactivation via formation of partially characterized [CuO2CAr]3 is known.

	The product (31) is known to be unstable under the reaction conditions – while its degradation can result in ee improvement through KR.



Factors in support of the suppositions above include the absence of detectable η2-alkene complexes via 13C NMR spectroscopy [144]; the superiority of the in situ catalyst precursor Cu(OTf)2/PhNHNH2 (proposed to lead to a more Lewis acidic CuI center) [145]; and the superior performance of chiral catalysts containing less Lewis basic ligand sets [146].
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Chapter 13

NMR Spectroscopic Aspects

Felicitas von Rekowski, Carina Koch, and Ruth M. Gschwind

13.1 Introduction

The NMR spectroscopic investigation of copper complexes in solution is a challenging area of research. Owing to the different magnetic properties of Cu(I)/(III) and Cu(II) systems, varying spectroscopic methods are necessary for the elucidation of their structures. For paramagnetic Cu(II) complexes, electron spin resonance (ESR) spectroscopy is applied, while for diamagnetic Cu(I)/(III) complexes, high resolution NMR spectroscopy is the method of choice [1].

Although the two NMR spectroscopic active Cu isotopes (63/65Cu) have quite a high natural abundance and gyromagnetic ratios similar to 13C, the scope of 63/65Cu NMR spectroscopy is limited by their high quadrupole moment [2]. Owing to this magnetic property of copper, it is only possible to detect a copper signal if very small electric field gradients are present at the copper nucleus, which occurs mainly in highly symmetric complexes with a tetrahedral coordination on Cu [3, 4]. In such symmetric complexes, it is possible to get structural information about the π-acceptor properties of the ligand, the complex geometry, or ligand exchange processes. The π-acceptor properties of copper-bound ligands or vice versa the electron-donating effects of copper to these ligands can be measured by 63Cu NMR. This is possible because the 63Cu chemical shifts are mainly determined by the back-donation of electrons of the copper d orbitals to the ligands [5, 6]. Information on the symmetry of the complex and also ligand-exchange processes are obtainable from the linewidths of the 63Cu signal and its temperature dependency. In contrast, the 63/65Cu signals of complexes with reduced symmetry appear extremely broad or even undetectable owing to fast relaxation processes. The synthetically relevant copper complexes are normally less symmetrical and therefore, to the best of our knowledge, direct 63/65Cu spectroscopy has not been used for structure elucidation in asymmetric copper-catalyzed reactions. Therefore, NMR structural investigations are limited to NMR-active nuclei of the ligands or substituents. In addition, common structural properties of copper complexes are challenging features for NMR spectroscopists. For example, copper complexes are known to tend to self-aggregation, resulting in dimeric, oligomeric, or polymeric supramolecular complexes, which hampers the application of classical NMR spectroscopic methods. Additionally, in such partially highly symmetric complexes ligand-exchange processes exist, which could either be intramolecular between the ligands themselves, or intermolecular between different complex species, leading to averaged sets of signals. Furthermore, often very similar 1H chemical shifts occur for the free ligands and their complexes. From synthetic and spectroscopic studies, it is known that these complex structures are very sensitive toward the solvent, salt effects, and the ligand used. Owing to this sensitivity, it is difficult to propose a general structural model for all reactions; thereby the structure among various experimental conditions has to be examined separately. All these structural properties of the copper complexes are limitations for the applicability of the classical NMR spectroscopic approach for small molecules, especially for the structure elucidation of the precatalytic complexes in copper-catalyzed reactions. Moreover, for such sensitive structural equilibriums as known for the copper complexes, the structures in solution are not necessarily identical with the crystal structures. Therefore, a structure determination in solution, including aggregation numbers and aggregate size, is necessary for each of these variable systems [1]. Despite all these limitations, it is possible to get some insight into the structures of copper complexes especially with a combination of classical NMR spectroscopic methods and diffusion-ordered spectroscopy (DOSY) [1, 7].

Owing to the spectroscopic properties of copper and the difficulties in the investigation of copper complexes, only few studies dealing with structure elucidation are known. Investigations concerning the mechanism or catalytic cycle are often based on organocuprates as model system, which are the best investigated copper systems so far. However, these systems are already described in several reviews [1, 8–13] and therefore are not addressed. In this chapter, we concentrate on NMR spectroscopic investigations of Cu complexes used in enantioselective catalysis. We selected exemplarily three prominent NMR spectroscopic investigations out of the few available studies dealing with the structure elucidation of the catalytically active species or the precatalytic complexes. Firstly, we report about a catalytic system consisting of phosphoramidite ligands and a copper(I) salt. On the one hand, this study represents the most extensive investigation on the precatalytic system, on the other hand, the use of a monodentate class of ligands is also described. Furthermore, the structural NMR spectroscopic approach is presented. For this system, a binuclear mixed trigonal/tetrahedral complex structure was identified as the new structural motif for the precatalytic complexes. Next, a study using TADDOL-based (α,α,α′,α′-tetraaryl-2,2-dimethyl-1,3-dioxolane-4,5-dimethanol) thiolate ligands in combination with CuCl is presented. This is the first study performed on the basis of DOSY and in contrast to the phosphoramidite ligands, a bidentate class of ligands was used. With this system, a tetranuclear complex structure was identified as the active catalyst. In this case, the normally bidentate TADDOL-derived ligands act as monodentate ligands. The application of ferrocenyl-based ligands in the copper-catalyzed conjugate addition (CA) reaction with Grignard reagents is described. With this system, the first detailed transmetallation study until now has been presented and in contrast to the other studies, which combine mainly NMR spectroscopy and X-ray analysis, a variety of analytical methods was used. In this study, a mononuclear complex structure was identified as the active transmetallation intermediate. In addition, a brief insight into the structures of the asymmetric allylic alkylation (AAA) with ferrocenyl-based ligands and Grignard reagents is given. Besides these three structure elucidations, further investigations were also done by ESR spectroscopy [14], theoretical calculations [15], and kinetic studies with an early observation of nonlinear effects [16] on further classes of ligands [17, 18]. But a comprehensive coverage of all these methods is beyond the scope of this chapter.

13.2 Copper Complexes with Phosphoramidite Ligands

The enantioselective C–C-bond formation is one of the most important reaction types among the large number of organic transformations. A very powerful method for this reaction is the asymmetric copper-catalyzed conjugate addition (ACA) reaction. The advantages of this reaction are the high compatibility with many functional groups, low costs of the copper salts, and excellent regio- and enantioselectivities. Recent efforts enabled to enlarge the scope of substrates and nucleophiles, in order to increase the synthetic application for more complex molecules, such as biologically active and natural compounds (for recent reviews see [19–22]). The phosphoramidite ligands are a very powerful class of ligands, not only in the ACA but also for many other reactions [23], because they are a low-priced and easily accessible class of ligands, enabling high yields and ee values. Their electronic properties can be controlled by different substituents on the oxygen or nitrogen atom, therefore a fine-tuning for specific catalytic applications is possible. Furthermore, the chiral diol or amine moiety can be used as source for stereodiscrimination of the desired catalytic system, such as matched or mismatched effects [23]. In contrast to the broad application range of the ACA in synthesis, structural and mechanistic information on the copper complexes and their intermediates is very rare [24–26], although such information is an essential prerequisite for further development on this type of reactions [19, 21, 23]. Therefore, this chapter provides a literature survey of known NMR studies dealing with this topic.

13.2.1 Precatalytic Copper Complexes

13.2.1.1 Structure Determination

The first and very important step of each structural investigation is to select a system among the synthetically applied ones, which is suitable for NMR spectroscopic investigation. In synthetic applications, Cu(I) and Cu(II) salts are appropriate copper sources, because the Cu(II) salts are completely reduced during the reaction by the organometallic reagent [14]. In contrast to synthesis, only Cu(I) salts are suitable for NMR spectroscopic investigation of the precatalytic system, because Cu(II) is paramagnetic and no reducing agent is present in the precatalytic system. A further prerequisite for successful structure elucidation are sharp and well-separated signals of the examined system.

In 2006, Zhang and Gschwind [27] were able to identify a binuclear Cu(I) complex with mixed trigonal/tetrahedral stereochemistry as a new structural motif for the precatalytic copper complex C2 (Figure 13.1a).


Figure 13.1 (a) Schematic drawing of the binuclear copper complex C2 with mixed trigonal/tetrahedral coordination site on copper and of the 1 : 1 complex C1 [28] and the highly selective phosphoramidite ligands L1 and L2 and (b) 31P NMR spectra of L2 and mixtures with CuCl at varying ratios in CDCl3 at 220 K [27].
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For this study, L1 and L2 were selected (see Figure 13.1a), because they give high selectivities and represent the binaphthol- and biphenol-based ligands introduced by Feringa and Alexakis [16, 29]. They were spectroscopically investigated with different copper salts, ligand-to-salt ratios, and solvents [27, 28]. As described above, sufficient signal distribution is necessary, here about 20 ppm for free ligand and complexes, which was obtained in dichloromethane with a ligand-to-salt ratio of 2 : 1 [27], corresponding well to synthetic applications [16, 30, 31]. Also in chloroform, it is possible to receive relatively sharp, separated signals for complexes C1 and C2 at 230 K. For C2, only one averaged 31P signal is observed for all three ligands, because of a fast ligand exchange within the complex at 230 K. Using other solvents such as tetrahydrofuran (THF) or toluene in combination with CuCl, broad signals occur, which indicate the existence of further complexes besides C1 and C2 and higher aggregates [27]. By variation of the ligand-to-salt ratio, it was possible to determine how many ligands are involved in the complex structures of C1 and C2; furthermore the amount of each was controllable (schematic drawings shown in Figure 13.1a). In Figure 13.1b, the 31P NMR spectra of L2 and CuCl at varying ratios in CDCl3 at 220 K are shown. For a 1 : 1 ratio or lower, only C1 occurs, while at ratios higher than 1.05 : 1, the signal intensity for C2 starts to increase, while the signal for C1 decreases. At ratios higher than 1.5 : 1, mainly C2 and an increasing amount of free ligand as well as a small amount of C1 is observed, indicating a 1.5 : 1 ratio of ligand to copper salt in C2. Unfortunately, no proton chemical shift differences were observed for nearly all proton signals of the free ligand and the complexes. Therefore, the classical NMR spectroscopic approach is not applicable and it is necessary to switch to further NMR methods, like DOSY, which provides further information about the molecular size of the complexes. Although the signals in the 31P NMR spectra are well separated, it is not possible to measure 31P DOSY spectra, because of the rapid relaxation of the phosphorous atoms in the copper complexes; so 1H DOSY experiments were performed. But the problem is that due to the chemical shift overlap of C1, C2, and free ligand only diffusion coefficients with contributions of all three species can be measured. The solution of this problem is to take advantage of the effect of dynamic NMR at temperatures close to the synthetic application. There, the difference in the internal dynamic processes within the ligand and the complexes – especially C2 – are big enough to cause different linewidths of the methine signals. By choosing a suitable pulse sequence, it is possible to separate the methine signal of C2 by eliminating the exchange broadened signals of free ligand and C1 through a T2 filter (here the longish convection compensating pulse sequence of Müller and Jerschow) [1, 27]. Thus, it was possible to determine, that in the precatalytic complex three ligands are involved. In combination with the 1.5 : 1 ratio, it was possible to identify a binuclear mixed trigonal/tetrahedral structure for C2.

Because of the known sensitivity toward salt effects, the dependency of the precatalytic complex structure on the used salt was also addressed in the elucidation. Therefore, Gschwind et al. tested four different Cu(I) salts (CuX, X = Cl, Br, I, TC (2-thiophenecarboxylate)). In all cases, the binuclear mixed trigonal/tetrahedral structure could be identified as basic structural motif and therefore it is not an exclusive effect of chloride [28].

13.2.1.2 Temperature Dependence

Since temperature plays a crucial role for high ee values, as well as for the reaction yield in copper-catalyzed reactions [24, 32–36], it is essential to get an insight into temperature-dependent interconversion mechanisms of the complexes. For that reason, Gschwind et al. carried out low-temperature NMR spectroscopic investigations. Reducing the temperature decelerates the exchange processes. At low temperatures, two 31P signals are expected for the two different kinds of ligands in C2, which would allow confirming the structure of C2 by classical NMR methods. In Scheme 13.1b, the temperature-dependent 31P NMR spectra of L1:CuCl and L2:CuI, each in a 2 : 1 ratio, are shown. At 180 K, it was possible to identify a further complex structure C3, which arises from the addition of free ligand L to C2 (Scheme 13.1a). Furthermore, the low-temperature 31P NMR spectra show an AA′BB′ scalar coupling pattern for C3, which is typical for slightly distorted L2Cu fragments. In a 31P,31P COSY (correlation spectroscopy) spectra, the observed coupling pattern was confirmed as the result of scalar coupling between the two ligands. The existence of two L2CuX units in the dimeric complex C3 was shown by DOSY experiments. Besides the signal for C3, a signal splitting for C2 at 180 K in a 2 : 1 ratio can be observed, which represents a slow intraligand exchange on the NMR timescale for the two different ligand groups in the mixed trigonal/tetrahedral precatalytic complex structure at low temperatures. In order to confirm the existence of these two complexes, the 31P NMR spectra of C2 and C3 have been simulated (Scheme 13.1c,d), superimposed (Scheme 13.1e), and compared with the experimental spectrum at 180 K (Scheme 13.1f) [37]. Thus the temperature-dependent conversion of C2 into C3 was observed. As expected, the low-temperature structures in solution approximate the solid-state structure. However at reaction temperature exclusively C2 exists, which is in good agreement with the crucial role of temperature on the outcome of the reaction [24, 32–36].


Scheme 13.1 (a) Intermolecular interaction between C2 and L generating C3 at low temperatures; (b) 31P NMR spectra of L1:CuCl (left) and L2:CuI (right) in a 2 : 1 ratio at varying temperatures in CD2Cl2. Simulated 31P NMR spectra of binuclear copper complexes with (c) mixed trigonal/tetrahedral and (d) tetrahedral coordination on copper (e) superposition of (c) and (d) for comparison with (f) experimental spectra of L2:CuI (2 : 1) in CD2Cl2 at 180 K [37].
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The presented NMR study describes the first direct experimental proof for the precatalytic complex structure C2, which was previously only identified by DOSY NMR measurements [37]. In a density functional theory (DFT) study by Woodward, investigating the reaction mechanism of the ACA, a mononuclear copper complex was detected as ground state of the transmetallation intermediate using a phosphoramidite ligand, copper(I) salt, and ZnMe2. Interestingly, after the addition of a dienone, a binuclear copper complex was identified as the energetically most accessible, which enables the postulation of a possible favored reaction pathway [15]. This binuclear complex structure is essentially identical with the determined structure of the Gschwind group.

13.2.1.3 Ligand-Specific Aggregation Trends

The temperature-dependent interconversion of copper complexes described above raised the question as to whether this structure variation is mediated by the general properties of the phosphoramidites as ligands or whether it is a particular effect of the copper complexes due to their high structural variability. Therefore, a temperature-dependent aggregation study of different phosphoramidite ligands and their transition metal complexes was performed (Figure 13.2). The ligands L1 and L2 were selected to represent the binaphthol- and biphenol-based ligand families introduced by Feringa and Alexakis [16, 29]. For the investigation of the influence of steric effects and rotary motion on the catalysis, the smaller ligand L3 was the ligand of choice. In order to check the influence of different transition metals and coordination spheres in terms of complex structures and stoichiometries, transition metal complexes bearing different copper, palladium, and iridium salts were tested.


Figure 13.2 Phosphoramidite ligands L1–L3 and different transition metal complexes investigated concerning their aggregation trends (TC, 2-thiophenecarboxylate; cod, 1,5-cyclooctadiene) [38].
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The method of choice to gain an insight into the aggregation behavior of all these systems was to use temperature-dependent 1H DOSY NMR spectra and to calculate the viscosity- and temperature-corrected diffusion coefficients. For all ligands and complexes used in this study, baseline-separated specific signals were used for the DOSY analysis. Therefore, out of the whole series of copper complexes, only [CuLX]n, [Cu(L3)3X], and two [Cu2L3X2] were appropriate for this study. First, the aggregation trends of the free ligands were determined. At 270 K, all three ligands exist as monomers and all of them show threshold temperatures, where aggregation starts. As expected, the individual threshold temperatures and the slopes of the aggregation curves depend on the ligand structures [38].

Interestingly, the aggregation trends of all transition metal complexes with the highly stereoselective ligands L1 and L2 show a behavior very similar to that of the corresponding free ligands. This was found to be independent of the transition metal used, the complex structure, or the complex stoichiometry. Only in the case of the smaller ligand L3, which shows only moderate ee values in catalytic application, significant different aggregation trends were observed. In conclusion, a fast and simple 1H DOSY NMR screening method was presented on the example of phosphoramidite ligands to predict the aggregation behavior of ligands and their transition metal complexes. Furthermore, this offers a great opportunity to apply a fast and simple method for the optimization of catalytic reaction conditions – especially temperature – via 1H DOSY NMR spectroscopy [38]. This shows that, in case of the highly stereoselective phosphoramidite ligands, the aggregation trend of the copper complexes as well as other transition metal complexes is mainly influenced by the ligand properties.

13.2.2 Phosphoramidite Trialkylaluminium Interactions

The first step in the proposed mechanism of the ACA is the transmetallation step, where an alkyl or aryl moiety from the organometallic reagent is transferred to the precatalytic complex [28]. The spectroscopic proof for such a transmetallation product is very difficult to achieve. The only extensive example for a detected transmetallation product via NMR spectroscopy is published by Feringa with ferrocenyl-based ligands in the addition reaction of Grignard reagents (Section 13.4.1) [25]. For the ACA with phosphoramidite ligands, no transmetallation studies having been published until now, the potential organometallic reagents are ZnR2 and AlR3. The only NMR spectroscopic study about interactions of phosphoramidite ligands with AlMe3 was published by Alexakis et al. in 2006 with dichloromethane as solvent [39]. After the addition of AlMe3, the ligand signal for L1 disappears in the 31P NMR spectra and a new signal at 35 ppm appears. The workup of the mixture and purification via column chromatography provides two substances, which could be identified as 1,1′-bi-2-naphthol (BINOL) and oxidized aminophosphine ligand L4ox, so the signal at 35 ppm is the result of a complexation of diaminophosphine ligand L4 by AlMe3 (Scheme 13.2) [39].


Scheme 13.2 (a) Reaction between L1 and AlMe3 yielding L4 and (b) 31P NMR chemical shifts of aminophosphine L4, complexation of aminophosphine by AlMe3 L4[image: c13-math-0001]AlMe3 and oxidized aminophosphine L4ox.
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The modification of the phosphoramidite ligands is also visible in toluene, but is not observed in coordinating solvents such as THF or diethyl ether [39]. With other transmetallation reagents, for example, ZnR2, this ligand transformation reaction was also not observed.

13.3 Copper Complexes with TADDOL-Based Thiolate Ligands

The first NMR-based study, to our knowledge, about structure elucidation of precatalytic copper complexes in enantioselective catalysis was published in 2000 by the groups of Pregosin and Seebach. The 1,4-addition reaction of Grignard reagents to enones with a combination of CuCl and the TADDOL-based thiolate ligands L5–L7 as catalysts was selected as a model system (Scheme 13.3) [7].


Scheme 13.3 (a) TADDOL-based thiolate ligands L5–L7 and (b) copper-catalyzed conjugate addition of BuMgCl to cycloheptenone (TADDOL, α,α,α′,α′-tetraaryl-2,2-dimethyl-1,3-dioxolane-4,5-dimethanol) [7].
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Modest positive nonlinear effects suggested that more than one ligand (and perhaps several metals) might be involved in the catalysis [40–42]. In accordance with this result, the crystal structure of C4 showed a tetranuclear complex structure. What is surprising is that in this crystal structure, the normally bidentate [43] thiolate ligand acts as a monodentate ligand in which the oxygen atom of the hydroxyl group is not complexed. In order to investigate whether these structural features are also present in solution NMR spectroscopic investigations, 1H DOSY and nuclear overhauser effect spectroscopy (NOESY) experiments were performed on the copper complexes with the thiolate ligands L5–L7. With diffusion NMR measurements, it was possible to confirm the tetranuclear complex structure also in solution. In addition, the 1H low field shift of the hydroxyl proton (about 8.7 ppm) proved the monodentate coordination of L5 in solution. For the complexes C5 and C6, similar results were accessible via NMR studies [7] (Figure 13.3).


Figure 13.3 Schematic presentation of the tetranuclear copper thiolate complexes C4–C6 [7].
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In order to prepare further model systems related to the copper chemistry in the copper-catalyzed 1,4-addition reactions of Grignard reagents, the complexes C4–C6 were treated with an excess of tert-butyl isocyanide in THF-d8, which was assumed as an additional donor ligand in order to get the corresponding isocyanide complexes. With diffusion NMR measurements, it was possible to confirm the tetranuclear complex structure of these systems also in solution, that is, no deaggregation to mononuclear species of C4–C6 occurs, even in presence of additional donor ligands. In the 1H,1H NOESY spectra, various cross-peaks were observed for the basic ligands, suggesting different structures of the complexes based on the ligand used and so the structural differences generate other chiral environments on the copper atom. With this, a hint for stereoselective inversion was perceived [1, 7]. In conclusion, Pregosin and Seebach were able to identify a tetranuclear copper thiolate complex, which uses an unprecedented monodentate complexation mode, in solution, as well as in solid state. Furthermore, they present the first example for an application of diffusion measurements for the determination of aggregation behavior of organocopper complexes in solution [7].

13.4 Copper Complexes with Ferrocenyl-Based Ligands

Another prominent example of the structure elucidation of catalytically active copper complexes and their intermediates is an extensive study of Feringa and coworkers [25], regarding the mechanism of the ACA reaction of Grignard reagents to α,β-unsaturated carbonyl compounds. In this study, they selected the ferrocenyl-based ligands L8 and L9 (Scheme 13.4b) which are known to catalyze the ACA of Grignard reagents to α,β-unsaturated enones with high yields and enantioselectivities (Scheme 13.4a) [44].


Scheme 13.4 (a) Enantioselective conjugate addition reaction of Grignard reagents to acyclic α,β-unsaturated enones and (b) ferrocenyl-based ligands L8 and L9 [25].
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13.4.1 Structural Studies of Asymmetric Conjugate Addition Reactions

13.4.1.1 Precatalytic Copper Complexes

The precatalytic complexes were identified either as mononuclear (C8) or binuclear (C7) complex by X-ray diffraction analysis (Scheme 13.5) [25, 45].


Scheme 13.5 Formation of the precatalytic, solvent-dependent, copper complexes C7 and C8 (CuX; X = Cl, Br, I) [25].
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Owing to the fact that the structures in solution may differ from these crystal structures, Feringa and coworkers investigated the existence of the precatalytic structures also in solution. Because the 1H and 31P NMR spectra of the mononuclear and the binuclear complexes are nearly identical, classical NMR spectroscopic methods could not be applied for their differentiation. Compared to the above described phosphoramidite copper complexes, this is a second example of indistinguishable signals in the 1H spectrum of the precatalytic complexes. Owing to this fact, no 1H DOSY measurements [1, 7, 27, 28, 38] would be possible, because this requires a specific, baseline-separated signal in the corresponding 1D spectrum. Feringa and coworkers [25] surmounted this problem using a combination of ESI-MS, IR spectroscopy, and electrochemical studies, to examine the behavior of the complexes by changes of the solvent. They were able to show that the solvent-dependent equilibrium between the mono- and binuclear complex structures C8 and C7 (Scheme 13.5) also exists in solution. In particular, electrochemical studies confirmed the existence of a binuclear halide-bridged copper complex C7 in CH2Cl2, which is the thermodynamically most favored complex in halogenated solvents. In addition, this voltammetry investigation showed that the electron density on the copper(I) centers in several binuclear complexes varies despite a high structural similarity. Interestingly, these differences are caused by the ligand involved, and do not depend on the bridging halide [25]. This study reveals that severe signal overlap preventing the application of DOSY experiments, can be circumvented by the use of elaborated combinations of various analytical methods.

13.4.1.2 Transmetallation Intermediates with Grignard Reagents

13.4.1.2.1 Transmetallation Studies by NMR

As a first step in the copper-catalyzed 1,4-addition, transmetallation between the organometallic reagent and the copper complex is postulated. For this generally assumed transmetallation intermediate, some hypothetical structures have been proposed for the enantioselective CA [16, 31] and a number of studies about nonchiral transmetallated copper salts are known [10, 46–52]. Experimental reports about the transmetallated intermediate species under catalytic conditions are very rare and, to our knowledge, only two reports have been published so far. In a very short report about the addition of ZnEt2 to copper complexes with a chiral diphosphate ligand, an extremely large upfield shift in the 31P spectrum was detected and attributed to an Et–Cu transmetallation intermediate [53]. The second report of Feringa about the transmetallation intermediates in the ACA of Grignard reagents to α,β-unsaturated carbonyl compounds is very detailed and interestingly there very small 31P chemical shift differences between the precatalytic and the transmetallated species were found [25]. Owing to the fact that reliable structural information about the transmetallation intermediates is very important for mechanistic understanding, the study of the transmetallation intermediates that occur is explained in detail. However, we would like to remind that the known sensitivity of copper-catalyzed reactions to variation in the ligand structures, copper salts, solvents, temperatures, and organometallic reagents. Thus, it might not be possible to propose one general mechanism and one common transmetallation intermediate for all copper-catalyzed reactions.

Feringa and coworkers were able to elucidate the structure of the transmetallation complex on the basis of classical 1D NMR spectroscopic experiments, such as changes of the 1H and 31P chemical shifts, scalar coupling pattern, and integrals upon the variation of reaction parameters. The reactive intermediate species was then identified by connecting the appearance of different compounds with known reactivities.

Upon addition of an excess of MeMgBr to the precatalytic complex C7a, a main new species appeared in the 31P spectrum (see I in Figure 13.4b). The chemical shift values and the integral ratio of the corresponding new methyl signal in the 1H spectrum indicated a transmetallated species with a ratio of one methyl group at the copper per ligand attached. To test whether MgBr2 is part of this intermediate, dioxane, which is known to coordinate strongly to MgBr2 and removes it from the solution, was added (Figure 13.4c). As a result, it drives the Schlenk equilibrium toward the formation of R2Mg. Under these conditions, a new transmetallated species II was detected (Figure 13.4c). The identical intermediate can be created upon addition of MeLi with and without crown ether. This set of experiments allows to assign species I to a transmetallated intermediate with MgBr2 attached, whereas in II, MgBr2 or LiBr is not part of the intermediate (see Scheme 13.6 for structures).


Figure 13.4 31P NMR spectra in CD2Cl2 at 213 K: (a) complex C7a; (b) complex C7a with 3 equiv of MeMgBr; and (c) complex C7a with 3 equiv of MeMgBr followed by addition of 3 equiv of dioxane. (

Reprinted with permission from Ref. [25]. Copyright 2006 American Chemical Society.)
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Scheme 13.6 Transmetallated complexes I and II, after the addition of organometallic reagents or dioxane to the precatalytic complex C7a [25].
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Next, Feringa and coworkers performed stoichiometric addition reactions with I and II to identify the catalytically active species. The outcome of these reactions and subsequent studies of the solvent and salt dependence of the intermediate and the synthetic outcome are all in agreement “that species I rather than species II is essential to obtain high levels of regio- and enantioselectivity in the catalytic CA of Grignard reagents to unsaturated carbonyl compounds” [25]. With this experimental setup, the composition of I was clearly defined. However it remained to be clarified whether I was a mono- or a binuclear copper complex.

13.4.1.2.2 Kinetic Studies

Additional evidence for the mononuclearity of the catalytically active species was obtained by kinetic studies. Therefore, the catalytic activity of heterocomplex C7ab compared with that of the homocomplexes C7a and C7b, in the CA of EtMgBr to methyl cinnamate was determined (Scheme 13.7a).


Scheme 13.7 (a) Analyzed reaction in the kinetic study and (b) dissociation of the heterocomplex C7ab [25].
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For the reaction performed with the homodimeric precatalyst C7a, a low yield (4%) was reached; in contrast, for C7b, a high conversion of 69% was observed (C7a and C7b, see Scheme 13.5). The heterocomplex C7ab was then applied as precatalytic complex in an identical reaction, resulting in halved conversion (32%) corresponding to the reaction with C7b. In accordance, double the amount of the precatalyst C7ab resulted in the same yield compared with C7b (65%). Thus, the catalytically active species could be identified to be the mononuclear complex I (Scheme 13.6).

13.4.2 Structural Studies of Asymmetric Allylic Alkylation

In 2011, Feringa et al. [54] developed the first AAA of allylic halides with high yields and enantioselectivities, despite the high reactivity of the organolithium compounds (Scheme 13.8a). Moreover, they performed a further NMR spectroscopic study, dealing with this reaction. In contrast to other organometallic reagents (ZnR2, AlR3, RMgX), in the case of organolithium compounds, further structural information can be collected using the NMR-active nuclei 6/7Li. On the basis of the above described experience, 1D NMR spectra were used to identify the precatalytic complex C9 and complex II as transmetallated species in solution. Thereby, an incorporation of lithium ions can be excluded directly by 6/7Li NMR spectra [54].


Scheme 13.8 (a) Asymmetric allylic alkylation reaction with organolithium reagents (X = Br, Cl) and (b) structures identified by NMR spectroscopy: precatalytic complex C9 and the transmetallated species II and III in CD2Cl2 at 200 K [54].
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The chemical shifts in the 1H, 31P, and 6/7Li NMR spectra were used to identify the complex structures present in solution. Thereby, the spectra of different combinations of copper salts, solvents, and quantities of MeLi over a range of temperatures were analyzed. The investigation on the influence of ethereal solvents on the structure in the reaction mixture was also relevant. In the presence of Et2O, a drastic decrease in yield and enantioselectivity is observed (for instance, if Et2O is used as cosolvent, e.g., to dilute n-BuLi) [54]. When MeLi without Et2O was added, complex II was observed exclusively in the 31P spectrum. In contrast, by adding Et2O subsequently to this reaction mixture or using MeLi containing Et2O, the occurrence of complex III was observed (Scheme 13.8). Hence, it is concluded that complex II is responsible for the unique activity and selectivity in the copper-catalyzed allylic alkylation with organolithium reagents. A further proof for the postulated structure of species II was the absence of a peak in the 6/7Li NMR spectra, when complex II is prepared exclusively. This shows that there is no lithium ion incorporated in this structure [54].

This study clearly shows the problem mentioned earlier, that is, the structures of the transmetallation intermediates differ significantly, depending on the respective reactions. In the present case, the use of MeLi instead of a Grignard reagent and a small change of the ligand structure are responsible for the formation of species II during the transmetallation step, which was found to be the less reactive species in the reaction described above with Grignard reagents. Great care is recommended for proposing a general transmetallation intermediate, as each reaction has to be investigated separately.

13.5 Conclusion

In conclusion, this chapter provides a literature survey of the NMR spectroscopic investigations dealing with the elucidation of the mechanism of ACA and AAA reactions. This research area is a quite challenging field, owing to the magnetic properties of copper (e.g., high quadrupole moment). Out of the few studies concerning the mechanism elucidation, three prominent examples were selected and presented here in detail. For phosphoramidite copper complexes, Gschwind et al. were able to identify a binuclear Cu(I) complex with a mixed trigonal/tetrahedral stereochemistry as a new structural motif for the precatalytic complex structure by diffusion NMR measurements (DOSY) and they confirmed this structure also by classical NMR methods. This structural motif is independent of the halide used, but can be interconverted into other complex structures dependent on the temperature. For the investigation of the origin of the structure variations, a fast and simple 1H DOSY NMR screening method was developed on the example of phosphoramidite ligands to predict the aggregation behavior of ligands and their transition metal complexes. For transition metal complexes with highly stereoselective phosphoramidite ligands, aggregation trends were determined, which are mainly dependent on the ligand properties. With TADDOL-based ligands, Pregosin and Seebach identified a tetranuclear thiolate complex with an unprecedented monodentate complexation mode both in the solid state and in solution. This was the first study applying NMR diffusion measurements for the determination of aggregation trends of organocopper complexes. Although various organometallic reagents (RMgX, ZnR2, AlR3) have been already introduced to synthetic applications, only one extensive NMR spectroscopic investigation concerning the proposed transmetallation intermediates was published by Feringa for the ACA of Grignard reagents with ferrocenyl-based ligands. By combination of various analytical methods (NMR spectroscopic, electrochemical and kinetic investigations, X-ray diffraction), they were able to identify equilibrium between mono- and binuclear precatalytic complexes, depending on the solvent properties. In synthetically applied solvents, the binuclear structure is present. Upon the addition of an excess of MeMgBr, one major new species could be identified. On the basis of chemical shift values, integral ratios, and variation of the reaction conditions, it was possible to determine that the transmetallation intermediate obtained attached one methyl group at the copper per ligand and included MgBr2. The mononuclearity of this intermediate was confirmed by kinetic studies. Also the transmetallation intermediate structures in the AAA with a ferrocenyl-based ligand and CuBr as catalyst and MeLi as transmetallation reagent were investigated by Feringa; for this reaction, they assigned a diphosphine copper monoalkyl species, without included lithium, as the active species.

In summary, from the very few detailed structural studies in solution, it is still difficult to conclude a structural trend and for that purpose a lot more of research will be required. However, some common trends and deviations are already visible. Under experimental conditions, all precatalytic complexes known so far in ACA are not mononuclear, but dimer, tetramer, or mixed aggregates. Thus, self-aggregation of precatalytic copper complexes has to be considered as an important property also in catalytically active enantioselective systems. For the transmetallation intermediates, interestingly, the structural outcome of the two studies with a bidentate ferrocenyl-based ligand shows the identical monomethylation of the copper complexes. However, the transmetallation intermediates differ in the inclusion or exclusion of the metal atom of the transmetallation reagent. This is a strong reminder to the sensitivity of copper reactions and also of their intermediates to the reaction conditions used. Therefore, in case of copper-catalyzed enantioselective reactions, great care has to be taken to transfer structural information from one system to another without structural studies in solution, and, most probably, more than one mechanistic pathway is possible in enantioselective copper-catalyzed reactions.
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Chapter 14

Applications to the Synthesis of Natural Products

Beatriz C. Calvo, Jeffrey Buter, and Adriaan J. Minnaard

14.1 Introduction

Despite the countless types of asymmetric reactions, catalyzed by virtually any transition metal in the periodic table, copper holds a special place in the toolbox of the synthetic organic chemist. As apparent from the preceding chapters, asymmetric copper catalysis can be used to construct important and highly intricate structural features encountered in both naturally occurring molecular architectures and those crafted in the laboratory. However, the real test of the usefulness, robustness, and feasibility of these types of transformations is exposed when applied to the total synthesis of complex natural products.

In this chapter, we give a concise overview of asymmetric copper-catalyzed reactions in the construction of naturally occurring products and closely related analogs. Owing to the tremendous amount of work performed in this field, we will mainly focus on the methodology outlined in this book. In addition, some other intriguing examples of asymmetric copper catalysis in natural product synthesis will be described.

14.2 Copper-Catalyzed Conjugate Additions in Natural Product Synthesis

Copper-catalyzed conjugate additions represent nowadays a powerful tool for C–C bond formation. In addition, the possibility of performing these reactions in an enantioselective manner makes them very useful for natural product synthesis. Owing to the numerous methodologies developed up to now [1], in many cases these transformations can be executed in very good yields and excellent enantioselectivities. In the ensuing paragraphs, several examples of Cu-catalyzed conjugate addition reactions applied to the synthesis of naturally occurring compounds are presented.

In 1999, Alexakis and coworkers [2] reported the application of enantioselective Cu-catalyzed 1,4-additions in the synthesis of (R)-(−)-muscone (1), a molecule primarily responsible for the odor of musk and isolated from the male musk deer Moschus moschiferus [3]. The final step in this synthesis consisted of the enantioselective installation of a methyl group via asymmetric conjugate addition (ACA) to the 15-membered ring ketone 2. In presence of 2 mol% of Cu(OTf)2, 4 mol% of phosphite ligand 3 was used. Dimethyl zinc was chosen as the organometallic reagent. This key transformation was achieved in moderate yield (53%) and good enantiomeric excess (79%) (Scheme 14.1).


Scheme 14.1 Conjugate addition to cyclic ketone 2 to obtain (R)-(−)-muscone (1).

[image: c14scy001]

Subsequently, in 2001, Feringa, Minnaard [4] published the synthesis of the prostaglandin E1 (PGE1) methyl ester (4) via tandem 1,4-addition-aldol reaction. PGE1 methyl ester (4) is a derivative of PGE1 (5), which is a drug known as alprostadil, whose main application is the treatment of erectile dysfunction but also showing vasodilatory properties [5]. Enone 6 was reacted with aldehyde 7, dialkylzinc reagent 8, 6 mol% of ligand 9, and 3 mol% of Cu(OTf)2. This one-pot transformation to 10, in 60% yield and 87 : 13 diastereomeric ratio, followed by five more steps, furnished PGE1 methyl ester 4 (Scheme 14.2).


Scheme 14.2 Synthesis of the PGE1 methyl ester 4.

[image: c14scy002]

A smart strategy to synthesize γ-substituted α,β-unsaturated cyclic ketones was published by Alexakis and March in 2002 [6]. This route was employed in the enantioselective formal total synthesis of clavukerin A (11) and (+)-(R,S)-isoclavukerin (12), which are sesquiterpenes isolated from the Okinawan soft coral Clavularia koellikeri [7]. Conjugate addition of Me2Zn, 1 mol% of Cu(OTf)2, and 2 mol% of ligand 13 to cyclohexenone 14 was followed by in situ trapping of the zinc enolate with TMSOTf and Simmons–Smith cyclopropanation to yield 15 in 91% yield, 97% ee, and 71% de. Subsequent opening of the cyclopropane ring afforded compound 16 in 90% yield and 96% ee (Scheme 14.3). Following literature procedures [8], 11 and 12 were obtained.


Scheme 14.3 Tandem conjugate addition/cyclopropanation in the synthesis of (−)-(S,S)-clavukerin A (11) and (+)-(R,S)-isoclavukerin (12).

[image: c14scy003]

In 2004, Hoveyda's group accomplished the enantioselective total synthesis of erogorgiane (17) [9], a marine diterpene isolated from Pseudopterogorgia elisabethae that showed promising results as a Mycobacterium tuberculosis inhibitor [10]. In order to install the methyl moiety enantioselectively, enone 18, which was obtained in one step from commercially available material, was reacted with 3 equiv of Me2Zn in presence of 1 mol% of (CuOTf)2·C6H6 and 2.4 mol% of the amino acid-based ligand 19. Compound 20 was obtained in 94% yield and more than 98% ee. Seven more steps led to 21, which underwent a second conjugate addition with Me2Zn, 5 mol% of (CuOTf)2·C6H6, and 12 mol% of ligand 22. Compound 23 was obtained in 50% yield with a 97 : 3 dr and a 1,4/1,6 addition ratio of 9 : 1. After eight more steps, optically pure erogorgiane (17) was obtained (Scheme 14.4).


Scheme 14.4 Cu-catalyzed enantioselective synthesis of erogorgiane (17).

[image: c14scy004]

The same year, Minnaard, Feringa, and coworkers [11] executed the synthesis of neurotoxin (−)-pumiliotoxin C (24), a noncompetitive blocker of acetylcholine receptor channels [12], first isolated from Dendrobates pumilio [13]. Cyclohexenone 14 was converted into 25 via an elegant tandem conjugate addition–allylic substitution. To furnish the 1,4-addition product in 96% ee, 1.2 equiv of Me2Zn, 0.5 mol% of Cu(OTf)2, and 1 mol% of phosphoramidite ligand 9 were employed. In cascade, the resulting zinc enolate was reacted with 2 mol% palladium tetrakistriphenyl phosphine and 1.1 equiv of allyl acetate to obtain 25 in 84% yield and an 8 : 1 trans/cis ratio (Scheme 14.5). With the intermediate 25 in hand, eight more steps were performed to construct (−)-pumiliotoxin C (24).


Scheme 14.5 Conjugate addition in the synthesis of (−)-pumiliotoxin C (24).

[image: c14scy005]

Recently, in 2012, the Helmchen laboratory reported on the synthesis of (+)-pumiliotoxin C (26) [14]. Following the methodology developed by Alexakis group [15], copper-catalyzed conjugate addition of AlMe3 to α,β-unsaturated ketone 27 employing 3.8 mol% of ligand 28 and 2.2 mol% of CuTC led to the formation of an inseparable pair of diastereoisomers (29 and 30). Subsequent reductive amination yielded molecules 26 and 31 in a combined yield of 80%. At that stage, separation could be achieved and, as a result of a double asymmetric induction, (+)-pumiliotoxin C (26) was obtained in >99% ee and 80% ee for its enantiomer (31) (Scheme 14.6).


Scheme 14.6 Asymmetric conjugate addition in the synthesis of (+)-pumiliotoxin C (26).

[image: c14scy006]

An effective method to create enantiopure deoxypropionate subunits via an iterative catalytic route was developed in 2005 [16]. The strategy consists of a copper-catalyzed conjugate addition to an α,β-unsaturated thioester, followed by reduction of the thioester to the aldehyde. Subsequent Horner–Wadsworth–Emmons (HWE) reaction affords a new α,β-unsaturated thioester moiety that can undergo conjugate addition again. Depending on the enantiomer of the Josiphos ligand used, the stereochemistry of the chiral centers created is R or S. Conjugate addition of MeMgBr to thioester 32 employing 1 mol% of CuBr·SMe2 and 1.2 mol% of (R,SFe)-Josiphos ligand 33 furnished compound 34 in very high yield (92%) and excellent enantioselectivity (96% ee). Reduction of 34 to the aldehyde, followed by HWE transformation, yielded 35 in 76% yield. Repetition of this three steps furnished the intermediate 36 in 52% yield from 35 and an overall de >95%. Four more steps led to (−)-lardolure (37) (Scheme 14.7). Following in-house-developed methodologies, which have been further optimized and refined, many deoxypropionates and saturated isoprenoid-containing molecules have been reported by us [17], which are depicted in Figure 14.1.


Scheme 14.7 Synthesis of (−)-lardolure (37).

[image: c14scy007]


Figure 14.1 Natural products synthesized using our in-house-developed catalytic conjugate addition strategies.

[image: c14fgy001]

Novel and clever use of the aforementioned methodology was reported by Hartmann and Oestreich [18] employing their catalytic iterative asymmetric conjugate silyl transfer/conjugate addition sequence (Scheme 14.8). Enantioselective rhodium-catalyzed Michael addition of Me2PhSiB(pin) to 45 gave the mismatched anti product 46 in 55% yield and 90% de. The methyl stereocenter was introduced using ACA to thioesters, providing the matched anti, anti product 47 in 90% yield and 90% de. This compound was converted in five steps into 48, a key intermediate in the construction of neopeltolide (49) [19].


Scheme 14.8 Iterative asymmetric conjugate silyl transfer/conjugate addition sequence.

[image: c14scy008]

Recently, in our laboratory, we used the ACA to thioesters (see below) and to cycloheptenone in the synthesis of the glycolipid PGL-tb1 (54) (Scheme 14.9) [20]. Previously, this methodology was also applied in the synthesis of phthiocerol dimycocerosate A (PDIM A) (44) (17 g), another molecule isolated from several M. tuberculosis strains.


Scheme 14.9 ACA in the synthesis of PGL-tb1 54.

[image: c14scy009]

ACA was performed using only 0.5 mol% copper catalyst in combination with 1 mol% of the phosphoramidite ligand 9. The resulting enolate was trapped with ethyl iodide, affording 55 in 83% yield, a high diastereomeric ratio of 20 : 1 in favor of the trans product, and 95% ee. Nine more steps gave rise to compound 56, a key intermediate for further construction of the glycolipid PGL-tb1 (54).

One other tandem 1,4-addition–aldol reaction was performed by Feringa and coworkers in 2006 in the synthesis of phaseolinic acid 58. This acid was isolated in 1987 from the fungus Macrophomina phaseolina [21]. Conjugate addition of MeMgBr in presence of 5 mol% of CuBr·SMe2 and 6 mol% of (R,SFe)-Josiphos ligand 33–59 was followed by the reaction of the formed enolate with hexanal and K2CO3/MeOH to generate 60. With the intermediate 60 in hand, three steps were executed to obtain phaseolinic acid 58 (Scheme 14.10) [22].


Scheme 14.10 Tandem 1,4-addition/aldol reaction in the synthesis of phaseolinic acid 58.

[image: c14scy010]

In 2008, Hoveyda et al. accomplished the synthesis of clavirolide C (61), a dolabellane diterpene isolated from Clavularia viridis. In this approach, two conjugate additions were carried out. Lactone 62 underwent the ACA of Me2Zn, 5 mol% of ligand 63, 1 mol% of (CuOTf)2·C7H8, and benzaldehyde (the Zn enolate had to be trapped in situ for high yields) [23]. Further treatment with K2CO3 gave 64 (86% yield over two steps, >98% ee), which was converted into the intermediate 65 (>98% ee, 1 : 1 dr) in five steps. Conjugate addition of Me3Al to 66 utilizing 3.75 mol% of N-heterocyclic carbene (NHC) ligand 67, 7.5 mol% of Cu(OTf)2, and Et3SiOTf gave silyl enol ether 68 in 72% yield and 84% ee. Formation of the lithium enolate was followed by reaction with BEt3 and aldehyde 65 to afford the aldol product 69 in 75% yield and >95% anti-aldol selectivity (due to the addition of BEt3) [24] and a 1.5 : 1 dr. With 69 in hand, clavirolide C (61) was obtained in nine additional steps (Scheme 14.11) [26].


Scheme 14.11 Copper-catalyzed enantioselective synthesis of clavirolide C (61).

[image: c14scy011]

An ingenious method to form intermediates in the synthesis of the core structure 70 of axanes (natural products isolated from the marine sponge Axinella cannabina) creating quaternary stereocenters was published by the Alexakis group in 2008 [25]. ACA of Me3Al to α,β-unsaturated ketone 71 in presence of 5 mol% of CuTC and 10 mol% of the ligand 72 yielded 73 in 81% and 95% ee. Deprotection of the acetal under acidic conditions and aldol cyclization led to compound 74, which is an intermediate in the synthesis of axane derivatives (Scheme 14.12).


Scheme 14.12 Quaternary center creation via ACA to γ-substituted-α,β-unsaturated ketone 71.

[image: c14scy012]

Alkaloid (+)-myrtine (75) was obtained by Minnaard, Feringa, and coworkers via ACA to N-protected-2,3-dehydro-4-piperidones [27]. Conjugate addition of Me3Al, 5 mol% of Cu(OTf)2, and 10 mol% of ligand 76 to 77 gave 78 (73% yield, 96% ee), which was converted in three steps into (+)-myrtine (75). Remarkably, for reproducible high enantiomeric excesses, a mixture of toluene and ether was needed (Scheme 14.13).


Scheme 14.13 ACA in the synthesis of (+)-myrtine (75).

[image: c14scy013]

Construction of the sulfated alkene (79), isolated from Temnopleurus hardwickii [28], started with a 1,6-conjugate addition of Grignard reagent 80 to 81 in presence of 2 mol% of CuBr·82, and afforded 83 in low yield (34%) but high enantioselectivity (86% ee) and excellent regioselectivity (94%). Sulfated alkene (79) eventually was obtained in three additional steps (Scheme 14.14) [29].


Scheme 14.14 1,6-Conjugate addition in the synthesis of sulfated alkene (79).

[image: c14scy014]

In 2009, conjugate additions of dialkylzinc reagents to N-acylpyridinium salts were reported [30]. Employing this methodology, intermediate 84 could be obtained in two steps (65% yield, 88% ee) from commercially available 4-methoxypyridine (85), employing n-Pr2Zn, 5 mol% of Cu(OTf)2, and 10 mol% of ligand 86 (Scheme 14.15). In two steps from 84, (R)-coniine·HCl (87) was obtained following Comins' procedure [31].


Scheme 14.15 Conjugate addition to N-acylpyridinium salts, a formal total synthesis of (R)-coniine·HCl (87).

[image: c14scy015]

In 2010, Alexakis and coworkers [32] performed the first step of the enantioselective synthesis of 5,14-bis-epi-spirovibsanin A (88). The construction of this molecule had previously been carried out by the Williams group in 2008 [33] in a racemic fashion. With this new improvement, intermediate 89 was furnished in 72% yield and 86% ee via conjugate addition of Grignard reagent 80, 3 mol% of Cu(OTf)2, and 4 mol% of ligand 90 to enone 91 (Scheme 14.16).


Scheme 14.16 First step in the formal total synthesis of 5,14-bis-epi-spirovibsanin A (88).

[image: c14scy016]

A beautiful example of Cu-catalyzed ACA in complex natural product synthesis was given by Weiss and Carreira in 2011 [34] in the synthesis of the daphmanidin alkaloid (+)-daphmanidin E (92), isolated from Daphniphyllaceae [35]. An interesting feature of this synthesis is that the conjugate addition is carried out in the presence of multiple functional groups. 1,4-Addition of Me2Zn in presence of 20 mol% of (CuOTf)2·C7H8 and 20 mol% of ligand 93 to the vinyl nitro compound 94 gave molecule 95 in a combined yield of 90% and 5 : 1 dr. Eleven more steps led to (+)-daphmanidin E (92) (Scheme 14.17).


Scheme 14.17 Conjugate addition to vinyl nitro compound 75 in the synthesis of (+)-daphmanidin E (92).

[image: c14scy017]

Hoveyda's group [36] reported, in 2011, conjugate additions of Si-containing vinylaluminium reagents to β-substituted cyclic enones. This methodology was employed in the construction of riccardiphenol B (96), a sesquiterpene derivative isolated from Riccardia crassa [37]. Intermediate 97 was afforded in moderate yield (67%) and excellent enantioselectivity (96% ee) after conjugate addition of Si-vinylaluminium 98 to enone 91 employing 5 mol% of CuCl2·2H2O and 2.5 mol% of NHC ligand 67, and subsequent acetylation of the enolate. With this molecule in hand, riccardiphenol B (96) was obtained in two more steps (Scheme 14.18).


Scheme 14.18 Riccardiphenol B (96) construction via ACA of Si-containing vinyl aluminium.

[image: c14scy018]

In one other recent and elegant example, Baran and coworkers [38] carried out a Cu-catalyzed ACA of trialkylaluminium reagents in the synthesis of (+)-taxadienone (99), a member of the taxanes family. 1,4-Addition of Me3Al, 2 mol% of CuTC, and 4 mol% of ligand 100 to enone 101, followed by silyl enol ether formation, yielded compound 102 in 89% with 93% ee. Four more steps afforded (+)-taxadienone (99) (Scheme 14.19).


Scheme 14.19 ACA in (+)-taxadienone (99) synthesis.

[image: c14scy019]

In 2013, Endo and Shibata [39] communicated the first example of ACA of Me3Al to N-acylpyrrole derivatives, compounds which can be regarded as amides. Application of this newly developed methodology was found in the construction of simple building blocks for the synthesis of ar-tumerone (103), 8-deoxyanisatin (104), and frondosin B (105) (Scheme 14.20).


Scheme 14.20 Asymmetric conjugate addition to N-acylpyrrole derivatives.
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ACA to N-acylpyrrole 106 was facilitated by a 5 mol% Cu(OTf)2 in combination with the 1,1′-bi-2-naphthol (BINOL)-derived ligand 107, resulting in 108 in 87% yield with excellent enantioselectivity (97% ee). The compound 108 was then used in the synthesis of ar-tumerone 103 (five steps) and in the formation of 109, an intermediate in the formal total synthesis of 8-deoxyanisatin (104) by Loh and Hu 40a.

A similar ACA to 110, but in the presence of spiro ligand 111, gave rise to 112 in 82% yield with 94% ee. Two subsequent steps afforded alcohol 113, an intermediate used in the total synthesis of frondosin (105) reported by the Trauner laboratory [41].

Depending on the substrate, different catalytic systems were used, but a remarkable observation regardless the nature of the substrate was that the attempted ACA of dimethylzinc gave no conversion at all.

14.3 Natural Product Synthesis Employing Asymmetric Allylic Alkylation

Allylic alkylation forms a class of reactions that serve as a powerful tool to introduce a wide variety of carbon and heteroatom nucleophiles 1f. This reaction type has been under intense investigation over the past decades, leading to novel, elegant, and very useful asymmetric syntheses. In addition, the reaction can be carried out with multiple transition-metal catalysts (mainly Pd, Ir, and Cu) depending what regioselectivity is desired and what nucleophile is used. Employing copper as the catalyst, SN2′ selectivity dominates, with organometallic reagents as the carbon nucleophile. The application of copper-catalyzed asymmetric allylic alkylation (AAA) in natural product synthesis has been intensively studied mainly by the Hoveyda group. Some beautiful examples of naturally occurring molecules synthesized employing AAA will be introduced in the following paragraph.

In 2003, Murphy and Hoveyda constructed α-alkyl-β,γ-unsaturated esters by applying Cu-catalyzed AAA [42]. This strategy was utilized in the synthesis of (R)-elenic acid (115), a compound isolated from an Indonesian sponge of the Plakinidae family, Plakinastrella sp. [43]. Allylic alkylation of 116 with Me2Zn, 5 mol% of (CuOTf)2·C6H6, and 10 mol% of ligand 117 afforded 118 in 80% yield, 90% ee, and an SN2′/SN2 ratio of >20 : 1. Posterior cross-metathesis between 118 and 119 (employing Ru catalyst 120) furnished intermediate 121, which after demethylation yielded (R)-elenic acid (115) (Scheme 14.21).


Scheme 14.21 (R)-Elenic acid (115) via Cu-catalyzed AAA.

[image: c14scy021]

A few years later, in 2010, Hoveyda et al. published the AAA of trisubstituted vinyl aluminium reagents in the formation of 1,4-dienes containing Z or E alkenes [44]. This methodology was employed in the construction of (−)-nyasol (122), a norneolignan from the rhizomes of Anemarrhena asphodeloides [45]. AAA of vinylaluminium reagent 123 to 124, in presence of 2 mol% CuCl2·2H2O and 1 mol% of ligand 125, afforded intermediate 126 (76%, >98% SN2′, >98% E, 97% ee), which was transformed into (−)-nyasol (122) in three subsequent steps (Scheme 14.22).


Scheme 14.22 Cu-catalyzed AAA applied to the synthesis of (−)-nyasol (122).

[image: c14scy022]

The same year, Hoveyda and coworkers accomplished the synthesis of (R)-(−)-sporochnol (127) [46], the fish deterrent from the Caribbean alga Sporochnus boreanos [47]. Starting from 128, Li–Br exchange followed by transmetallation afforded the aluminium reagent which was subsequently reacted with phosphate 129 in presence of 1 mol% CuCl2·2H2O and 0.5 mol% of ligand 130, thereby generating a quaternary stereocenter with 57% ee. Final demethylation attained (R)-(−)-sporochnol (127) in 75% overall yield and >98% SN2′ selectivity (Scheme 14.23).


Scheme 14.23 Enantioselective synthesis of (R)-(−)-sporochnol (127) via AAA.

[image: c14scy023]

The synthesis of (+)-baconipyrone C (131), a member of the siphonariidae polypropionates isolated from Siphonaria zelandica [48], was accomplished by Hoveyda's group in 2007 [49] via catalytic ring-opening metathesis and AAA. Cu-catalyzed allylic alkylation of Me3Al with 15 mol% of CuCl2·2H2O and 7.5 mol% of ligand 130 yielded compounds 133 (mono alkylated), 134 (syn-dialkylated), and 135 (anti-dialkylated), of which 135 was the desired compound and the major product (61% yield, >98% ee). Compound 135 was transformed in two steps into the intermediate 136, which was reacted with 137 (obtained in 14 steps from 138) to afford (+)-baconipyrone C (131) in two steps (Scheme 14.24).


Scheme 14.24 Synthesis of (+)-baconipyrone C (131) employing AAA.
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In 2011, Feringa et al. [50] employed hetero allylic alkylations followed by ring-closing metathesis (RCM) in order to synthesize naturally occurring butenolides. AAA of 139 with Grignard reagents, in presence of 3 mol% of CuBr·SMe2 and 3.6 mol% of ligand 140, furnished intermediate 141 which underwent RCM to afford 142. With this molecule in hand, several butenolides (143 and 144) were obtained (Scheme 14.25).


Scheme 14.25 Naturally occurring butenolide synthesis via AAA followed by RCM.

[image: c14scy025]

Two years later, in 2013, the Minnaard group employed this methodology and ACAs (see Section 14.2) in the synthesis of the complex sulfoglycolipid Ac2SGL (145) (Scheme 14.26). This compound is found in the cell envelope of M. tuberculosis, and is a potent antigen that stimulates the immune response toward tuberculosis (TB) [51].


Scheme 14.26 Asymmetric allylic alkylation in the synthesis of Ac2 sulfoglycolipid 145.

[image: c14scy026]

Another recent example of an elegant AAA by the Hoveyda group was that employed in the formal total synthesis of α-cuparenone (148) [52], a sesquiterpene found in the essential oil from the wood of “Mayur Pankhi” (Scheme 14.27) [53].


Scheme 14.27 Allylic alkylation employing allenylboron to create quaternary centers.

[image: c14scy027]

Starting from allylic phosphate 149, a quaternary stereocenter was constructed by employing allenylboron 150 in the presence of 10 mol% of in situ generated copper catalyst. In this way, allene 151 was obtained in 83% yield, >98% SN2′ selectivity, and 84% ee. Treatment of 151 using a complicated, chemoselective, copper-catalyzed hydroboration was carried out followed by an oxidation to furnish ketone 152 in 78% over the two steps. With 152 in hand, the formal total synthesis of α-cuparenone (148) was disclosed in an efficient and elegant way [54]. It is important to note here that the allene moiety served as a masked form of acetone which currently cannot be installed as such via AAA employing its enolate.

In 2013, Feringa's laboratory communicated the synthesis of chiral 1,5-dienes by means of a copper-catalyzed allylic alkylation employing allylmagnesiumbromide (Scheme 14.28) [55]. The allyl–allyl cross-coupling reaction was performed by reacting allyl bromide 156 and an allyl-Grignard in the presence of 5 mol% (CuOTf)2·C6H6 and phosphoramidite ent-9. The 1,5-diene 157 was obtained in 76% yield with good regioselectivity (branched to linear ratio of 82 : 12) and very good enantioselectivity of 90% ee. Though this compound is not a direct intermediate in the synthesis of sabinene (158) by Sato (the TBS analog of 157 is) [56], it can be employed under the reaction conditions of the other synthetic steps. The stereocenter set in 1,5-diene 157 is not retained in the final product but serves as a moiety for substrate control in the cyclopropane formation.


Scheme 14.28 Application of the asymmetric catalyzed allyl–allyl cross-coupling reaction.
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The same procedure for allylation of 159 furnished 1,5-diene 160 in 71% yield with good regioselectivity (branched to linear ratio of 77 : 23) and excellent enantioselectivity of 94% ee. In four steps, this compound was converted into the Martinelline alkaloids chromene derivative core 161 [57].

14.4 Asymmetric Copper-Catalyzed Diels–Alder Reactions

One of the chemical transformations that is seen as a true cornerstone of organic synthesis is the (hetero) Diels–Alder reaction. In its essence, the reaction between a diene and a dienophile can be performed solely with heat and without the aid of any solvent or any activating agent. In addition, the Diels–Alder reaction is a highly regioselective and stereospecific transformation, which makes its outcome easy to predict and also makes the retrosynthetic analysis relatively simple [58]. Furthermore, the reaction introduces molecular complexity (e.g., quaternary centers, fused ring systems, spirocenters, and heterocycles) in one step from relatively simple precursors 59a, 60. With these features evident, it is not surprising that Diels and Alder were awarded the 1950s Nobel Prize in Chemistry for their brilliant findings [61].

In order to have complete control over the absolute stereochemistry of the six-membered ring constructed [59], copper catalysis [62] can be of great use, as illustrated by the Evans group [63] in their synthesis of the natural products ent-Δ1-tetrahydrocannabinol 162, ent-shikimic acid 163, and (−)-isopulo'upone 164 (Scheme 14.29).


Scheme 14.29 Copper-catalyzed enantioselective Diels–Alder reactions with bisoxazoline ligands.
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The copper catalyst (165) in these transformations was based on the now-famous bis(oxazoline) ligands (also known as BOX ligands) [64]. The ligand proved to be capable of introducing high levels of enantioselectivity as apparent from the mentioned examples earlier.

In an earlier report by Jørgensen and coworkers (in 1998) [65], it was shown that the BOX-based ligand system (173) could be useful in a hetero Diels–Alder reaction (Scheme 14.30). The enantioselective [4 + 2] cycloaddition of diene 174 and glyoxylate 175 smoothly furnished the hetero bicycle 176 in 90% yield with a diastereomeric excess of >95% in 97% ee. This compound proved to be a suitable precursor in the synthesis of (R)-dihydroactinidiolide 177, one of the three components of the queen-recognition pheromone of the red fire ant workers, Solenopsis invicta [66]. This compound, and its closely related analog (R)-actinidiolide 178, also proved to be cat attractants from the leaves of Actinidia polygama [67], and both compounds have also found to be flavor components of, among others, tobacco and tea [68].


Scheme 14.30 Key steps in the total synthesis of naturally occurring (R)-(dihydro)actinidiolide 177.
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Another “classic” example of the power of copper-based asymmetric catalysis has been reported by Evans [69, 70] in his magnificent enantioselective total synthesis of the complex natural product (+)-azaspiracid 181 (Scheme 14.31).


Scheme 14.31 Asymmetric copper-catalyzed Diels–Alder and Alder-ene reactions in the asymmetric total synthesis of (+)-azaspiracid 181.
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In his total synthesis, Evans used a hetero Diels–Alder reaction, catalyzed by only 2 mol% of Cu-BOX 182, to create dihydropyran 183 in 84% yield, 97% de, and 97% ee. Subsequent face-selective hydrogenation of 183 with Pd/C produced tetrahydropyran 184 in excellent yield of 95% with a diastereomeric ratio of 98 : 2. In this step, the syn-deoxypropionate moiety was generated, which cleverly served as a precursor to azide 185 (HI fragment) and aldehyde 186 (E-ring coupling product).

In addition to the Diels–Alder reaction, an asymmetric copper-catalyzed intermolecular Alder-ene reaction was employed in the synthesis of 187, the CD-ring scaffold. Again, the BOX ligand proved to induce high levels of enantioselectivity, furnishing the homoallylic alcohol 188 in 89% yield with an excellent enantioselectivity of 98% ee. An interesting observation is that the reaction, performed with 1 mol% of catalyst 189 for 12 h at room temperature, could also be successfully executed with a mere 0.1 mol% of 189, albeit that the reaction time had to be increased proportionally to 120 h (98%, 96% ee).

The Carretero laboratory showed that asymmetric copper catalysis was also useful in the aza-Diels–Alder cycloaddition of N-tosylimine 194 and Danishefsky's diene 195 (Scheme 14.32) [71]. The resulting dihydropyridone 196 was obtained in 71% yield and 86% ee at room temperature using the dimeric copper catalyst 197. The enantioselectivity could be enhanced simply by performing the reaction at −20 °C, giving 196 in 71% yield and 94% ee. Several more steps were needed to convert dihydropyridone 196 into lasubines I (198) and II (199), isolated from the leaves of Lagerstroemia subcostata [72].


Scheme 14.32 Copper-catalyzed asymmetric aza-Diels–Alder cycloaddition in the synthesis of lasubine I and II.
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The final example of an asymmetric copper-catalyzed Diels–Alder reaction we like to address is that reported by the Romo laboratory in 2009. After an intensive 10-year study, the asymmetric total synthesis of the biologically active marine toxin (−)-gymnodimine 200, isolated from the dinoflagellate Karenia selliforms, was concluded [73]. One of the key structural features of gymnodimine is its spirocyclic core, which is a daunting synthetic challenge. This moiety was retrosynthetically analyzed to the relatively simple precursors, cyclic amide 201 and diene 202. Treatment of these with 22 mol% of BOX ligand 203 and 20 mol% of CuCl2, in the presence of AgSbF6 (40 mol%), smoothly afforded spirolactam 204 as single diastereomer in 85% yield and 95% ee (Scheme 14.33).


Scheme 14.33 Asymmetric copper-catalyzed Diels–Alder approach to the spirocyclic core of gymnodimine 200.
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14.5 Asymmetric Copper-Catalyzed Mukaiyama Aldol Reactions

One class of chemical reactions that can be stated to have significantly contributed to the dramatic rise of synthetic organic chemistry is the aldol reaction [74]. Since its discovery in 1869 by the Russian chemist and composer Borodin [75], it has continuously been subjected to intensive research right up to the present day. One very important contribution to the development of the aldol reaction was pioneered by Mukaiyama in 1973 [76]. This transformation, known as the Mukaiyama aldol reaction, has also been scrutinized intensively, and inevitably led to the development of asymmetric variants 59a, 77. One elegant example of an asymmetric copper-catalyzed Mukaiyama aldol reaction in total synthesis was reported by Movassaghi and coworkers in 2006. In their synthesis of the antitumor agents (−)-acylfulvene 208 and (−)-irofulven 209, compounds closely related to the naturally occurring illudin M (210), an asymmetric Mukaiyama aldol reaction, catalyzed by 10 mol% of catalyst ent-165, was used to install the tertiary alcohol moiety in 95% yield and 92% ee (Scheme 14.34) [78].


Scheme 14.34 Domino Mukaiyama aldol in the total synthesis of illudin M analogs.

[image: c14scy034]

When an ester-derived silyl enol ether gets extended by conjugation with a double bond, a vinylogous Mukaiyama aldol reaction can be performed to obtain the corresponding ϵ-hydroxy ester. This type or transformation was successfully employed by Campagne and coworkers [79] in the formal enantioselective total synthesis of taurospongin A 214, a potent inhibitor of the DNA polymerase and HIV reverse transcriptase, isolated from the marine sponge Hippospongia sp. (Scheme 14.35) [80].


Scheme 14.35 Asymmetric domino Mukaiyama aldol/lactonization in the formal total synthesis of taurospongin A.
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Lewis acid activated ketone 215 by an in situ generated copper–Tol-BINAP catalyst was reacted with extended silyl enol ether 217 to construct chiral lactone 218 in 72% yield with high enantioselectivity (88%). This compound was ring-opened to get the tertiary alcohol scaffold, which served as a precursor in the construction of protected tetraol 219, thereby completing the formal total synthesis of taurospongin A 214 79b.

In our laboratory, this methodology also proved to be very useful [81]. In combination with the in-house-developed copper-catalyzed ACA of Grignard reagents to α,β-unsaturated thioesters (see Section 14.2), we were able to successfully complete the stereoselective total synthesis of the Phytophthora mating hormone (220) with a longest linear sequence of 15 steps (Figure 14.2) [82].


Figure 14.2 The Phytophthora mating hormone 220.
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One final interesting example of a vinylogous Mukaiyama aldol reaction in total synthesis was reported by the Carreira research group in 2002, employing their own methodology [83]. Reaction of croton aldehyde 221 with extended silyl enol ether 222, catalyzed by 2 mol% of an in situ generated (R)-Tol-BINAP (219) copper(I)fluoride complex, gave the aldol product 223 in a moderate yield of 42% and 91% ee (Scheme 14.36). The low yield was attributed to a significant amount of polymerization of the croton aldehyde, but the very high enantioselectivity of 91% is noteworthy.


Scheme 14.36 Asymmetric Mukaiyama aldol reaction in the synthesis of precursor 224.
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With the aldol product 223 in hand, 10 more steps led to the completion of tetrahydropyran 224. This compound, together with precursors 225 and 226, was used in the formal enantioselective total synthesis of leucascandrolide A 227 [84], a metabolite from the calcareous sponge which exhibits strong antifungal activity and displays strong cytotoxic activity against cancer cell lines (IC50 = 50 and 250 ng ml−1 for in vitro human KB and P388 cell lines, respectively).

14.6 Other Asymmetric Copper-Catalyzed Aldol-Type Reactions

As previously shown, the Mukaiyama aldol reaction is very useful in the construction of various natural products. However, also other copper-catalyzed aldol-type reactions have been successfully utilized in the total synthesis of chiral compounds, such as the novel asymmetric domino reaction developed by Kanai in 2012 [85]. Treatment of 228b (the tautomer of hemiaminal 228a) with 10 mol% of CuOt-Bu in the presence of the (R)-Segphos-derived ligand 229 initiated an intriguing cascade reaction composed of an aldol addition followed by a dehydration and subsequent aza-Michael addition (Scheme 14.37). Product 230 was formed in 75% yield with excellent stereoselectivity (98% ee) and was readily converted into 231 and 232, which served as intermediates in the synthesis of naturally occurring [72] lasubine I (198) and lasubine II (199), respectively [71].


Scheme 14.37 Asymmetric copper catalysis in the construction of lasubines I 198 and II 199.
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Another interesting asymmetric aldol reaction was published by Shibasaki in 2012 [86] during the synthesis of a building block for the construction of caprazamycin B (234) (Scheme 14.38). This compound was isolated from the culture broth of the actinomycete strain Streptomyces sp. MK730-62F2 by Igarashi and coworkers [87]. Moreover, the compound is a promising antituberculosis drug since it exhibits excellent in vitro antimycobacterial activity against drug-susceptible and multidrug-resistant M. tuberculosis strains (minimum inhibitory concentration (MIC) values of 3.13 µg ml−1 for M. tuberculosis H37Rv and 6.25–12.5 µg ml−1 for drug-susceptible M. tuberculosis).


Scheme 14.38 Construction of the western zone of caprazamycin.
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One of the building blocks (235) for the western part of caprazamycin was synthesized employing the in-house-developed aldol reaction of thioamides to aldehydes [88]. Reaction of aldehyde 236 with thiamide 237a or 237b was performed utilizing a soft Lewis acid/hard Brønsted base cooperative catalytic system consisting of 5 mol% mesitylcopper, the chiral ligand 238, and catalyst 239. Compound 240a was isolated in 92% yield with a very good ee of 87%, whereas β-hydroxy thioamide 240b was more enriched (93% ee), but at the expense of yield (69%).

14.7 Asymmetric 1,3-Dipolar Cycloaddition and Claisen Rearrangement

Copper can function as a Lewis acid activator in a wide variety of reactions. Two important and elegant types of reactions that can be Lewis acid-catalyzed are the sigmatropic rearrangements [89] and 1,3-dipolar cycloadditions [90]. Unfortunately, on these transformations not many examples have been reported in literature where asymmetric copper catalysis is applied in natural product synthesis. However, we still would like to give a few examples of these elegant and useful types of transformations, albeit that they have been used in case studies and natural-product-inspired synthesis.

In 2010, Waldmann and coworkers [91] published a very elegant and highly enantioselective 1,3-dipolar cycloaddition of azomethine with an 3-arylidene- or alkylideneoxindole (Scheme 14.39).


Scheme 14.39 Enantioselective copper-catalyzed synthesis of complex spirooxindoles.
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The cycloaddition is catalyzed by the ferrocenyl ligand 243 (2 mol%) in combination with Cu(CH3CN)4PF6 (1 mol%) in the presence of a catalytic amount of base, which promoted the azomethine formation from the imine glycine ester 244. A smooth 1,3-dipolar cycloaddition occurred with benzylidene oxindole 245, resulting in, depending on the aryl substituent(s), 65–95% yield with high to excellent enantioselectivities of 84–98% for spirooxindole 246. The construction of 246 was inspired by the naturally occurring and biologically active spirotryprostatin B 247, and search for synthetic analogs was conducted to find a rich source of compounds with diverse bioactivity.

It should be pointed out that, in this remarkable reaction, a high degree of molecular complexity is introduced in only a single step from relatively simple precursors. Four stereocenters, of which three are tertiary and one the synthetically daunting quaternary spirocenter, are set with absolute stereocontrol! In addition, the catalytic reaction was found to exhibit a nonlinear effect, regarding the ligand to metal ratio, being the first one reported for a 1,3-dipolar cycloaddition. Slight increase of the ligand/Cu+ ratio from 1 : 1 to 1 : 1.1 significantly decreased the diastereomeric ratio from 15 : 1 to 10 : 1 and enantiomeric excess from 90% to 72% in the model reaction. Employing a ligand/Cu+ ratio of 2 : 1 led to excellent enantiocontrol up to 98% ee with the diastereoselectivity restored.

An example of a copper-catalyzed asymmetric sigmatropic rearrangement was developed [92] by the Hiersemann group and was employed in a synthetic study towards the total synthesis of the Xenica diterpene (−)-xeniolide F 248 (Scheme 14.40) [93].


Scheme 14.40 Example of an enantioselective copper-catalyzed Claisen rearrangement.
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In their case study, Hiersemann and coworkers employed an asymmetric Claisen rearrangement of vinyl allyl ether 249, catalyzed by 25 mol% copper-BOX 250 at ambient temperature. Though the yield was moderate (64%), the diastereomeric excess was >90% with an excellent enantioselectivity of >99%. With compound 251 in hand, two more steps were performed to furnish lactone 252, which was anticipated to be a suitable intermediate to complete a total synthesis of (−)-xeniolide F (248).

14.8 Catalytic Asymmetric Cyclopropanation

Cyclopropane units are a common structural feature in many naturally occurring products [94]. Besides this, three-membered rings have been utilized in a variety of useful construction reactions in which the cyclopropane ring was opened [95]. Therefore, asymmetric–preferably catalytic asymmetric–synthesis of these structural motifs is desired.

One very early example, if not the first, of asymmetric copper catalysis in the synthesis of natural products was reported by Aratani et al. in 1975(!), the flowering days of asymmetric organometallic chemistry. They described the two-step synthesis of chrysanthemic acid 253 by means of an asymmetric, copper-catalyzed (only 1 mol% of 254!) cyclopropanation of diene 255 (2,5-dimethyl-2,4-hexadiene (DMDH)) in the presence of the diazoacetate 256 (Scheme 14.41) [96]. Running the reaction in DMDH at 40 °C for 5 h resulted in the formation of the chrysanthemic esters 257 (54% yield), though not diastereoselective (trans/cis = 51 : 49), with an optical purity of 68% and 62% ee for the trans isomer and cis isomer, respectively. This result would nowadays be regarded as modest, but at the time was considered excellent in terms of enantioselectivity!


Scheme 14.41 Asymmetric copper catalysis in the industrial synthesis of chrysanthemic esters.
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Chrysanthemic acid is an important natural product belonging to the pyrethrin family and is isolated from Chrysanthemum cinerariaefolium (=Tanacetum cinerariifolium) belonging to the Compositae/Asteraceae plant family [97]. Chrysanthemic acid exhibits insecticidal properties and its carbon skeleton has been implemented in the famous and widely applied first generation of synthetic pyrethroids pesticides (e.g., allethrins, bioallethrin, and tetramethrin). It is therefore not surprising that the initial finding of Aratani was optimized for industrial application (Scheme 14.41) [98].

In 1985, an optimized version of the methodology of 1975 was reported in which the diazoacetate ester functionality was changed from ethyl to l-menthyl (compound 258). This proved to be beneficial for the yield (75%) and enantioselectivity (94% ee for trans product 259), but, more interestingly, diastereoselectivity was introduced resulting in a diastereomeric ratio of 93% trans : 7% cis.

Another early example of a copper-catalyzed asymmetric cyclopropanation was reported by Corey in 1995 in the total synthesis of sirenin 260 [99] (Scheme 14.42), a potent sperm attractant of the water mold Allomyces [100].


Scheme 14.42 Copper-catalyzed enantioselective cyclopropanation in the total synthesis of (−)-sirenin.
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The cyclopropanation proceeds via a [2 + 1] cycloaddition reaction initiated by the formation of a carbenoid using a chiral copper catalyst. Several chiral ligands were tested in this reaction, including the famous BOX ligands [64]; however, ligand 261 proved to give the best results in terms of enantiomeric excess, up to 90%, in 77% yield. Interestingly, the prepared catalyst was stable in the solid state where the Evans–Massume BOX ligands were found to be unstable in solution at the time. In addition, the catalyst generated the quaternary stereocenter in high enantiomeric excess.

In a more recent example, published in 2007 by the group of Reiser [101], BOX ligand 264 (0.84 mol%) in combination with Cu(OTf)2 (0.66 mol%) was able to convert furan 265, by reaction with diazoacetate 256, into cyclopropane 266 (Scheme 14.43).


Scheme 14.43 Chiral trisubstituted cyclopropane 203 as precursor in the total synthesis of (+)-arglabin.

[image: c14scy043]

The stereoselectivity was high (85–91% ee), but the enantiomeric excess could be boosted to more than 99% ee by a recrystallization although at the expense of the yield (38–53% after recrystallization) [102]. After the formation of cyclopropane 266, an ozonolysis was performed and subsequent reductive workup with Me2S to furnish 267 in 94% yield. The retained cyclopropane ring was then subjected to an elegant double stereocontrolled Sakurai allylation/retro-aldol/lactonization tandem reaction with compound 268 upon treatment with BF3·OEt2. The bicyclic compound 269 was produced in 62% yield in this way, which was the key intermediate in the total synthesis of (+)-arglabin 270.

In the same year, the group of Nakada reported on the total synthesis of (−)-erinacine B 271 [103] followed by the total synthesis of (−)-erinacine E 272 [104] by employing an enantioselective intramolecular cyclopropanation of α-diazo-β-keto sulfonyl mesylates developed by them [105] (Scheme 14.44).


Scheme 14.44 Enantioselective total synthesis of (−)-erinacine B and E.
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Both erinacine members were isolated from the mycelia of Hericium erinaceus and displayed activity as a strong stimulator of the nerve growth factor synthesis which could have possible applications as a treatment against degenerative neuronal disorders [106]. In addition, both compounds exhibit structural complexity by having a five/six/seven-membered tricyclic core containing two all-carbon quaternary centers. One of these stereocenters was set by employing a copper-catalyzed intramolecular [2 + 1] cycloaddition in an impressive 90% yield and excellent enantioselectivity of >99% ee. The formed cyclopropane 273 could then be converted into hemiacetal 274, coupled with the iodine compound 275, in six steps producing the tricyclic scaffold 276. This compound provided a route to the common intermediate 277, which in 6 and 12 steps led to the completion of (−)-erinacine B (271) and E (272), respectively.

In 2012, Boyson's laboratory reported on the enantioselective catalytic synthesis of desoxyeseroline (280) employing a newly developed cyclopropanation of indoles (Scheme 14.45) [107]. Cyclopropane 281, having a quaternary stereocenter, was obtained in an excellent 96% ee by subjecting β-methyl indole 282 and diazoacetate 256 to 3 mol% (CuOTf)2·C6H6 and 3.5 mol% of the unusual gluco-BOX ligand 283. Five more steps led to the successful synthesis of desoxyeseroline.


Scheme 14.45 Construction of a quaternary stereocenter in the synthesis of desoxyeseroline.

[image: c14scy045]

The latest example of asymmetric cyclopropane formation utilizing a [2 + 1] cycloaddition was reported by Sawada and Nakada in 2013 [108]. In their synthesis of colletoic acid (284), isolated from the fungus Colletotrichum gloeosporioides SANK 21404 [109], the authors initially intended to employ the sulfonyl mesylate cyclopropanation product analog of 284. Though the cyclopropanation went smoothly, the product obtained could not be converted into 284. Therefore, they developed a new cyclopropanation strategy, which was realized in the form of an intramolecular cyclopropanation of α-diazo-β-keto diphenylphosphine oxide 285 (Scheme 14.46).


Scheme 14.46 Intramolecular cyclopropanation of an α-diazo-β-keto diphenylphosphine oxide.
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Cyclization of 285 was induced by treatment with 10 mol% CuBF4·4MeCN and 15 mol% of the BOX ligand 279, providing cyclopropane 286 in 79% yield and a very good stereoselectivity of 91% ee. Compound 286 did prove to be a suitable precursor in the construction of colletoic acid (284), which was completed in nine steps. This example showcases total synthesis as an important driving force for the development of new synthetic methodology.

In the examples mentioned before, the cyclopropane moiety was introduced by means of a [2 + 1] cycloaddition, via an in situ formed carbene. In contrast to this retrosynthetic disconnection, another useful way to introduce a chiral cyclopropane ring is to perform an intramolecular SN2 substitution reaction. An example of the utility of such a strategy was reported by our group in 2010. The elaboration of the chiral cyclopropane unit was made accessible by performing an enantioselective copper-catalyzed conjugate addition in conjunction with a tandem intramolecular enolate alkylation (Scheme 14.47) [110].


Scheme 14.47 Asymmetric cyclopropanation via a tandem conjugate addition/intramolecular enolate alkylation.
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Starting with chlorothioester 287, a copper/Tol-BINAP (1 mol%) catalyzed Michael addition was performed, in which the reaction was allowed to warm up to room temperature to give cyclization to furnish trans-cyclopropane 288. In general, this procedure was found to give high yields and very high enantioselectivities. In the case of hexyl- and heptylmagnesium bromide, excellent results were reported, namely 87% yield in 94% ee and 84% in 95% ee. Reduction of thioester 288 with diisobutylaluminium hydride (DIBAL-H) furnished the corresponding aldehyde 289, which completed the formal total synthesis of naturally occurring cascarillic acid 290 [111] and grenadamide 291 [112]. An interesting feature of this reaction is that the chemoselectivity in this reaction could be completely controlled, and no significant amount of 1,2-addition, SN2, or SN2′ was observed! [113].

14.9 Asymmetric Copper-Catalyzed Conjugate Reductions

In the preceding paragraph (see Section 14.2), we outlined some relevant examples on the conjugate addition of organometallic reagents. One type of transformation that was omitted in this brief overview was the copper-catalyzed asymmetric reduction of Michael acceptors. Though not many enantioselective copper-catalyzed conjugate reductions have been reported in natural product synthesis, an elegant and impressive example was reported by Buchwald's laboratory in 2005 (Scheme 14.48) [114].


Scheme 14.48 Asymmetric conjugate reduction in combination with a dynamic kinetic resolution.
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When treating a racemic mixture of unsaturated lactone 293 with 5 mol% of ligand 294 in combination with 5 mol% of copper salt, under racemization conditions, saturated lactone 295 could be obtained as a single diastereomer in >85% yield and a staggering 93% ee. This dynamic kinetic resolution is the first of its kind to be reported and proved to be highly efficient in the total synthesis of (−)-eupomatilone-3 296, an isolate from the Australian shrub Eupomatia bennettii [115].

In the same year, the group of Movassaghi [116] communicated the synthesis of the tricyclic myrmicarin alkaloids myrmicarin 215A (297), 215B (298), and 217 (299), isolated from the poison gland of the African ant species Myrmicaria opaciventris (Scheme 14.49) [117].


Scheme 14.49 Total synthesis of myrmicarin alkaloid employing an asymmetric conjugate reduction.
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Employing the methodology developed by the Buchwald group [118] proved to give very good results in the conjugate reduction of β-pyrrole enoate 300. β-Pyrrole ester 301 was obtained in 89% yield with 89% ee by using 20 mol% copper acetate in combination with 20 mol% (S)-BINAP ent-53 in the presence of the stoichiometric reductant polymethylhydrosiloxane (PMHS). The obtained optically active β-pyrrole ester 301 then served as a suitable precursor to the myrmicarin alkaloids 297–299.

A recent example of asymmetric conjugate reduction in natural product synthesis was reported by Shenvi and Jansen [119] in their synthesis of neothiobinupharidine 302 (Scheme 14.50). This rather complex dimeric thiaspirane nuphar alkaloid was isolated from the fresh-water plant Nuphar lutea [120] and exhibits only weak activity (80–200 μM) against pathogenic fungi and bacteria [121].


Scheme 14.50 Asymmetric conjugate reduction/enolate trapping in the synthesis of neothiobinupharidine.

[image: c14scy050]

The total synthesis started with a modified procedure of the asymmetric conjugate reduction and subsequent enolate trapping invented in Buchwald's laboratory [122]. While Buchwald reported the enolate trapping with aryl bromides, Shenvi and Jansen developed a procedure for trapping with allyl carbonates. The conjugate reduction of 3-methyl cyclopentenone 303, with only 3 mol% of catalyst generated from CuCl and (R)-p-Tol-BINAP 219, provided the diphenyl silyl enol ether 304. This intermediate was then converted into 305 by employing a diastereoselective palladium-catalyzed allylation of the enolate, furnishing 305 in 82% yield with a high diastereomeric ratio (15 : 1) and an excellent enantiomeric excess of 96%. Compound 305 was then converted in eight steps into the dimeric thiaspirane nuphar alkaloid neothiobinupharidine 302.

14.10 Copper-Catalyzed Asymmetric 1,2-Type Addition Reactions

14.10.1 Additions to Imines

A simple route toward the construction of amines is the addition of organometallic reagents to imines. Since the amine scaffold plays a significant role in a wide variety of pharmaceuticals and natural products, it is also desired to install this moiety in an asymmetric way.

In 2012, Hoveyda [123] published an elegant copper-catalyzed enantioselective synthesis of homopropargyl amines by the addition of allenylboron 150 to N-phosphinoyl imines. The allenyl boronate is of significant importance in the catalytic reaction since it is less nucleophilic than an organometallic reagent. Therefore, control over the reactivity is enhanced, leading to excellent enantioselectivities for the transformation. This is evident from the example in the formal total synthesis [124] of the anticancer agent and natural product analog aza-epothilone A 306 (Scheme 14.51).


Scheme 14.51 Enantioselective synthesis of amines employed in the total synthesis of aza-epothilone A.

[image: c14scy051]

Starting with thiazolium imine 307, enantioselective synthesis of propargyl amine 308 was achieved in 98% yield and 96% ee employing a Cu–NHC catalyst (2 mol%). Propargyl amine 308 was converted into Z-iodoalkene 309, which was recognized as a suitable precursor in the total synthesis of aza-epothilone A 306, in two steps.

14.10.2 Asymmetric Copper-Catalyzed 1,2-Addition of Allyl Cyanides to Aldehydes

In 2009, Shibasaki and coworkers [125] reported the direct catalytic asymmetric addition of allyl cyanides to ketones. In 2013, this methodology was further developed to be applied to benzaldehydes and α,β-unsaturated aldehydes, and was successfully implemented in the formal total synthesis of fostriecin (311) (Scheme 14.52) [126]. This compound was isolated from Streptomyces pulveraceus [127] and possesses significant in vitro cytotoxic activity against cancer cell lines such as lung, breast, and ovarian cancer [128]. Antitumor activity against leukemia was found in in vivo studies [129].


Scheme 14.52 Enantioselective synthesis of fostriecin using the direct allyl cyanide addition to aldehydes.
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Enantiopure 312 (99% ee), prepared under soft Lewis acid/hard Brønsted base cooperative catalytic conditions comprising 5 mol% Cu(CH3CN)4ClO4, ligand 313, and strong base LiOt-Bu, was converted into 314 with the desired stereochemistry in 59% yield and a diastereomeric ratio of 80 : 20. Compound 314 was then converted in two steps into γ-valerolactone 315, a key intermediate in the synthesis of frostriecin (311) by Shibasaki [130].

14.11 Miscellaneous Asymmetric Copper-Catalyzed Reactions

14.11.1 Copper(I)-Catalyzed Asymmetric Desymmetrization

The asymmetric synthesis of quaternary stereocenters is regarded as a significant synthetic challenge. A novel way of introducing this molecular complexity is via desymmetrization of meso or achiral compounds by enantiotopic differentiation. Such a strategy, that is, incorporation of copper catalysis, was reported by the group of Mikami in 2012 [131] (Scheme 14.53).


Scheme 14.53 Enantioselective synthesis of fostriecin using the direct allyl cyanide addition to aldehydes.
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Madindoline B (317) was isolated from the fermentation extracts of Streptomyces nitrosporeus K93-0711 and showed inhibition of cytokine interleukin-6 (IL-6), which is involved in the growth of certain type of tumor cells [132]. Introduction of the quaternary stereocenter of this compound was achieved by subjecting the meso compound 318 to an asymmetric Michael addition followed by enolate trapping with butanal. The catalytic system consisted of a mere 1 mol% Cu(OTf)2 in combination with 1.5 mol% of the phosphoramidite ligand 319, leading to excellent enantiotopic differentiation (>99% ee and >90% de) in the formation of 320 (96% yield). The formal total synthesis of madindoline B (317) was completed in four steps by the synthesis of 321, a precursor in the synthesis reported by [image: Image]mura [133].

14.11.2 Copper-Catalyzed Enantiospecific Ring Expansion of Oxetane

In 1996, the group of Katsuki [134] reported on the synthesis of trans-Whiskey (143) by introducing a novel asymmetric enantiospecific ring expansion of rac-oxetane 322 to furnish optically active tetrahydrofuran 323 (Scheme 14.54).


Scheme 14.54 Enantiospecific copper-catalyzed ring expansion in the synthesis of trans-whiskey lactone.
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Treatment of diazoacetate 322 and oxetane 324 with an in situ generated catalyst from (CuOTf)2·C6H6 (5.2 mol%) and chiral bipyridine ligand 325 smoothly furnished tetrahydrofuran 323 in 80% yield as a 1 : 1 mixture of the cis and trans forms. Despite the lack of diastereoselectivity in this transformation, the insertion of the formed copper carbenoid did proceed with good enantioselectivity (71% ee for cis-326 and 75% ee for trans-326). The diastereomeric mixture was enhanced in favor of the trans product in a later stage of the synthesis by epimerization of the C3-stereocenter of aldehyde 326. Further enrichment of the optical purity was realized by multiple recrystallizations of p-nitrobenzyl ester 327, which eventually gave an enantioselectivity of 98% ee in 33% yield. This product was then converted to trans-Whiskey lactone 143 in four subsequent steps.

14.11.3 Asymmetric Copper-Catalyzed Propargylic Substitution

The propargylic substitution reaction is a useful way to introduce heteroatom functionalities on the carbon atom neighboring an acetylene moiety. In 2008, two seminal papers by Hiemstra/van Maarseveen and Nishibayashi [135] appeared, which reported the first enantioselective propargylic amination using copper catalysis. In 2011, the former authors employed this strategy in the formal total synthesis of the pyrrolidine anisomycin (328) and the oxazolidinone cytoxazone (329) (Scheme 14.55) [136].


Scheme 14.55 Asymmetric propargylic amination in the syntheses of anisomycin and cytoxazone.

[image: c14scy055]

Anisomycin was isolated from culture filtrates of the two Streptomyces species S. griseolus and S. roseochromogenes [137] and was found to have both fungicidal and antitumor activity [138]. Cytoxazone, isolated from Streptomyces sp. strain RK95-31 [139], selectively inhibits the signaling pathway in Th2 cells by interfering with the production of cytokines IL4, IL10, and IgG [140].

In the anisomycin (328) synthesis, racemic propargylic pivalate 330 was subjected to a CuI/pyBOX 331 (10 mol%) catalytic system in the presence of o-anisidine. The reaction provided propargylic amine 332, though in a moderate yield of 59% with a very good stereoselectivity of 90% ee. In four steps, this product was converted into 3,4-dehydropyrrolidine 333, an intermediate in the total synthesis reported by Jegham and Das [141].

The synthesis of cytoxazone (329) started with the propargylic amination of racemic acetate 334 under almost the same conditions as previously described for the synthesis of anisomycin. Propargylic amine 335 was isolated in an excellent 97% yield and good enantioselectivity of 83% ee. Formal synthesis of cytoxazone [142] was achieved by three subsequent steps on 335.

14.11.4 Asymmetric Proto-Boryl Additions to Vinyl Silanes

The Hoveyda laboratory recently reported an interesting asymmetric and regioselective borylation of vinylsilanes by employing copper catalysis in the presence of the NHC ligand 337 (Scheme 14.56) [143].


Scheme 14.56 Copper-catalyzed asymmetric proto-boryl additions to vinylsilanes.
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Vinylsilane 338 was constructed regioselectively (β:α = >98 : 2) and stereoselectively (>98% E-isomer) via a copper-catalyzed protosilylation of the terminal alkyne 339. This molecule (338) was then subjected to an asymmetric proto-boryl addition reaction, providing the geminal borosilane 340 in 77% yield over two steps in excellent regioselectivity and enantioselectivity (97% geminal, 95% ee). This product was then used in the total synthesis of bruguirol A (341), isolated from the stem of the tree Bruguiera gymnorrhiza, possessing moderate activity against Gram-positive and Gram-negative bacteria [144].

14.11.5 Enantioselective Intramolecular Alkene Carboamination

In 2008, Chemler and Zeng [145] communicated the enantioselective synthesis of tylophorine (342), an alkaloid isolated from the Asclepiadaceae and Moraceae plant families, primarily found in Japan and India (Scheme 14.57) [146].


Scheme 14.57 Asymmetric construction of tylophorine employing an intramolecular carboamination.
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The enantioselective carboamination of sulfonamide 343 was initiated by the catalyst composed of Cu(OTf)2/BOX ligand 344 (40 mol%), producing sultam 345 in 64% yield in a good enantiomeric excess of 81%. Removal of sulfur dioxide and a consecutive Pictet–Spengler reaction then led to the successful synthesis of tylophorine 342.

14.11.6 Copper-Catalyzed Asymmetric Friedel–Crafts Alkylation/N-Hemiacetalization

Flinderoles B (346) and C (347) are antimalarial compounds [147] isolated from the Papua New Guinean plant Flindersia amboinensis [148]. The formal synthesis of very closely related compounds was disclosed in 2013 by Xiao and Chen [149] (Scheme 14.58).


Scheme 14.58 Copper-catalyzed asymmetric Friedel–Crafts alkylation/N-hemiacetalization.
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The cascade Friedel–Crafts alkylation/N-hemiacetalization between indole 348 and dienoate 349 was set in motion by treatment with 10 mol% of Cu(OTf)2 and BOX ligand 350. The optically active tricyclic compound 351 was obtained in 74% yield, with modest diastereoselectivity (dr = 79 : 21), of which the major compound was formed in an excellent enantioselectivity of 97% ee. To access analogs of flinderole B and C, 351 had to be dehydrated to 352, which inevitably led to the reduction of the diastereomeric ratio (70 : 30) and also the enantioselectivity of the diastereomers (56% and 57% ee respectively). Compound 352 was an intermediate used in the total synthesis of natural flinderoles by Zeldin and Toste [150].

14.11.7 Atroposelective Copper-Catalyzed Oxidative Phenol Coupling

Throughout this book, we have seen intriguing examples of copper catalysis in the synthesis of chiral molecules. These compounds all exhibit so-called point/central chirality (sp3 center with four different substituents), but nature also expresses stereochemistry in the form of axial chirality (e.g., atropoisomerism as observed in biaryl compounds) [151, 152].

From the organic chemist's point of view, biaryl-containing natural products are an intriguing piece of molecular architecture and pose a great synthetic challenge. Therefore, it is not surprising that many synthetic endeavors into atroposelective synthesis have been made [153–155]. This also resulted in the development of asymmetric catalytic methodologies toward atroposelective synthesis of biaryl compounds. These approaches were mainly based on cross-coupling reactions 154, 155a, and to date, to the best of our knowledge, none of these has been applied in the construction of natural products.

One enantioselective catalytic approach that has been successfully exploited in the synthesis of multiple biaryl-containing natural products was reported by Kozlowski and coworkers in 2001 [156]. Their research, unconventionally, started with a computer-aided search in finding an appropriate ligand to achieve high degrees of atroposelectivity in oxidative biaryl coupling reactions [157]. One suitable ligand that was identified as a possible candidate was the 1,5-diaza-cis-decalin scaffold [158]. In combination with copper, this generated catalyst 354 proved to induce high levels of atroposelectivity in oxidative biaryl coupling reactions [159]. This was demonstrated, among others, in the atroposelective total synthesis of hypocrellin A 355a, a compound isolated from Shiraia bambusicola (Scheme 14.59) [160].


Scheme 14.59 Asymmetric copper-catalyzed atroposelective synthesis of hypocrellin A.
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Treatment of naphthol 356 with 20 mol% of catalyst 354 under oxidative conditions smoothly generated the biaryl compound 357 in 80% yield and a high enantioselectivity of 81%. Trituration of 357 led to significant enhancement of the enantioselectivity to >99%. With 357 in hand, the total synthesis of hypocrellin A (355) was completed in 13 more steps. The last step, however, was an intramolecular aldol reaction which furnished hypocrellin A 355a as well as shiraiachrome A 358a in the ratio 10 : 1. This finding was attributed to the formation of an E-enolate, which led to the construction of shiraiachrome A 358a. As a consequence of the aldol ring closure, the helical configuration was partially lost as observed in the natural product (4 : 1 mixture of atropoisomers).

The atroposelective copper-catalyzed oxidative biaryl coupling methodology also proved to be fruitful in the synthesis of other perylenequinone family members [161] such as calphostin D 359, phleichrome 360, and cercosporin 361 [162]. In addition, the bisnaphthopyrone natural product nigerone 362 [163] and the bisanthraquinone member bisoranjidiol 363 [164] were also successfully synthesized using this methodology (Figure 14.3).


Figure 14.3 Biaryl-containing natural products synthesized using atroposelective copper catalysis.
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14.12 Conclusion

In this chapter, a glimpse of what has been achieved and what the current status is of asymmetric copper catalysis in natural product synthesis was provided. Throughout this chapter, we have seen some examples in which enantioselective copper catalytic methodology has proved to be pivotal in the construction of complex natural products. Unfortunately, simply due to lack of space, we were not able to include all examples of asymmetric copper catalysis in natural product synthesis, and we may be excused for those important omissions.

However, it can be stated without any doubt that the field of asymmetric copper catalysis will continue to grow and will further find its way into the total synthesis of complex natural products. Some recent advances, of which many were presented in this book, have the potential to be very successful, but despite these great efforts, research into asymmetric copper catalysis in total synthesis should be encouraged since this is an important way the field can grow steadily and stronger. To emphasize this even more, we would like to finish this chapter with a quote which is still as true today as it was in 1989.

“Molecular complexity can be used as an indicator of the frontiers of synthesis, since it often causes failures which expose gaps in existing methodology. This realization of such limitations can stimulate the discovery of new chemistry and new ways of thinking about synthesis”. [165]

Elias J. Corey (1989)

References

1. For reviews on conjugate additions see: (a) Rossiter, B.E. and Swingle, N.M. (1992) Chem. Rev., 92, 771;(b) Feringa, B.L. and de Vries, A.H.M. (1995) Adv. Catal. Process., 1, 151;(c) Alexakis, A. and Benhaim, C. (2002) Eur. J. Org. Chem., 2002 (19), 3221;(d) Alexakis, A., Bäckvall, J.A., Krause, N., Pàmies, O., and Diéguez, M. (2008) Chem. Rev., 108, 2796;(e) Jerphagnon, T., Pizzuti, M.G., Minnaard, A.J., and Feringa, B.L. (2009) Chem. Soc. Rev., 38, 1039;(f) Endo, K. and Shibata, T. (2012) Synthesis, 44, 1427;(g)Beller, M. and Bolm, C. (eds) (2004) Transition Metals for Organic Synthesis: Building Blocks and Fine Chemicals, 2nd edn, Vol. 1, Wiley-VCH Verlag GmbH, Weinheim.

2. (a) Alexakis, A., Benhaim, C., Fournioux, X., van der Heuvel, A., Levêque, J.-M., March, S., and Rosset, S. (1999) Synlett, 11, 1811;For more enantioselective routes towards (R)-(−)-Muscone see: (b) Bulic, B., Lücking, U., and Pfaltz, A. (2006) Synlett, 7, 1031.

3. Walbaum, H.J. (1906) J. Prakt. Chem., 73, 488.

4. Arnold, L.A., Naasz, R., Minnaard, A.J., and Feringa, B.L. (2001) J. Am. Chem. Soc., 123, 5841.

5. Lea, A.P., Bryson, H.M., and Balfour, J.A. (1996) Drugs Aging, 8, 56.

6. Alexakis, A. and March, S. (2002) J. Org. Chem., 67, 8753.

7. (a) Kobayashi, M., Son, B.W., Kido, M., Kyogoku, Y., and Kitawaga, I. (1983) Chem. Pharm. Bull., 31, 2160;(b) Kusumi, T., Hamada, T., Hara, M., Ishitsuka, M.O., Ginda, H., and Kakisawa, H. (1992) Tetrahedron Lett., 33, 2019.

8. For (−)-(S,S)-Clavukerin A see, (a) Friese, J.C., Krause, S., and Schäfer, H.J. (2002) Tetrahedron Lett., 43, 2683.(b) Asaoka, M., Kosaka, T., Itahana, H., and Takei, H. (1991) Chem. Lett., 1295;(c) Honda, T., Ishige, H., and Nagase, H. (1994) J. Chem. Soc., 1, 3305;(d) Kim, S.K. and Pak, C.S. (1991) J. Org. Chem., 56, 6829;For (+)-(R,S)-Isoclavukerin see, (e) Friese, J.C., Krause, S., and Schäfer, H.J. (2002) Tetrahedron Lett., 43, 2683;(f) Asaoka, M., Kosaka, T., Itahana, H., and Takei, H. (1991) Chem. Lett., 1295.

9. Cesati, R.R., de Armas, J., and Hoveyda, A.H. (2004) J. Am. Chem. Soc., 126, 96.

10. Rodriguez, A.D. and Ramirez, C.J. (2001) J. Nat. Prod., 64, 100.

11. Dijk, E.W., Panella, L., Pinho, P., Naasz, R., Meetsma, A., Minnaard, A.J., and Feringa, B.L. (2004) Tetrahedron, 60, 9687.

12. Daly, J.W., Nishizawa, Y., Padgett, W.L., Tokuyama, T., McCloskey, P.J., Waykole, L., Schulz, A.G., and Aronstam, R.S. (1991) Neurochem. Res., 16, 1207.

13. (a) Spande, T.F., Jain, P., Garraffo, H.M., Pannell, L.K., Yeh, H.J.C., Daly, J.W., Fukumoto, S., Imamura, K., Tokuyama, T., Torres, J.A., Snelling, R.R., and Jones, T.H. (1999) J. Nat. Prod., 62, 5;(b) Michael, J.P. (1998) Nat. Prod. Rep., 5, 595.

14. Gärtner, M., Qu, J., and Helmchen, G. (2012) J. Org. Chem., 77, 1186.

15. Alexakis, A., Albrow, V., Biswas, K., d'Augustin, M., Prieto, O., and Woodward, S. (2005) Chem. Commun., 2843.

16. Des, M.R., Pullez, M., López, F., Harutyunyan, S.R., Minnaard, A.J., and Feringa, B.L. (2005) J. Am. Chem. Soc., 127, 9966.

17. For (−)-Borrelidin see: (a) Madduri, A.V.R. and Minnaard, A.J. (2010) Chem. Eur. J., 16, 11726;For (−)-Rasfonin see: (b) Huang, Y., Minnaard, A.J., and Feringa, B.L. (2012) Org. Biomol. Chem., 10, 29;For Phthioceranic Acid see: (c) ten Horst, B., Feringa, B.L., and Minnaard, A.J. (2007) Org. Lett., 9, 3013;For Mycocerosic acid see: (d) ten Horst, B., Feringa, B.L., and Minnaard, A.J. (2007) Chem. Commun., 489;For Mycolipenic acid see: (e) ten Horst, B., van Wermeskerken, J., Feringa, B.L., and Minnaard, A.J. (2010) Eur. J. Org. Chem., 2010 (1), 38;For β-D-Mannosyl Phosphomycoketide see: (f) van Summeren, R.P., Moody, D.B., Feringa, B.L., and Minnaard, A.J. (2006) J. Am. Chem. Soc., 128, 4546;For PDIM A see: (g) Casas-Arce, E., ter Horst, B., Feringa, B.L., and Minnaard, A.J. (2008) Chem. Eur. J., 14, 4157;For apple leafminer pheromones see: (h) van Summeren, R.P., Reijmer, S.J.W., Feringa, B.L., and Minnaard, A.J. (2005) Chem. Commun., 1387.

18. Hartmann, E. and Oestreich, M. (2010) Angew. Chem. Int. Ed., 49, 6195.

19. Paterson, I. and Miller, N.A. (2008) Chem. Commun., 4708.

20. Barroso, S., Castelli, R., Baggelaar, M.P., Geerdink, D., ter Horst, B., Casas-Arce, E., Overkleeft, H.S., van der Marel, G.A., Codée, J.D.C., and Minnaard, A.J. (2012) Angew. Chem. Int. Ed., 51, 11774.

21. Mahato, S.B., Siddqui, K.A.I., Bhattacharya, G., Ghosal, T., Miyahara, K., Scholichin, M., and Kawasaki, T. (1987) J. Nat. Prod., 50, 245.

22. Howell, G.P., Fletcher, S.P., Geurts, K., ter Horst, B., Minnaard, A.J., and Feringa, B.L. (2006) J. Am. Chem. Soc., 128, 14977.

23. Brown, M.K., Degrado, S.J., and Hoveyda, A.H. (2005) Angew. Chem. Int. Ed., 44, 5306.

24. Yatagai, H. and Maruyama, K. (1982) Tetrahedron Lett., 23, 2387.

25. Alexakis, A. and Vuagnoux-d'Augustin, M. (2007) Chem. Eur. J., 13, 9647.

26. Brown, M.K. and Hoveyda, A.H. (2008) J. Am. Chem. Soc., 130, 12904.

27. Pizzuti, M.G., Minnaard, A.J., and Feringa, B.L. (2008) Org. Biomol. Chem., 6, 3464.

28. Chen, L., Fang, Y., Luo, X., He, H., Zhu, T., Liu, H., Gu, Q., and Zhu, W. (2006) J. Nat. Prod., 69, 1787.

29. den Hartog, T., Harutyunyan, S.R., Font, D., Minnaard, A.J., and Feringa, B.L. (2008) Angew. Chem. Int. Ed., 47, 398.

30. Fernández-Ibánez, M.A., Maciá, B., Pizzuti, M.G., Minnaard, A.J., and Feringa, B.L. (2009) Angew. Chem. Int. Ed., 48, 9339.

31. Al-awar, R.S., Joseph, S.P., and Comins, D.L. (1993) J. Org. Chem., 58, 7732.

32. Kehrli, S., Martin, D., Rix, D., Mauduit, M., and Alexakis, A. (2010) Chem. Eur. J., 16, 9890.

33. (a) Gallen, M.J. and Williams, C.M. (2008) Org. Lett., 10, 713;(b) Chen, A.P.J. and Williams, C.M. (2008) Org. Lett., 10, 3441;For recent Cu-catalyzed syntheses of Vibsanins by the Williams' group see: (c) Mak, J.Y.W. and Williams, C.M. (2012) Eur. J. Org. Chem., 2012 (10), 2001.

34. Weiss, M.E. and Carreira, E.M. (2011) Angew. Chem. Int. Ed., 50, 11501.

35. Kobayashi, J. and Kubota, T. (2009) Nat. Prod. Rep., 26, 936.

36. May, T.L., Dabrowski, J.A., and Hoveyda, A.H. (2011) J. Am. Chem. Soc., 133, 736.

37. Toyota, M. and Asakawa, Y. (1993) Phytochemistry, 32, 137.

38. Mendoza, A., Ishihara, Y., and Baran, P.S. (2012) Nat. Chem., 4, 21.

39. Endo, K., Hamada, D., Yakeishi, S., and Shibata, T. (2013) Angew. Chem. Int. Ed., 52, 606.

40. (a) Loh, T.-P. and Hu, Q.-Y. (2001) Org. Lett., 3, 279;(b) Kende, A.S. and Chen, J. (1985) J. Am. Chem. Soc., 107, 7184, and the Kende reference cited therein.

41. Hughes, C.C. and Trauner, D. (2002) Angew. Chem. Int. Ed., 41, 1569.

42. Murphy, K.E. and Hoveyda, A.H. (2003) J. Am. Chem. Soc., 125, 4690.

43. Juagdan, E.G., Kalidindi, R.S., and Scheuer, P.J. (1995) Tetrahedron Lett., 36, 2905.

44. Akiyama, K., Gao, F., and Hoveyda, A.H. (2010) Angew. Chem. Int. Ed., 49, 419.

45. Lim, H., Nam, J.W., Seo, E.-K., Kim, Y.S., and Kim, H.P. (2009) Arch. Pharm. Res., 32, 1509.

46. Gao, F., Lee, Y., Mandai, K., and Hoveyda, A.H. (2010) Angew. Chem. Int. Ed., 49, 8370.

47. Takahashi, M., Shioura, Y., Murakami, T., and Ogasawara, K. (1997) Tetrahedron: Asymmetry, 8, 1235.

48. Beye, G.E. and Ward, D.E. (2010) J. Am. Chem. Soc., 132, 7210.

49. Gillingham, D. and Hoveyda, A.H. (2007) Angew. Chem. Int. Ed., 46, 3860.

50. Mao, B., Geurts, K., Fañanás-Mastral, M., van Zijl, A.W., Fletcher, S.P., Minnaard, A.J., and Feringa, B.L. (2011) Org. Lett., 13, 948.

51. Geerdink, D., ter Horst, B., Lepore, M., Mori, L., Puzo, G., Hirsch, A.K.H., Gilleron, M., de Libero, G., and Minnaard, A.J. (2013) Chem. Sci., 4, 709.

52. Jung, B. and Hoveyda, A.H. (2012) J. Am. Chem. Soc., 134, 1490.

53. Chetty, G.L. and Dev, S. (1964) Tetrahedron Lett., 2, 73.

54. Zhang, P., Le, H., Kyne, R.E., and Morken, J.P. (2011) J. Am. Chem. Soc., 133, 9716.

55. Hornillos, V., Pérez, M., Fañanás-Mastral, M., and Feringa, B.L. (2013) J. Am. Chem. Soc., 135, 2140.

56. Urabe, H., Suzuki, K., and Sato, F. (1997) J. Am. Chem. Soc., 119, 10014.

57. Arumugam, N., Raghunathan, R., Almansour, A.I., and Karama, U. (2012) Bio-org. Med. Chem. Lett., 22, 1375.

58. see Kürti, L. and Czakó, B. (2005) Strategic Applications of Named Reactions in Organic Synthesis; Background and Detailed Mechanisms, Elsevier Academic Press, Burlington, MA; and references cited therein.

59. (a) Carreira, E.M. and Kværnø, L. (2009) Classics in Stereoselective Synthesis, Wiley-VCH Verlag GmbH, Weinheim;(b)Kobayashi, S. and Jørgensen, K.A. (eds) (2002) Cycloaddition Reactions in Organic Synthesis, Wiley-VCH Verlag GmbH, Weinheim;(c) Corey, E.J. (2002) Angew. Chem. Int. Ed., 41, 1650.

60. For a review on the Diels–Alder reaction in total synthesis; Nicolaou, K.C., Snyder, S.A., Montagnon, T., and Vassilikogiannakis, G. (2002) Angew. Chem. Int. Ed., 41, 1668.

61. Otto Diels and Kurt Alder shared the 1950's Nobel Prize in Chemistry for “their discovery and development of the diene synthesis”, Rogers, D. (2006) Nobel Laureate Contributions to 20th Century Chemistry, RCS Publishing, Cambridge.

62. For a review regarding copper-catalyzed Diels–Alder reactions; Reymond, S. and Cossy, J. (2008) Chem. Rev., 108, 5359.

63. Evans, D.A., Barnes, D.M., Johnson, J.S., Lectka, T., von Matt, P., Miller, S.J., Murry, J.A., Norcross, R.D., Shaughnessy, E.A., and Campos, K.R. (1999) J. Am. Chem. Soc., 121, 7582.

64. Zhou, Q.-L. (ed.) (2011) Privileged Chiral Ligands and Catalysts, Wiley-VCH Verlag GmbH, Weinheim.

65. Yao, S., Johannsen, M., Hazell, R.G., and Jørgensen, K.A. (1998) J. Org. Chem., 63, 118.

66. Rocca, J.R., Tumlinson, J.H., Glancey, B.M., and Lofgren, C.S. (1983) Tetrahedron Lett., 24, 1889.

67. Sakan, T., Isoe, S., and Hyeon, S.B. (1967) Tetrahedron Lett., 8, 1623.

68. (a) Kaneko, H. and Ijichi, K. (1968) Agric. Biol. Chem., 32, 1337;(b) Bricout, J., Viani, R., Müggler-Chavan, F., Marion, J.P., Reymond, D., and Egli, R.H. (1967) Hel. Chim. Acta, 50, 1517.

69. (a) Evans, D.A., Dunn, T.B., Kværnø, L., Beauchemin, A., Raymer, B., Olhava, E.J., Mulder, J.A., Juhl, M., Kagechika, K., and Favor, D.A. (2007) Angew. Chem. Int. Ed., 46, 4693;(b) Evans, D.A., Dunn, T.B., Kværnø, L., Beauchemin, A., Raymer, B., Olhava, E.J., Mulder, J.A., Juhl, M., Kagechika, K., and Favor, D.A. (2007) Angew. Chem. Int. Ed., 46, 4698.

70. (a) Evans, D.A., Kværnø, L., Dunn, T.B., Beauchemin, A., Raymer, B., Mulder, J.A., Olhava, E.J., Juhl, M., Kagechika, K., and Favor, D.A. (2008) J. Am. Chem. Soc., 130, 16295;(b) Nicolaou, K.C. and Chen, J.S. (2011) Classics in Total Synthesis III; Further Targets, Strategies, Methods, Wiley-VCH Verlag GmbH, Weinheim.

71. Garcia Mancheño, O., Gómez Arrayás, R., Adrio, J., and Carretero, J.C. (2007) J. Org. Chem., 72, 10294.

72. Fuji, K., Yamada, T., Fujita, E., and Murata, H. (1978) Chem. Pharm. Bull., 26, 2515.

73. For studies towards Gymnodimine see; (a) Yang, J., Cohn, S.T., and Romo, D. (2000) Org. Lett., 2, 763;(b) Ahn, Y., Cardenas, G.I., Yang, J., and Romo, D. (2001) Org. Lett., 3, 751;(c) Kong, K., Moussa, Z., and Romo, D. (2005) Org. Lett., 7, 5172;For the asymmetric total synthesis of (−)-Gymnodimine see; (d) Kong, K., Romo, D., and Lee, C. (2009) Angew. Chem. Int. Ed., 48, 7402.

74. Mahrwald, R. (ed.) (2004) Modern Aldol Reactions, Vol. 2 Set, Wiley-VCH Verlag GmbH, Weinheim.

75. Borodin, A. (1864) J. Prakt. Chem., 93, 413.

76. (a) Mukaiyama, T., Narasaka, K., and Banno, K. (1973) Chem. Lett., 2, 1011;(b) Mukaiyama, T., Banno, K., and Narasaka, K. (1974) J. Am. Chem. Soc., 96, 7503.

77. Mukaiyama, T. (2004) Angew. Chem. Int. Ed., 43, 5590.

78. Movassaghi, M., Piizzi, G., Siegel, D.S., and Piersanti, G. (2006) Angew. Chem. Int. Ed., 45, 5859.

79. (a) Moreau, X., Bazan-Tejeda, B., and Campagne, J.-M. (2005) J. Am. Chem. Soc., 127, 7288;(b) Lebel, H. and Jacobsen, E.N. (1998) J. Org. Chem., 63, 9624.

80. Ishiyama, H., Ishibashi, M., Ogawa, A., Yoshida, S., and Kobayashi, J.-I. (1997) J. Org. Chem., 62, 3831.

81. Evans, D.A., Kozlowski, M.C., Murry, J.A., Burgey, C.S., Campos, K.R., Connell, B.T., and Staples, R.J. (1999) J. Am. Chem. Soc., 121, 669.

82. Harutyunyan, S.R., Zhou, Z., den Hartog, T., Bouwmeester, K., Minnaard, A.J., Feringa, B.L., and Govers, F. (2008) Proc. Natl. Acad. Sci. U.S.A., 105, 8507.

83. (a) Krüger, J. and Carreira, E.M. (1998) J. Am. Chem. Soc., 120, 837;(b) Pagenkopf, B.L., Krüger, J., Stojanovic, A., and Carreira, E.M. (1998) Angew. Chem. Int. Ed., 37, 3124.

84. (a) Fettes, A. and Carreira, E.M. (2002) Angew. Chem. Int. Ed., 41, 4098;(b) Fettes, A. and Carreira, E.M. (2003) J. Org. Chem., 68, 9274;(c) Hornberger, K.R., Hamblett, C.L., and Leighton, J.L. (2000) J. Am. Chem. Soc., 122, 12894.

85. Shi, S.-L., Wei, X.-F., Shimizu, Y., and Kanai, M. (2012) J. Am. Chem. Soc., 134, 17019.

86. Gopinath, P., Watanabe, T., and Shibasaki, M. (2012) J. Org. Chem., 77, 9260.

87. Igarashi, M., Nakagawa, N., Doi, N., Hattori, S., Naganawa, H., and Hamada, M. (2003) J. Antibiot., 56, 580.

88. (a) Iwata, M., Yazaki, R., Chen, I.-H., Sureshkumar, D., Kumagai, N., and Shibasaki, M. (2011) J. Am. Chem. Soc., 133, 5554;(b) Iwata, M., Yazaki, R., Suzuki, Y., Kumagai, N., and Shibasaki, M. (2009) J. Am. Chem. Soc., 131, 18244;(c) Kawato, Y., Iwata, M., Yazaki, R., Kumagai, N., and Shibasaki, M. (2011) Tetrahedron, 67, 6539.

89. Sankararaman, S. (2005) Pericyclic Reactions–A Textbook, Wiley-VCH Verlag GmbH, Weinheim.

90. Padwa, A. and Pearson, W.H. (eds) (2002) Synthetic Applications of 1,3-Dipolar Cycloaddition Chemistry Toward Heterocycles in Natural Products, Wiley-VCH Verlag GmbH, Weinheim.

91. Antonchick, A.P., Gerding-Reimers, C., Catarinella, M., Schürmann, M., Preut, H., Ziegler, S., Rauh, D., and Waldmann, H. (2010) Nat. Chem., 2, 735.

92. (a) Hiersemann, M. and Abraham, L. (2001) Org. Lett., 3, 42;(b) Abraham, L., Czerwonka, R., and Hiersemann, M. (2001) Angew. Chem. Int. Ed., 40, 4700;(c) Rehbein, J., Leick, S., and Hiersemann, M. (2009) J. Org. Chem., 74, 1531;(d) Rehbein, J. and Hiersemann, M. (2009) J. Org. Chem., 74, 4336;(e) Troendlin, J., Rehbein, J., Hiersemann, M., and Trapp, O. (2011) J. Am. Chem. Soc., 133, 16444.

93. Pollex, A. and Hiersemann, M. (2005) Org. Lett., 7, 5705.

94. For the total synthesis of cyclopropane-containing natural products see: (a) Donaldson, W.A. (2001) Tetrahedron, 57, 8589;(b) Chen, D.Y.-K., Pouwer, R.H., and Richard, J.-A. (2012) Chem. Soc. Rev., 41, 4631.

95. Carson, C.A. and Kerr, M.A. (2009) Chem. Soc. Rev., 38, 3051.

96. Aratani, T., Yoneyoshi, Y., and Nagase, T. (1975) Tetrahedron Lett., 16, 1707.

97. Dewick, P.M. (2009) Medicinal Natural Products: A Biosynthetic Approach, Wiley-VCH Verlag GmbH, Weinheim.

98. Aratani, T. (1985) Pure Appl. Chem., 57, 1839.

99. (a) Gant, T.G., Noe, M.C., and Corey, E.J. (1995) Tetrahedron Lett., 36, 8745;(b) Corey, E.J. and Kürti, L. (2010) Enantioselective Chemical Synthesis: Methods, Logic and Practice, Direct Book Publishing, Dallas, TX.

100. (a) Machlis, L., Nutting, W.H., Williams, M.W., and Rapoport, H. (1966) Biochemistry, 5, 2147;(b) Machlis, L., Nitting, W.H., and Rapoport, H. (1968) J. Am. Chem. Soc., 90, 1674.

101. Kalidindi, S., Jeong, W.B., Schall, A., Bandichor, R., Nosse, B., and Reiser, O. (2007) Angew. Chem. Int. Ed., 46, 6361.

102. Jezek, E., Schall, A., Kreitmeier, P., and Reiser, O. (2005) Synlett (6), 915.

103. Watanabe, H., Takano, M., Umino, A., Ito, T., Ishikawa, H., and Nakada, M. (2007) Org. Lett., 9, 359.

104. Watanabe, H. and Nakada, M. (2008) J. Am. Chem. Soc., 130, 1150.

105. (a) Böhm, C., Schinnerl, M., Bubert, C., Zabel, M., Labahn, T., Parisini, E., and Reiser, O. (2000) Eur. J. Org. Chem., 2000 (16), 2955;(b) Böhm, C. and Reiser, O. (2001) Org. Lett., 3, 1315;(c) Chor, R.B., Nosse, B., Sörgel, S., Böhm, C., Seitz, M., and Reiser, O. (2003) Chem. Eur. J., 9, 260;(d) Nosse, B., Chor, R.B., Jeong, W.B., Böhm, C., and Reiser, O. (2003) Org. Lett., 5, 941.

106. For (−)-Erinacine B see: (a) Kawagishi, H., Shimada, A., Shirai, R., Okamoto, K., Ojima, F., Sakamoto, H., Ishiguro, Y., and Furukawa, S. (1994) Tetrahedron Lett., 35, 1569;For (−)-Erinacine E see: (b) Kawagishi, H., Shimada, A., Hosokawa, S., Mori, H., Sakamoto, H., Ishiguro, Y., Sakemi, S., Bordner, J., Kojima, N., and Furukawa, S. (1996) Tetrahedron Lett., 37, 7399.

107. Özüduru, G., Schubach, T., and Boysen, M.M.K. (2012) Org. Lett., 14, 4490.

108. Sawada, T. and Nakada, M. (2013) Org. Lett., 15, 1004–1007.

109. Aoyagi, A., Ito-Kobayashi, M., Ono, Y., Furukawa, Y., Takahashi, M., Muramatsu, Y., Umetani, M., and Takatsu, T. (2008) J. Antibiot., 61, 136.

110. den Hartog, T., Rudolph, A., Maciá, B., Minnaard, A.J., and Feringa, B.L. (2010) J. Am. Chem. Soc., 132, 14349.

111. Roberts, I.O., Baird, M.S., and Liu, Y. (2004) Tetrahedron Lett., 45, 8685.

112. (a) Al Dulayymi, J.R., Baird, M.S., and Jones, K. (2004) Tetrahedron Lett., 60, 341;(b) Green, R., Cheeseman, M., Duffill, S., Merritt, A., and Bull, S.D. (2005) Tetrahedron Lett., 46, 7931.

113. den Hartog, T., Maciá, B., Minnaard, A.J., and Feringa, B.L. (2010) Adv. Synth. Catal., 352, 999.

114. Rainka, M.P., Milne, J.E., and Buchwald, S.L. (2005) Angew. Chem. Int. Ed., 44, 6177.

115. Carroll, A.R. and Taylor, W.C. (1991) Aust. J. Chem., 44, 1705.

116. Movassaghi, M. and Ondrus, A.E. (2005) Org. Lett., 7, 4423.

117. Schröder, F., Franke, S., Francke, W., Baumann, H., Kaib, M., and Daloze, D. (1996) Tetrahedron, 52, 13539.

118. Rainka, M.P., Aye, Y., and Buchwald, S.L. (2004) Proc. Natl. Acad. Sci. U.S.A., 101, 5821.

119. Jansen, D.J. and Shenvi, R.A. (2013) J. Am. Chem. Soc., 135, 1209.

120. (a) Achmatowicz, O. and Wróbel, W.T. (1964) Tetrahedron Lett., 5, 129;(b) Achmatowicz, O., Banaszek, H., Spiteller, G., and Wróbel, W.T. (1964) Tetrahedron Lett., 927.

121. for a review see: LaLonde, R.T. and Wong, C. (1977) Pure Appl. Chem., 49, 169.

122. Chae, J., Yun, J., and Buchwald, S.L. (2004) Org. Lett., 6, 4809.

123. Vieria, E.M., Haeffner, F., Snapper, M.L., and Hoveyda, A.H. (2012) Angew. Chem. Int. Ed., 51, 6618.

124. (a) Schinzer, D., Altmann, K.-H., Stuhlmann, F., Bauer, A., and Wartmann, M. (2000) ChemBioChem, 1, 67;(b) Stachel, S.J., Lee, C.B., Spassova, M., Chappell, M.D., Bornmann, W.G., Danishefsky, S.J., Chou, T.-C., and Guan, Y. (2001) J. Org. Chem., 66, 4369.

125. (a) Yazaki, R., Kumagai, N., and Shibasaki, M. (2009) J. Am. Chem. Soc., 131, 3195;(b) Yazaki, R., Kumagai, N., and Shibasaki, M. (2010) J. Am. Chem. Soc., 132, 5522.

126. Otsuka, Y., Takada, H., Yasuda, S., Kumagai, N., and Shibasaki, M. (2013) Chem. Asian J., 8, 354.

127. (a) Tunac, J.B., Graham, B.D., and Dobson, W.E. (1983) J. Antibiot., 36, 1595;(b) Stampwala, S.S., Bunge, R.H., Hurley, T.R., Wilmer, N.E., Brankiewicz, A.J., Steinman, C.E., Smitka, T.A., and French, J.C. (1983) J. Antibiot., 36, 1601;(c) Hokanson, G.C. and French, J.C. (1985) J. Org. Chem., 50, 462.

128. (a) Lewy, D.S., Gauss, C.-M., Soenen, D.R., and Boger, D.L. (2002) Curr. Med. Chem., 9, 2005;(b) De Jong, R.S., De Vries, E.G.E., and Mulder, N.H. (1997) Anti-Cancer Drugs, 8, 413.

129. For reviews: (a) Jackson, R.C., Fry, D.W., Boritzki, T.J., Roberts, B.J., Hook, K.E., and Leopold, W.R. (1985) Adv. Enzyme Regul., 23, 193;(b) Scheithauer, W., Hoff, D.D.V., Clark, G.M., Shillis, J.L., and Elslager, E.F. (1986) Eur. J. Clin. Med. Oncol., 22, 921.

130. (a) Maki, K., Motoki, R., Fujii, K., Kanai, M., Kobayashi, T., Tamura, S., and Shibasaki, M. (2005) J. Am. Chem. Soc., 127, 17111;(b) Chavez, D.E. and Jacobsen, E.N. (2001) Angew. Chem. Int. Ed., 40, 3667.

131. Aikawa, K., Okamoto, T., and Mikami, K. (2012) J. Am. Chem. Soc., 134, 10329.

132. (a) Hayashi, M., Kim, Y.-P., Takamatsu, S., Enomoto, A., Shinose, M., Takahashi, Y., Tanaka, H., Komiyama, K., and [image: Image]mura, S. (1996) J. Antibiot., 49, 1091;(b) Takamatsu, S., Kim, Y.P., Enomoto, A., Hayashi, M., Tanaka, H., Komiyama, K., and [image: Image]mura, S. (1997) J. Antibiot., 50, 1069.

133. Sunazuka, T., Hirose, T., Shirahata, T., Harigaya, Y., Hayasi, M., Komiyama, K., and [image: Image]mura, S. (2000) J. Am. Chem. Soc., 122, 2122.

134. (a) Ito, K., Yoshitake, M., and Katsuki, T. (1995) Chem. Lett., 24, 1027;(b) Ito, K., Yoshitake, M., and Katsuki, T. (1996) Tetrahedron, 52, 3905.

135. (a) Detz, R.J., Delville, D.M.E., Hiemstra, H., and van Maarseveen, J.H. (2008) Angew. Chem. Int. Ed., 47, 3777;(b) Hattori, G., Sakata, K., Matsuzawa, H., Tanabe, Y., Miyake, Y., and Nishibayashi, Y. (2008) Angew. Chem. Int. Ed., 47, 3781;(c) Hattori, G., Matsuzawa, H., Miyake, Y., and Nishibayashi, Y. (2010) J. Am. Chem. Soc., 132, 10592.

136. Detz, R.J., Abiri, Z., le Griel, L., Hiemstra, H., and van Maarseveen, J.H. (2011) Chem. Eur. J., 17, 5921.

137. Sobin, B.A. and Tanner, F.W. Jr. (1954) J. Am. Chem. Soc., 76, 4053.

138. For antibiotic properties of Anisomycin see reference 137. For antitumor activity see; Hosoya, Y., Kameyama, T., Naganawa, H., Okami, Y., and Takeuchi, T. (1993) J. Antibiot., 46, 1300.

139. Kakeya, H., Morishita, M., Kobinata, K., Osono, M., Ishizuka, M., and Osada, H. (1998) J. Antibiot., 51, 1126.

140. (a) see reference 139;(b) Kakeya, H., Morishita, M., Koshino, H., Morita, T.-I., Kobayashi, K., and Osada, H. (1999) J. Org. Chem., 64, 1052.

141. Jegham, S. and Das, D.C. (1988) Tetrahedron Lett., 29, 4419.

142. Lee, E.-S., Yeom, H.-S., Hwang, J.-H., and Shin, S. (2007) Eur. J. Org. Chem., 2007, 3509.

143. Meng, F., Jang, H., and Hoveyda, A.H. (2013) Chem. Eur. J., 19, 3204.

144. Han, L., Huang, X., Sattler, I., Moellman, U., Fu, H., Lin, W., and Grabley, S. (2005) Planta Med., 71, 160.

145. Zeng, W. and Chemler, S.R. (2008) J. Org. Chem., 73, 6045.

146. Rathnagiriswaran, A.N. and Venkatachalam, K. (1935) Indian J. Med. Res., 22, 433.

147. Fernandez, L.S., Buchanan, M.S., Carroll, A.R., Feng, Y.J., Quinn, R.J., and Avery, V.M. (2009) Org. Lett., 11, 329.

148. Tillequin, F., Koch, M., Bert, M., and Sevenet, T. (1979) J. Nat. Prod., 1, 92.

149. Cheng, H.-G., Lu, L.-Q., Wang, T., Yang, Q.-Q., Liu, X.-P., Li, Y., Deng, Q.-H., Chen, J.-R., and Xiao, W.-J. (2013) Angew. Chem. Int. Ed., 52, 3250.

150. Zeldin, R.M. and Toste, F.D. (2011) Chem. Sci., 2, 1706.

151. Walsh, P.J. and Kozlowski, M.C. (2009) Fundamentals of Asymmetric Catalysis, University Science Books, Sausalito, CA.

152. Bringmann, G., Günther, C., Ochse, M., Schupp, O., and Tasler, S. (2001) Prog. Chem. Org. Nat. Prod., 82, 1.

153. For a general review regarding biaryl bond formation: Hassan, J., Sévignon, M., Gozzi, C., Schulz, E., and Lemaire, M. (2002) Chem. Rev., 102, 1359.

154. For an atroposelective synthesis review: Bringmann, G., Mortimer, A.J.P., Keller, P.A., Gresser, M.J., Garner, J., and Breuning, M. (2005) Angew. Chem. Int. Ed., 44, 5384.

155. For atroposelective total synthesis of biaryl containing natural product reviews: (a) Kozlowski, M.C., Morgan, B.J., and Linton, E.C. (2009) Chem. Soc. Rev., 38, 3193;(b) Bringmann, G., Gulder, T., Gulder, T.A.M., and Breuning, M. (2011) Chem. Rev., 111, 563.

156. Li, X., Yang, J., and Kozlowski, M.C. (2001) Org. Lett., 3, 1137.

157. Kozlowski, M.C. and Panda, M. (2002) J. Mol. Graph. Model., 20, 399.

158. (a) Xu, Z. and Kozlowski, M.C. (2002) J. Org. Chem., 67, 3072;(b) Kozlowski, M.C., Li, X., Carroll, P.J., and Xu, Z. (2002) Organometallics, 21, 4513.

159. For general methodology from the Kozlowski group: (a) see reference 156;(b) Mulrooney, C.A., Li, X., DiVirgilio, E.S., and Kozlowski, M.C. (2003) J. Am. Chem. Soc., 125, 6856;(c) Li, X., Hewgley, B., Mulrooney, C.A., Yang, J., and Kozlowski, M.C. (2003) J. Org. Chem., 68, 5500.

160. (a) O'Brien, E.M., Morgan, B.J., and Kozlowski, M.C. (2008) Angew. Chem. Int. Ed., 47, 6877;(b) O'Brien, E.M., Morgan, B.J., Mulrooney, C.A., Carroll, P.J., and Kozlowski, M.C. (2010) J. Org. Chem., 75, 57;(c) O'Brien, E.M., Li, J., Carroll, P.J., and Kozlowski, M.C. (2010) J. Org. Chem., 75, 69;(d) Mulrooney, C.A., Morgan, B.J., Li, X., and Kozlowski, M.C. (2010) J. Org. Chem., 75, 16.

161. Mulrooney, C.A., O'Brien, E.M., Morgan, B.J., and Kozlowski, M.C. (2012) Eur. J. Org. Chem., 3887.

162. (a) see reference 160d;(b) Morgan, B.J., Dey, S., Johnson, S.W., and Kozlowski, M.C. (2009) J. Am. Chem. Soc., 131, 9413;(b) Morgan, B.J., Mulrooney, C.A., O'Brien, E.M., and Kozlowski, M.C. (2010) J. Org. Chem., 75, 30;(c) Morgan, B.J., Mulrooney, C.A., and Kozlowski, M.C. (2010) J. Org. Chem., 75, 44.

163. (a) DiVirgilio, E.S., Dugan, E.C., Mulrooney, C.A., and Kozlowski, M.C. (2007) Org. Lett., 9, 385;(b) Kozlowski, M.C., Dugan, E.C., DiVirgilio, E.S., Maksimenka, K., and Bringmann, G. (2007) Adv. Synth. Catal., 349, 583.

164. (a) Podlesny, E.E. and Kozlowski, M.C. (2012) Org. Lett., 14, 1408;(b) Podlesny, E.E. and Kozlowski, M.C. (2013) J. Org. Chem., 78, 466.

165. Corey, E.J. and Cheng, X.-M. (1989) The Logic of Chemical Synthesis, Wiley Interscience, New York.


Index

a

1,2-addition-type Friedel–Crafts alkylation

1,4-addition-type Friedel–Crafts alkylation

[image: Image]-adducts

aggregation

aldol reactions

aliphatic alkenes (terminal)

alkynes carbometallation

elimination sequence

zinc homologation

alkynylation

all-carbon quaternary stereocenters

allylation

1,2-allyl cyanides addition to aldehydes

allylboronation

allylic epoxides

and aziridines, oxabicyclic alkenes, and bicyclic oxazines

allylic substitution

on extended multiple-bond systems

background

enantioselectivity

allylsilanes

amines

anisomycin

arylation

aryl ketones

asymmetric allylic alkylation (AAA)

direct enantioconvergent transformation

functionalized substrates

enyne-type substrates

ester derivatives

heterofunctionalized substrates

substrates bearing two leaving groups

trisubstituted substrates

vinylic boronates and silanes

kinetic resolution processes

allylic epoxides and aziridines, oxabicyclic alkenes, bicyclic oxazines

stereodivergent kinetic resolution on acyclic allylic halides

meso-allylic substrates desymmetrization

cyclic allylic bis(diethyl phosphates)

miscellaneous desymmetrization

polycyclic hydrazines, symmetric allylic epoxides, and oxabicyclic alkenes

nucleophiles in enatioselective process development

diorganozinc nucleophiles

Grignard nucleophiles

organoboranes nucleophiles

organolithium nucleophiles

triorganoaluminium nucleophiles

asymmetric copper-catalyzed conjugate addition (ACA)

structural studies

precatalytic copper compexes

transmetallation intermediates with Grignard reagents

atroposelective oxidative phenol coupling

Aza-Michael reaction

aziridination (asymmetric)

intermolecular aziridination using copper nitrenes

intramolecular aziridination using copper nitrenes

aziridines with organometallic reagents

meso-allylic epoxides enantioselective desymmetrization with dialkylzincs

racemic allylic epoxides and allylic aziridines with dialkylzincs

racemic allylic epoxides regiodivergent kinetic resolution with dialkylzincs

racemic strained three-membered compounds with organoaluminium and Grignard reagents

reagents

b

bis(oxazoline) (BOX) ligands

boron reagents and copper (I)–boryl species

borylcopper

c

carbene

carbocupration

carbomagnesiation

carbometallation

of alkynes

elimination sequence

zinc homologation

of cyclopropenes

copper-catalyzed carbomagnesiation

copper-catalyzed carbozincation

carbon–boron bond formation reactions

β-boration of α, β-unsaturated carbonyl compounds

allylic couplings

boron reagents and copper (I)–boryl species

nonpolar alkenes hydroboration

carbon nucleophiles Michael addition

carbon–silicon bond formation reactions

β-silylation of α,β-unsaturated carbonyl compounds

allylic couplings producing allylsilanes

carbonyl compounds α-functionalization

carbozincation

chalcone derivatives

charcoal

chiral ligands

chrysanthemic acid

cinnamate derivatives

Claisen rearrangements

conjugate addition

1,4-addition-type Friedel–Crafts alkylation

all-carbon quaternary stereocenters

Aza-Michael reaction

carbon nucleophiles Michael addition

copper salt

enolates trapping

ligand

Michael acceptors

Michael addition to enamides

Mukaiyama Michael reaction

nucleophile

conjugate reductions (asymmetric)

α, β unsaturated ketones and esters

α, β unsaturated nitriles and nitroolefins

α, β-insaturated sulfones

cooperative catalysis

copper hydride

asymmetric 1,2-additions

α, β unsaturated ketones

aryl ketones

dialkyl ketones

asymmetric conjugate reductions

α, β unsaturated ketones and esters

α, β unsaturated nitriles and nitroolefins

α, β-insaturated sulfones

heterogeneous catalysis

charcoal

copper ferrite nanoparticles

copper–aluminium hydrotalcite (HT)

nanocrystalline CuO

copper-main group bimetallics and substrate binding

copper salt

cyclic allylic bis(diethyl phosphates)

cycloadditions

[3+2], [2+2], and [4+3] reactions

Diels–Alder cycloadditions

hetero Diels–Alder reactions

Nazarov cyclization

1,3,5,7-cyclooctatetraene (COT)

cyclopropanation

intermolecular cyclopropanation using metal carbenes

intramolecular cyclopropanation using copper carbenes

cyclopropenes carbometallation

copper-catalyzed carbomagnesiation

copper-catalyzed carbozincation

cytoxazone

d

desymmetrization

dialkyl ketones

dialkylzincs

allylic epoxides regiodivergent kinetic resolution

asymmetric addition reaction to imines

addition to C=N double bonds of imines

conjugate addition to α,β-unsaturated imines

aziridines

meso-allylic epoxides enantioselective desymmetrization

diastereoselectivity

diazoacetates

diazomethane

diazomethylsulfonates and diazomethyl-phosphonates

Diels–Alder cycloadditions

Diels–Alder reactions

dienophiles

diffusion-ordered NMR spectroscopy (DOSY)

diorganozinc nucleophiles

direct enantioconvergency

transformation

donor/acceptor copper carbenes

e

electrophile

electrophilicity

enals

enamides

enantioselectivity, See also carbon–boron bond formation reactions; carbon–silicon bond formation reactions; Lewis acids (chiral copper), in asymmetric transformations; natural products synthesis applications 

ene reactions

enolates trapping

enones

enyne-type substrates

epoxides ring opening and related systems

amines

aziridines with organometallic reagents

meso-allylic epoxides enantioselective desymmetrization with dialkylzincs

racemic allylic epoxides and allylic aziridines with dialkylzincs

racemic allylic epoxides regiodivergent kinetic resolution with dialkylzincs

racemic strained three-membered compounds with organoaluminium and Grignard reagents

heterobicyclic systems with organometallic reagents

ester derivatives

ethylation

f

ferrocenyl-based ligands and copper complexes

asymmetric allylic alkylation (AAA) structural studies

asymmetric conjugate addition reactions structural studies

free-radical reactions

Fridel–Crafts alkylation/N-hemiacetalization

functional group tolerance (FGT)

functionalization

functionalized substrates

enyne-type substrates

ester derivatives

heterofunctionalized substrates

substrates bearing two leaving groups

trisubstituted substrates

vinylic boronates and silanes

g

Grignard–copper reagents (asymmetric)

Grignard nucleophiles

Grignard reagents, See also asymmetric allylic alkylation

h

heterobicyclic systems with organometallic reagents

hetero Diels–Alder reactions

heterofunctionalized substrates

heterogeneous catalysis

charcoal

copper–aluminium hydrotalcite (HT)

copper ferrite nanoparticles

nanocrystalline CuO

Horner–Wadsworth–Emmons (HWE) reactions

hydrophobic effect

hydrosilylation

i

imines

asymmetric alkylation with organometallic reagents

asymmetric alkynylation

asymmetric allylation

asymmetric arylation

catalytic reaction possibility

copper as Lewis acid catalyst

asymmetric Diels–Alder type reaction of dienes

asymmetric Henry reaction

asymmetric Mannich-type reaction

dialkylzinc

addition to C=N double bonds of imines

β-boration

conjugate addition to α, β-unsaturated imines

α,β-insaturated sulfones

β-silylation

k

Kharasch–Sosnovsky reaction

kinetic resolution processes

allylic epoxides and aziridines, oxabicyclic alkenes, bicyclic oxazines

stereodivergent kinetic resolution on acyclic allylic halides

l

Lewis acid catalyst (copper as), for imines asymmetric reaction

asymmetric Diels–Alder type reaction of dienes

asymmetric Henry reaction

asymmetric Mannich-type reaction

Lewis acids (chiral copper), in asymmetric transformations

asymmetric desymmetrization

carbonyl compounds α-functionalization

Claisen rearrangements

conjugate additions

1,4-addition-type Friedel–Crafts alkylation

Aza-Michael reaction

carbon nucleophiles Michael addition

Michael addition to enamides

Mukaiyama Michael reaction

cycloadditions

[3+2], 11.[2+2], and [4+3] reactions

Diels–Alder cycloadditions

hetero Diels–Alder reactions

Nazarov cyclization

ene reactions

free-radical reactions

kinetic resolution

nucleophilic addition to C=O and C=N double bonds

1,2-addition-type Friedel–Crafts alkylation

aldol reactions

Mannich-type reactions

nitroaldol/nitro Mannich reactions (Henry/Aza-Henry reactions)

ligand

ligand-accelerated catalysis (LAC)

m

Mannich-type reactions

mechanistic aspects, of copper-catalyzed reactions

1,2-addition to imines and carbonyls

allylic alkylation and substitution

conjugate addition

copper as Lewis acid

copper hydride

cyclopropanation, aziridination, and allylic oxidation

meso-allylic epoxides enantioselective desymmetrization with dialkylzincs

meso-allylic substrates desymmetrization

cyclic allylic bis(diethyl phosphates)

miscellaneous desymmetrization

polycyclic hydrazines, symmetric allylic epoxides, and oxabicyclic alkenes

metathesis

methylation

Michael acceptors

α,β-unsaturated amide and ester derivatives

enals

enones

nitroalkenes

Michael addition to enamides

monophosphines

Mukaiyama aldol reactions

Mukaiyama Michael reaction

n

nanocrystalline CuO

nanoparticles

natural products synthesis applications

asymmetric 1,3-dipolar cycloaddition and Claisen rearrangement

asymmetric allylic alkylation (AAA)

asymmetric copper-catalyzed conjugate reductions

asymmetric copper-catalyzed Diels–Alder reactions

asymmetric copper-catalyzed Mukaiyama aldol reactions

catalytic asymmetric cyclopropanation

copper-catalyzed asymmetric 1,2-type addition reactions

additions to imines

asymmetric copper-catalyzed 1,2-allyl cyanides addition to aldehydes

copper-catalyzed conjugate additions

miscellaneous asymmetric copper-catalyzed reactions

asymmetric proto-boryl additions to vinyl silanes

atroposelective oxidative phenol coupling

desymmetrization

enantioselective intramolecular alkene carboamination

Fridel–Crafts alkylation/ N-hemiacetalization

oxetane enantiospecific ring expansion

propargylic substitution

Nazarov cyclization

N-heterocyclic carbenes (NHCs)

nitrene

nitroaldol/nitro Mannich reactions (Henry/Aza-Henry reactions)

nitroalkenes

NMR spectroscopic aspects

copper complexes with ferrocenyl-based ligands

asymmetric allylic alkylation (AAA) structural studies

asymmetric conjugate addition reactions structural studies

copper complexes with phosphoramidite ligands

ligand-specific aggregation trends

phosphoramidite trialkylaluminium interactions

structure determination

temperature dependence

copper complexes with TADDOL-based thiolate ligands

nonpolar alkenes hydroboration

nucleophile

in enatioselective process development

diorganozinc nucleophiles

Grignard nucleophiles

organoboranes nucleophiles

organolithium nucleophiles

triorganoaluminium nucleophiles

nucleophilic addition to C=O and C=N double bonds

1,2-addition-type Friedel–Crafts alkylation

aldol reactions

Mannich-type reactions

nitroaldol/nitro Mannich reactions (Henry/Aza-Henry reactions)

o

organoaluminium–copper reagents (asymmetric)

organoboranes nucleophiles

organolithium nucleophiles

organosilane nucleophiles

organozinc–copper reagents (asymmetric)

oxetane enantiospecific ring expansion

p

palladium catalysts

parallel kinetic resolution (PKR)

phosphoramidite ligands copper complexes

ligand-specific aggregation trends

phosphoramidite trialkylaluminium interactions

structure determination

temperature dependence

polyconjugated Michael acceptors

1,4 selectivity in ACA

1,6 selectivity in ACA

background

polycyclic hydrazines, symmetric allylic epoxides, and oxabicyclic alkenes

primary organometallic

asymmetric Grignard–copper reagents

asymmetric motifs, in asymmetric copper chemistry

conjugate addition

copper-main group bimetallics and substrate binding

SN2′ allylation reactions

asymmetric organoaluminium–copper reagents

asymmetric organolithium–copper reagents

asymmetric organozinc–copper reagents

asymmetric silane and stannane copper-promoted reagents

sources

propargylic substitution

proto-boryl additions to vinyl silanes

r

racemic allylic epoxides and allylic aziridines with dialkylzincs

racemic allylic epoxides regiodivergent kinetic resolution with dialkylzincs

racemic strained three-membered compounds with organoaluminium and Grignard reagents

[3+2], [2+2], and [4+3] reactions

reductive elimination

regioselectivity

s

silane and stannane copper-promoted reagents (asymmetric)

SN2′ allylation reactions

stereoconvergency

stereodiscrimination

stereodivergent kinetic resolution on acyclic allylic halides

stereogenic center

stereogenicity

stereoselectivity

stereospecificity

strained heterocycles. See epoxides ring opening and related systems

structure elucidation

styrene

β-substituted derivatives

cyclic derivatives

derivatives (terminal)

t

TADDOL-based thiolate ligands and copper complexes

thioester

transition state

transmetallation, See also individual entries 

intermediates, with Grignard reagents

triorganoaluminium nucleophiles

triorganoaluminium reagents

trisubstituted substrates

u

α,β-unsaturated amide and ester derivatives

α,β-unsaturated carbonyl compounds

α,β unsaturated ketones

and esters

α,β unsaturated nitriles and nitroolefins

v

vinyl epoxides. See allylic epoxides

vinylic boronates and silanes

vinyloxiranes. See allylic epoxides

vinyl silanes

z

zinc reagents. See organozinc reagents

OEBPS/images/c02scy025.jpg
He

(+)-trans-Dracunculifoliol Verucosan-2-ol Axamide-1 B-Gorgonene

H o
Scopadulin Vibsanin E Taxadienone





OEBPS/images/c02scy024.jpg
\ N . ZnR, R=Me, Alk o PhMoBr HySiPh
H PhC o
= O, S
H PPh, o R‘O\ PPh,
R : YN p, @
. CO™
—AnAK Ph R'=TBS,Piv,Bz 112
88-94% ee [110,111] >10: 1dr 96-99% ee
) 35 [109] 26
o
OMe \
S ZnAlk, i ‘_\SMe
ol i
A Jome |l H O,
J Smee N. ¢~ cuor, NT Nark | PN )
N . )\ v : o
o7 o !
4 93-97%ee SMe

(On acid workup) 113]





OEBPS/images/c02scy023.jpg
94% ee
88-90% ee

93 95°/A/k o A= Alk, FAK, s-AK
I8 ee Akwgar \1%7) [ \MQE, P 5-99% 06
[42b,98]
MsMgB!
Ph Et O
oogMe Po; pRzpw? ewon J\/l!\OMe
95% ee >20 : 1 dr e ow )
R' = Me, Alk, i-Alk, Ph
|='ro|2 2
via..  OMoBr PhCy 87-95% ce
CuX (X=Br,1) Enigsr
2> set o
+PhCHO
[551 EMgBr  / [108] oMe
BnCH,MgBr 73% ee
32

BnCH, N ove
v 95% ee

via...
BnCH,  OMgBr

OMe

coL

o
-CO,Et
X CO.Et OTBDS

>32:1dr
33

Cl

OMe £t (ACA + oxidation)
89% ee





OEBPS/images/c02scy022.jpg
OO B/aryll/nker O‘ /kn/ VCONHEu

i PPh,
Consider O R, 0" R -er,iBu,Ar-Ph,A zmocsm
using 196] Znf,
' ==t
7 mese E . with AMox on Ph
=12 NG N B NMe, o Q
- ; - >< P OAr
PFs HO : N O o d
: ,& PPh, Fe PPhy
ZnR, i Me;N" o <7 Ph,P Ph" pp
145,97] [ 17 Ar = 2,6-(BU)(PPh,)CHs

[66]





OEBPS/images/c02scy021.jpg
Et
56-98% ee
30

[101,102]

90-92% ee
1100) 27

9 o
Ewe j)L , iL
{ R R™
| or. )
R? EWG

CuX and L*






OEBPS/images/c02scy020.jpg
s ZnR, R=Et, iPr(Me notusable)  ZnA, R=Me, n-Alk
i ZnR,R=Me, Et, p R=E, a3 g
OSIEL e [ =0 CH, (not i-Pr, but remote
: d N H Ar, iAK branching ok) Y = O
o i PPh, o i oh 1 = Alk, Al
i on : Q= 9
R Alk P-N or..
A : e R‘ 6 ) O dipeptide
R' = Alk, i-Alk, Ph 2 80-09+% ee | PR PPh,
80-98+% ee 1901 23aY=CH, [01] E2)
2 2Y=0
AllyIMgBr
ZnR,R=Et Bu  R'=Ar, CH,OSIR, MeMgBr
H EtS, H
T O = i
07 N : oP_N)— HrA @[P
: S Yo | € )3
PH Al :
90-95% ee 104]
[93] -99+% [95]
2 95-99+% ee

25 26





OEBPS/images/c10scy002.jpg





OEBPS/images/c10scy001.jpg
H<





OEBPS/images/c10scy006.jpg
{1) ArMgBr (4 equiv)
PBu, (1.2 equiv
Cul (30 mol%)
THE, 78°C, 30

@H

F
dr=98:2 dr=985:15 dr=985:15 dr=965:35 dr=60: 40
83% 84% 88% 86% 82%

dr=83:17 dr>97.5:25  dr=955:45 dr=98:2
83% 87% 61% 85%
OH
From f
Ph Me

drnd
80%






OEBPS/images/c10scy005.jpg
(1 IENEE (3= 7 satix)
Cul (10-30 moi%)

!
R . Pentane, it, 1 h
& @e

Cetis
H y—OH H_y—OH
406% 40;4‘3
Me Et
dr=97:3 dr=895:105  dr>97.5:25 dr>97.5:25
83% 78% 78% 82%

H y—OH OH
CaHia ? eHis
Ph Ve
dr>97.5:25 dr>99:1* dr>97.5: 25" dr>99:1*
75% 81% 83% 1%
Ph,_y—OH Ph,_y—OH
o\ o\ . B
o \Cetlia CeHia v CaHly 'CaHy
Me Me ! Me
dr=99:1 dr>985:15 dr>99: 1 dr=97:3 dr>99: 1%
63% 61% 85% 83% 81%

*Product not suitable for GC analysis, values based on 'H NMR measurements.





OEBPS/images/c10scy004.jpg
(1) RMgX (2 = 2.4 equiv)
Cul (10-30 moi%)

OMOM Pentane, 1-2h OMOM

L " o

H_y—OMOM H ,—OMOM

/N Cethia H\A{Hu
mé

dr=97:3
83%

H, y—~OMOM
&Cs*“s

Et

ar>96:4 dr=75:25 dr nd (syn major) dr=41:59
81% 67% 77% vield nd






OEBPS/images/c10scy003.jpg
A'A%CY
oo — 00 —— 0_o0
X A

syn-Stereospecific 54-96%

R = alkyl or alkenyl
H*. alkyl, or allyl-halide






OEBPS/images/c10scy009.jpg
ReMgX (2 equiv)

1 Cul (20 moi%)

OH






OEBPS/images/c10scy008.jpg
EEMGX (5 pouiv)
/' Cul (20 mol%)

Me
& £1,0,50Clot

er>97.5:25

MsArPh MeArPh MsArPh
PH n-Bi H Et

H o H

EIZ:87:13

ElZ:97:3
er=985:1.5
0%

ElZ:96:4
er=97.5:25
200,

Mer A(R‘
R H
MsArp-Er-C!HA
Et H

ElZ:97:3
er=99.5:0.5
Fros





OEBPS/images/c10scy007.jpg
ARFETINGENES Sonan]
PBus (1.2 equiv)






OEBPS/images/c02scy029.jpg
o

(1) R-MgX

MegAl, 2% CuTC, 4% L* Yield: >80%

(2) HO*
R

PN

Y=
2-Naphth

o.

E,0,-30°C, 18 h ee: 92-98%






OEBPS/images/c02scy028.jpg
o><o 0" . OO .,
2 Et,Zn, 5% CuOTff,, 10% L* Y 75-95% 0 rPh

=

i 0 Toluene, -15°C, 38 h o O o74-05% OO )—Pn

a1 ve
A Me [
9 o jBu i \)(i
COOMe J\r
COOMe 5 g1,2n, 2% CuCN, 2% L* dﬂ Y NMe,
kit

Toluene, -15 °C, 38 h NHMe © NH

i "Me
Me Et

vy 98%, ee 92%






OEBPS/images/c02scy027.jpg
Me 3 Et,Zn, 2% CuOTf, 4% L* Me,
_—
X NO:;
h 2

Toluene, 78 °C, 24 h Ph
Y 87%, ee 94%

Pl






OEBPS/images/c02scy026.jpg
A
) o Oyo o
@ @:COGMS O)Tgo
R R R R? A

| ewis acid activation Substrate activation Better nucleophile ?





OEBPS/images/c02scy036.jpg
(1) Et,Zn, 0.5% CuCN, 1% L SNF “
(2) Allyl-OAc, 2% Pd(PPhy),
Et Et
Major trans Minor cis
X
EWG
EWG
OZnEt o
R,Zn
1% CuOTf,, 2% L* R R
EL,0 No Pd cat
n R n R
X = Br, OPiv

EWG = COOEt, NO,, SO, Tol, P(O)OE,





OEBPS/images/c02scy035.jpg
R,Zn
0.5% CuOTH,, 1% L 0 Electrophile
Rzn L~ ZnR

Toluene Additive






OEBPS/images/c02scy034.jpg
20 or Rl ELO
-
2% CuOTH,, 2% L*

£

h R 0°or-30 °C, 30 min R R
ee: 82-96%
R = Me, Et, COOEt, Ph~CH,~CH,
R’ = Me, Et, Ph
MegSi
iBU,AIH + \
l R
SiMe,
o
2 xR

iBy,






OEBPS/images/c02scy033.jpg
1.2 R-MgBr, E,0

3% CUOT,, 4% ImH* L
Me 0" or-30 °C, 30 min :
me R
ee: 86-96%

R = Et, n-Bu, i-Bu, i-Pr, c-Hex, Me,C=CH-CH,~CHy—

F.

fogz






OEBPS/images/c02scy032.jpg
CuTC (2 mol%)

COR L* (4 mol%)
AR (1.5 equiv)
COR Et,0, -45°C

Ol
ee: 76-96%





OEBPS/images/c02scy031.jpg
L* (11 mol%)
Et,Oftoluene, -10°C, 15 h

o
RO Chz Me,Al (1.0 equiv)
. —
RAI \/} e * N | aphthenate (10 mol%)
R

ELAI (20 equw)

_ Cu(omor)
Tt
Et,Oftoluene, T, 15 h

Cbz

Obz. i
= R2
Rl
2-Naphth
:jv;emme
R = Me, Et, cyclopropyl, OMe, OEt






OEBPS/images/c02scy030.jpg
ELO EL,O
AR B o ARLENBUT ¢ CLAEY, — o= AMAEL +LCI
oo T30
or alkenyl-| or alkenyl-Li or alkenyl-AlEt,
o o
3ARAEL  + 5% CuTC, 5.5% L*
—_— Alkenyl
or alkenyl-AlEt, £1,0,-30°C, 18h Ar - or Alkenyl
BuAH+ N
R 2-Naphth
i Yo
° o PN
R
BuAl TN \Q 2-Naphtn
y67%

ee 75%





OEBPS/images/c10fgy001.jpg
- cu -
Homo R R onex Roph!
30, i T %
H &,y (3d,,)
" | H
HC Lot LUMO
. R-CH, ()
©) ¥
c c
o Xg R-Cu'
(c=c or c=C)

(a) (b)





OEBPS/images/c02scy039.jpg
o~ Mgbr

3 mol% Cu(OTf E E 9010
+Etmggr O CuOT = (e
4mol% 3d, E,0, 0°C e gy
E = Me-l, allyl-, benzyl-I, propargyl-Br






OEBPS/images/c02scy038.jpg
OAIMe, OAIMe3

_Mel 2% Cux 4% L Meli ACHA






OEBPS/images/c02scy037.jpg
Ph/\)]\

(1) Me,zn, 1% CuX, 2% L*

10 equiv HMPA

(1) Et,Zn, 1% CuX, 2% L*

(2) 10 equiv benzyl bromide
10 equiv HMPA

Et

o
AN

Bn

Ratio of
diastereomers
321





OEBPS/images/c02scy047.jpg
HOOC

S

OZnEt OTMS 0¥
TMSOTE 1) CH,=NVee,, |
_Tmsort (1) CH,=NMe,, |
or TWISCI (2) mCPBA
ey o
k

o





OEBPS/images/c02scy046.jpg
Eizn M trans/cis
2% CuTC, 4% L*

e —— Cl, Br=70/30

E1,0,

. 1=10/90
Et
NCS, NBS, Br,, I,





OEBPS/images/c02scy045.jpg
(1)3Me,zn
2%CuX, 4%L"

(2) TMSOT!

(3) CHyl,

(1) FeCly; DMF
—
(2) NaOAc; MeOH; reflux






OEBPS/images/c02scy044.jpg
o (1) Et,Zn, cat CuX, L* H 955

Ar A
Av/\)kAr' @ N |

O COR R=R'=MePh
R =Me, Ph, R"=OMe

dr80:20t099: 1
ee =upto92%

Et,Zn, cat CuX, L* R)l'

Et





OEBPS/images/c02scy043.jpg
-50t-Bi
OZnEt Q o0 HN o

Et

OMgX

“Me

(1) Et;Zn, cat Gux, L*

90/10

—_— A
AT Ar @) Ar,’QN/Ts






OEBPS/images/c10scy020.jpg
= Bulky group t bulky
Tansmetataton | g Transmetalation
< OMgX
synprocess
] aniprosess :
“>: _ A “>= __H
W H H R






OEBPS/images/c02scy042.jpg
(1) Et,Zn, cat CuX, L*

o
(zm_< ]/ BF4Et0
o

Et

OAIMe, or ZnEt

Me,Al cat CuX, L*

3 g HC(OEt),
or Et,Zn, cat GuX, L*

o OAIMe,

MegAl, cat GuX, L* BUO «_NEt,

R R
Me

o

NEt,

(1) Oxidation

—
(2) Elimination





OEBPS/images/c02scy041.jpg
o 0O
JU
N
oH o
VY Et

o
1) Elzzn cat Cux
i R & o
(2; -CHO %
Et Z R
Et

HO  SiMe,Ph

—>,_ PGE.






OEBPS/images/c02scy040.jpg
(1) Me,Zn

3mol% Cu(OTi),,

(COCH),, DMSO
NEty, CH,Cl,

Toluene, 0 °C
@ A

0
5% Pd(PPhy),

trans/cis =2: 1
E/Z=100:0





OEBPS/images/c02scy048.jpg
oTf

OZnR(AIR3)

OAc





OEBPS/images/c02-tab-0001.jpg
Type

Comments Type

Comments

R'
Acyclic enones
and (rarely) exocyclic

o

Cyclopentenones

Ar less reactive than o

Alkyl R'
R? = tert-Alkyl highly el
detrimental, smaller

acceptable

R® = Me just tolerated; Cyclohexenones
R®=EWG background

reactions problematic

“Flat” challenging o
substrate; R=H, Me

Challenging reactive

enolates formed R=H

n

Higher cyclo-2-enones

R, R? = H ubiquitous
R? = Me just tolerated
R? # H kinetic
resolution substrates
challenging

Only unsubstituted
cycloheptenone
common

Muscone (n=7)
common target with
“acyclic” character






OEBPS/images/c10scy013.jpg
o (1) R%:Zn (1.5 equiv) R Zn-R?

i Cul (10%) ) CHaly
RI—=—§

\. Fiststep

ol regio and Aol

stereosslective
Zn-CH,-1
H CHy (3) PhCHO
Last step :

diasteraoselective






OEBPS/images/c10scy012.jpg
o (1) R%Zn (1.5 equiv)  (2) CHaly
Cul (10 mol%) (3) PhACHO
THE, 1, 12h -20°C,6h
Et, nhex O Me,_ n-Bu
L s Ph.
OH Tol OH Tol OH
80% 65%

dr=9756-25 dr>99 - 1






OEBPS/images/c10scy011.jpg
N

b8

o Ph

aye

o

dr>95:5
800,

(1) Etodn (4 equiv)
CuBrMe,S (20 mol)
MgB E1,0, 78 °C

@Fe

o Ph
pge
0

Et | d

dr>90: 10
66%





OEBPS/images/c10scy010.jpg
(1) R%,Zn (0.6-4 equiv)

07 Cul or GuCN (20 mol%)
2 Toluene, 0°Ctot, 3-15h
@E*

s
Ph_COMe Ph_COMe Ph_CO,Me Ph_COMe Ph_CO,Me
Me” Et” Ph” MSA\ Ms/A\/\
ar>95:5 dr>95:5 ar>95:5 ar>97.5:25 ar>97.5:25
82% 70% 83% 75% 61%
PhMe,Si, COMe  PhMe,Si, COMe  PhMe,Si, CO,Me Me, COMe Me, CO,Me

CeHia", CeHia''y
Me Er Ph i L
dr>95:5 dr>95:5 ar>95:5 dr>95:5 ar=90:10
79% 84% 85% 70% 70%
CO,Me
G ,A
e
dr>95:5 dr=83:17

7104 61%





OEBPS/images/c13-math-0001.gif





OEBPS/images/c10scy017.jpg
n-BuMg-X

CuBr (5 mol%)

Et,0,-50°C

X=
cl
Br

1






OEBPS/images/c10scy016.jpg
( ‘OMe

n-Bu

er=74:26

i, gl
CuBr (5 mol%)
P(Bu); (10 mol%)
E1,0,-78105°C

>90%
er=79-98





OEBPS/images/c10scy015.jpg
R*MgBr.

CuBr (5 mol%)
o B E1,0,-10°C1o 15 °C o I
He— ) 30 min L )
o " [+ P(OEY); (10 mol%)] Ho— "
R' R
Yield >80%
0~ o} o0~
— _>_ — _>_ -, _>_
= = =
Me! o nBu o tBu o
ar=78:22 dr=85:15 4r>99:1
o o Ph
—/ o
— )= — e )
~— Mt = Ph
Ph' Hd HO: M’ o
ar=73:27 : dr=89:11

HO
c . a5

%
==
dr






OEBPS/images/c10scy014.jpg
(1) MeoZn (2 equiv)
Cul (10%)

(2) PhCHO

E0

() CHlz






OEBPS/images/c10scy019.jpg
R*MgBr (2 equiv)
CuBr (5 mol%) .
P(OE!)s (10 moi%) R

E
BN

E1,0,-10100°C

Et, t+Bu,
Wn-Bu wn-Bu WH
H):.;H H).:.;H H):.awem

80% (syn) 66% (syn) 60% (syn) 60% (anti)
er=93-7 er=91-9 er=83-17 er=795-205






OEBPS/images/c10scy018.jpg
synprocess

antiprocess

n-Bu,

n

W n-Bu
==

By W
H>': nBu





OEBPS/images/c04scy005.jpg
CuTC (1 mot%) i !

/\)C' L3(1 mor%), H“Mng Rj\/ . R/\)

A CH,Cly, 78
y-adduot o-adduct
PD/V/ 3-0Me-osHI/
L/ 98% yield, v/ 90/10  98% yield, vl 91/9
Ph 83%ee 86%ee

86% yield, yio 92/8 j/v I/
79% ee
Naphth-2” 7 cHox” NF

97% conversion, /o 92/8  95% yield, yio: 99/1
85% ee 68% ee
With L4:

100% conversion, o 99/1
74% ee





OEBPS/images/c04scy004.jpg
CuTC (1 moi%) a
L2 (1 mol%)

CuTC (1 mol%) ( &
L2 (1 mok%)

e

24n,
40°C

CH,Cl,, 78°C, 1n P

A coe
Grubbs II (5 mol%)

PhL/AcozEn

53% yield, 82% ee

CHClL 78°C,1h |PhT NP
2 e annts
(6 mor%)

pe

n=168% yield, 61% ee
2 79% vield, 72% ee






OEBPS/images/c04scy003.jpg
CuX (1 mole) 0 A

/\j‘ L2 (1 mol%), A'MgBr P"j\/ +p"/\)

P CH,Cl 78 C. 1h
y-adduct -adduct

R = Et87% yield, 7/ 96/4, 73% ee
nPr 91% yield, y/a 97/3, 57% ee

With CUCN {
c-Pent 91% yield, yic. 95/5, 47% ee

Et100% conversion, yio: 96/4, 82% ee
With CuTC n-Pr 100% conversion, 1/ 80/20, 75% ee
R = Me 95% conversion, yia: 31/69, 61% ee
GUCN (1 mol%)
OAC L2 (1 mo), EtMgar &
c-Hex CH,Cl,, -78°C, 1h R

100% conversion, yio: 100/0
0% ee





OEBPS/images/c04scy002.jpg
Cu
7 NMe,

C1(S,5,5)-trimer

C1 catalyst (5-15 mol%) R' R

PR L. RN

R £1,0,0°C
vadduct o-adduct
z
cHox N phe ~F c-Hex
100% conversion, 100 % conversion,  30% yield, /o 100/0
1o 100/0 0. 100/0 53% ee
42% ee 28% ee
Gul (13 mol%) B Bu
OAS L1 (13mors) ™
_— )\y * R/\)
nBuMgl R
Et,Oftoluene 3/1, 1, 2h y-adduct a-adduct

R = c-Hex 88% yield, yio. 98/2, 64% ee
R = Ph 78% yield, yio. 94/6, 42% ee





OEBPS/images/c04scy009.jpg
Me

Ph

5 mol% of CuBr-SMe, L* (6 mol%), CH,Cl,, ~78 °C

(RS)L*

Z

L
Hoveyda- Me 81%
Grubbs II _ OMe _CWACA
— iiaiail
A come g EtMgBr

66% O entLr

8%
Me

PPh,
Fe “PCy,

L
OMe
Ph™ Y

dr99:1
Bt O ges995
Me

OMe
Ph

Et O dra:96
68 >99.5





OEBPS/images/c04scy008.jpg
Cubr-SMe (1 mol%)

Br L (1.1 moPe), R'MgBr R o)
A —_— =z * Y
/\) CH,Cly, 78 °C, 12h R)\/ R/\)
-adduct o-adduct
L Me Me
P F Fh)\/ n-Eu)\/
With L6 With L7 With L7:
99% conversion,  91% yield, yio: 98/2  99% conversion,
Yo 31/69 32% ee 98% ee Ylo 100/0 92% ee

With L7
99% conversion,
Ve 88/12 72% ee 25 mol% of copper salt/é mol% of L






OEBPS/images/c04scy007.jpg
CuBr (3 mol%)
ent-L5 (3.3 mol%)

Q- Py i N SR
o0’

y-adduct o-adduct
Me
b - Me

entis )\/ . =

o "
86% yield, 72991 \_§ ‘““/7 oReasion g% conversion,
96% ee Ve Vo 96/4 72% ee

91% ee
Me
MeO

Yo 90/10, 93% ee (S)-(+)-Naproxen






OEBPS/images/c04scy006.jpg
CUuTC (1 mol%)

CH,Cl,, -78°C, 12h
-/-adduct o-adduct

L c- HGXL 4-MeosH4£/

86% yield, 70:99/1  82% yield, Yo >99/1  85% conversion, Yo 99/1
96% ee 91% ee 96% ee
Cu-AAA/RCM __ Cu-AAACM
tandem process

tandem process
Fh/Q ph/O

77%yield 69% yield
(two steps) 92% ee  (two steps) 96%

COE

54% yield
(two steps) 96%






OEBPS/images/c04scy001.jpg
Y6

[R'CuX]
9 Reductive [ RL i X RL_.X B RLI_X 1
g aimination | G o . ju\/ Feduve | B _
A | —— : | Siminaton
R —ox | g NS NG| Toane | RN | o (R
vadduct | 'TX=EWG allyl b calyl  MX=EWG | yagdyct
11X = alkyl or EDG 11 X = alkyl or EDG “
.
AL X AL X
cu 5
H/\\// H/\/
nallyl nallyl
Reductve Reductive \
w_R? | efimination elimination R
L ST G FUNGPANN il o o
% | o o X

o-allyl a-adduct c-allyl





OEBPS/images/c04scy016.jpg
NH,

= ar

Fe

L12

L12a Ar=Ph
~90°C, 18 h, 68% Yield
o : 95/5; 82% ee

L12b Ar = 3,5-+BuCH,
-30°C, 3h, 82% Yield
Yot : 98/2; 96% ee






OEBPS/images/c04scy015.jpg
oS

PPh,

L10(a: R =

Q

L11

PPh,

Ph ph

o P:Oi),‘°><

PR
iPr; b: R = Ph)

nes

= iPr; b: R =Ph)

al

A

With L10b R =

With L10a Ar = Ph

CuBr-SMe; (2.5-5 mol%)
L (3-6 mol%)

R R
- +
RMgBr Ar)\/ A,/\)
MTEE, -78°C.7h adduct o-adduct
‘Ar = Ph, >99% conversion, yio 9812, >99% ee (R)
-Me-Ph, 82% yield, y/o 99/1, 98% ee (R)
Ar=4-Cl-Ph, 99% yield, y/o. 98/2, 97% ee (R)
Ar=3-CO,Me-Ph, 76% yield, /o 97/3, 99% ee (R)

Me

R = Et, 8% yield, o 94/6, 85% ee (R)

R = nBu, 9% yield, yio 99/1, 76% ee (R)

R =3-Butenyl, 100% yield., i 94/6, >99% ee (R)
= iPr, 99% yield., yio: 98/2, 82% ee (R)






OEBPS/images/c04scy014.jpg
CuCl (2 mol%)
Br L9 (2 mol%) Et Et

e N

CH,CL, -78°C, 61
adduct ocadduct
Ar = Ph, 100% conversion, y/o. 92/8, 88% ee
4-Me-Ph, 100% conversion, yio. 92/8, 81% ee
Ar = 2-F-Ph, 100% conversion, yix 88/12, 60% ee
Ar = 4-CF4-Ph, 100% conversion, yio. 94/6, 91% ee






OEBPS/images/c04scy013.jpg
Ar'MgBr

'
€3, €4, 0r C5 (2 mol%) A Ar
S ChorsEmr .
CH,Cl,, -78°C,05h A\ky\)\/NkV‘/\)

yadduct  ccadduct
L' cl
ot oHor N oHex
winca| ! 100% Yield, yio 9218 With C4 With ¢4
76% ee 99% Yield, yio: 87/18  97% Yield, o
With C4 95% Yield, 70 67/33  96% ee 96/4 93% e
9% ee

With 95[ 93% Yield, v/o 84/16
87% ee





OEBPS/images/c04scy019.jpg
R (CUOTN, CyHy (5 mol%) A

L17 (10 moi%) =~
;\r)\/\oPo(oEn2 - Ar}\/

Et,Zn, THF, -15°C, 24 h

Ar="Ph, R =H, 61% yield, yi 9/1, 95% ee
Ar = Ph, R = Me, 64% yield, y/o 30/1, 92% ee






OEBPS/images/c04scy018.jpg
CuCN (10 mol%) R Et

L16 (10 mo%) N i
;\r)\/\oPo(oEn2 T T 12h A,)\/ \N)\r \)J\NHBU

Et,Zn, THF, -78
N

With L16c Ar = Ph; R = H; 34% yield, y/o. >98/2, 66%ee OiPr L16
With L16a Ar = Ph: R = Me; 80% yield, y/c 0812, 78%ce I
With L16b Ar = pOTSPh; R = Me; 83% yield, 1/0 >08/2, 90% ee |__@:RL=1Pr b:R =tBu c:R =Cy

Ph






OEBPS/images/c04scy017.jpg
Copper salt (x mol%)
L [y mokt

i
NNy ————— N * o NvNg

ReZn, solvent, T°C

adduot a-adduct
SO W SO !
O P— g: P-N
o0 ™
L13 (10 mol%) L14 (2 mol%) L15 (2 mol%)
CuBr- Me,S (5 mol%) (CuOT), Catly (0.5 mol%) (CuOT), CgHlg (1 mol%)
Et,Zn, diglyme, ~40 °C, 18 h R,Zn, diglyme, -30 °C R,Zn, THF, 60 °C, 18 h

R = Et, 54% yield, v 84/16, 77% ee R = Et, 62% yield, y/c 88/12, 71% ee
R = i-Pr, 82% yield, Yo 91/9, 67% ee R

Et, 74% yield, yio 93/7, 86% ee
-Pr, 94% vield, vio. 97/3, 88% ee






OEBPS/images/c04scy012.jpg
s
€3 (2 mol%), Ar'MgBr A

e Y

CHCL, -78°C.05h  Ar

Al =Ph {Ar = 4-MeC,H,, 99% yield, yio 95/5, 98% ee
Ar = 2:CIG,H,, 99% yield, v/ 9614, 96% ee

Ar? = 2-MoCH, {Ar = 4-FC,H,, 96% yield, Y 97/3, 96% ee
Ar = 4-CICgH,, 96% yield, yio 96/4, 97% ee

cl o~ ()9BBN.THF.O°C cl on
(2) H,0,, NaOH,
cl EIOHH,0 cl
Precursor of sertraline
89% vield, 92% ee






OEBPS/images/c04scy011.jpg
' R R
CuX, L8, R'MgBr
ANy +
R B Gh,CL, -78°C, 050 n)\/ R/\)
adduct o-adduct

e p

c-Hex

Win CUMECN)F, (S mol%) yyy CUTC (2ot

L8 (6 mol%) L8 (4.4 mol%)
95% Yield, /o 62/38, 91% ee 99% Yield, vio. 76/24, 81% ee





OEBPS/images/c04scy010.jpg
R' OPWV o (3 mors), R Rl R? R
(3 moe), R2MigBr
AN e e AN

Et;0,0°C, 1 h
vadduct ovadduct

2Napht” 4~C\CSHN 2:Napht” ~NF

99% Yield, /. 88/12  60% Yield, v 77/23  91% Yield, yor 85/15
200, ea 259 ee 26% ee






OEBPS/images/c02scy003.jpg
Et,Zn
Cul (cat)

P 'NMe,

(cat)





OEBPS/images/c02scy002.jpg
Me . AN
NN o
n-EuCJL\ 10 gg“//c ee
% ee
( 97% ee
n





OEBPS/images/c02scy001.jpg
Diastereoselective Michael aadition:

2 R
Acc* M
e A
Enantioselective Michael addition:
2 R?
Acc R2-ML*
RN e J\/Acc
Catalytic enantioselective Michael addition:
R?
Acc R%M
1R —— "
RN MX, (cat.) R Acc

L* (cat)





OEBPS/images/c02scy009.jpg
Pc-Hex, PPh, Q\ PR,
PR/,

Fe PPhy Fe PcHexy Fe A
=N o N o PP
Josiphos Reverse-Josiphos Ferrocene-type Taniaphos

S R
O, ST, 19

fon
o] C[ R
PAr, PAr,
€0 O
0 ; S

BINAP family Segphos, Synphos Duphos family





OEBPS/images/c02scy008.jpg
Ph Ph
OO oy MegAl Mey > """

P-N —aio " PN,
/ CH,CI, /
G )= orhehe v )—
Ph Ph
Ar, Ph,
€N > Ar’ MgX (or Li) AN
PCl, +  H—N — P—N Bl dlL

Ar Ph





OEBPS/images/c02scy007.jpg
é :o e, }%ﬁ C; 20 &

Sewald [37b]  Woodward [16] Reiser [37d] Gennari [37¢]  van Koten [37€]





OEBPS/images/c02scy006.jpg
St M

Q =

Imamoto [36b] OO \>—©
NH N7

PPh, N
v 9 PPh,
SN N ke, Na®
@f . o070

PPh, Ph Zhang [36¢] Mauduit [36d]
Hoveyda [22b]

Tomioka [36a]





OEBPS/images/c02scy005.jpg
-Bu

# [eX HO.,, HO><,0
— POR(OrNR) —=> ;,_7
IS Ar t

R Me,
Y=ar Y=ph >‘ Ph
N

HN)UIN 9 Ph ) ‘Ph
o >—©
R’><0"‘ OH >© >

A Ar Med





OEBPS/images/c02scy004.jpg
\

HAIl(+Bu),






OEBPS/images/c02scy014.jpg
ZnEt, Ph

iPr
BocHN\‘/lL ? QZ o
PPh,

41%y 88% ee O? [C”(MeCNMBFA Minor 84 ee
. Q -
e Ph H\é\ RAX Et Et
53%y 87% ee P @ —
- Major 58 : 42
8






OEBPS/images/c02scy013.jpg
R R=Me, Et o

e I
A,z)\)\AH 70-96% ee Et

Me

70-80% ee 80-98+% ce  MeO” “OMe
ZnMe, 5
Znkt, 99% ee
R=Me, Et [55] 571 e}
o R
/U\/'\ ZnEt, [56] L
Pluintucl
ROC A2 e, [41] (57) A~
57-81% ee Me0” “Bn
6 . .
ZnEt, 97 :3dr 93% ee
A 7 [60]
d S
88-92% ee 2net, D =0Bn, COMe
Et
7 nEt,
1 595 : 5 dr 95-99+% e
o .
trans : cis
~2:1
~1:4

Et
73-90% ee

~4:1dr70-92% ee

-

92% ee

R = Me, Ph; EWG =





OEBPS/images/c02scy012.jpg
o

D g A

1 For p,p-disubstituted
substrates see Section 2.2.5  EWG = COZR RO
COR, NO,, and so on

“C}*é\/;;3





OEBPS/images/c02scy011.jpg
Enones....

a@m

O P

Unsarwated amides...

iy

[o] Unsamrared esters...
o

! Unexplored
' chemical

| space!






OEBPS/images/c02scy010.jpg
AQ
055,

OO\N

OGS O
LD
2






OEBPS/images/c01-tab-0001.jpg
Organometallic M-Mebond M-Cbond M-Obond  Electronegativity”

type(s) energy length (A) energy

(keal mol=") (keal mol~")

[k) mol~"] [kj mol~"]
LiR 64267] 231 112470] 0.98 17
RMgX, Mgk, 60 [253] 215 113[471) 131 ﬁ 23
ARy, AIR Y, 68[283] 197 101[418] 1.61 Transmetallation 1.6
ZnR,, RZnX 68 [285] 193 91[381) 1.65 easier 24
LCuR? 57 [238] 198 49[204] 1.90 07
SiR,, RISIR?, 77 [320] 185 100(419) 1.90 @Transme'a\lalion 20
SnR,, R'SnR?; 63 [262] 216 49[203] 1.96 harder 1.0
BR,, RBY, 89 [374] 158 124(519] 204 15

"Most data in Table 1 from Ref. [2], 1 keal mol " is 4.19k] mol~; X = halide, Y =OR.

*Pauling’s scale, data from Ref. [3]

“E(M — O)/E(M — S} is often taken to correlate to a metal’s oxophilic HSAB character, see Ref. [2].
iGeneralized data from additional citations in Ref. [2].





OEBPS/images/c02scy019.jpg
>15: 1 Selectivity
20

49 : 1 Selectivity
21





OEBPS/images/c02scy018.jpg
Rl R'=Ar, Ak

A~ NO, HO.C
H NO, Ak 2 \E/\Noz
= 78-95% ee o
g1-og%ee IEk AMe,
7778 NGk | 17981] Ty 9%ee
B o
e Sno, | Znme, pme g
H <
Me 140) CuXand L* () POHO AT
89% ee 801
AlMe; ZnAlk, | [82) AlMe, O,N
R 350] Ph
\/\ 51 om 89% ee
77 No, w R ~"no, 16
sefgsﬂ:,see " AK gy, 9;/ e g Ar, n-Alk, Cy
R = Ar, n-Alk, Cy, TMS —98% ee 70-90% ee
_FeCp
O Ar Undeveloped o,
CRDENE
F"N>__ G | - N
o : 2
ﬁX O i ) b“/{:d(' " 92% ee
FeCp i substitute 1401

18 19





OEBPS/images/c02scy017.jpg
R' = n-Alk, i-Alk, Ph
Al 5 Aldol R=Me, Et
R, \(\( versus | andlor | Culiphophoramidite
— b 1,2products ) or simplephos
“Highly 1,4 hemo ~4 : 1 to >100 : 1 134]
A | selective 60-90% e Chemo f0>100
catalyst’ R=Et, i-Pr
\/\f NSOAr Y\/ Using
Cul/amido
Zmﬁ phosphine
\/Y g Hide the on NaBH4 workup
aldehyde’ 78-91% ee (73]

RL_A~_OAC pygsr R 0 =
) \/\( T, YY Cu‘/ph’z‘s_p:;tg(midite
Ri=Me Ar (4 Baseworkp g

“‘Organo -~ o [74]
C | Sare, ©)-14 90-94% ee
R o}
\/\( Y\f R=Me, Et
Y= cphzoms A R ow cuRPy
A1~ Ar Al 66-96% ee 79

insitu 15 Chemo ~6:1(1,4:1,2)





OEBPS/images/c02scy016.jpg
o . o via...(CHa),Cl
i ZnR, R=Et,Bu, iPr : © addition
H0OF i
: Alk
[} H Nap-2,
NT YR 'p_N>_ NT R xg (An)
A L D G LA G S
07 ~ome PH o7 omu Xy Al
(Bn) @) i Nap2 (A
81-96% ee 169] 80-97%ee Xyl =35Me,CeHy [70] 1
oTBDS
; ocb
% @C ’Hf conHe |
PPh, Ar : Et
R=M Et ; i 82%ee
Et R=EtiPr © B RT < Py, £BU; Ar = Ph, 4 fBUOCGH, |

} Cb=CONZPr,

72% ee _90% % :
84-92%ee  98+%ce - e





OEBPS/images/c02scy015.jpg
1Pr gives 48% ee

i-Bu O n-Alk O °
n=1-3
o Alkn’ Alkn’
L 84-86% ee 90-98% ee
T CriHes 5,
51 68 (8] 166.67] R
86-03% ee
96-98% ee Josiphos, Taniaphos, R= Et, CMe = CH,
. Tol-BINAP,
or Schmalzptios .
R OMgBr CuX + RMgX [67]
cl
Crites R = n-Alk, i-Pr, i-Bu, Ph,
10 A=Me, CH,Bn (CHp)2CH = CH, R
82-92% ee

Ph not tolerated
in 5-ring: 57% ee





OEBPS/images/titlepage_fmt.jpg
Edited by Alexandre Alexakis, Norbert Krause, and
Simon Woodward

Copper-Catalyzed Asymmetric Synthesis

WILEY-VCH

Verlag GmbH & Co. KGaA





OEBPS/images/c01fgy001.jpg
Partial periodic table of
asymmetric copper
processes

1B 1" 1\





OEBPS/images/Omacr.gif





OEBPS/images/cacute.gif





OEBPS/images/c08scy013.jpg
PR XY+ NaCHCO,R

™S
CuOTH(PhH)0.5
19
75%, dr: 86 1 14 (R = +Bu);

92% ee (trans), 98% ee (cis)
Katsuki [42]

MeO

CuoTf

22
52%, dr: 80 : 20 (R = Et);
91% ee (trans),
82% ee (cis)

Kwong [43]

BHT, 2,6-di-tert-butyl-4-methylphenyl

78%, dr: 75: 25 (R = EY);
90% ee (trans)
Tanner, Andersson [46]

1-1.5 mol% catalyst

P COR
Me Me
o we? e
Me, NH HN Me
Me Me
M Me

Cu(OTf)z, PANHNH;
20 21

50%, dr: 93 : 7 (R = menthyl); 79%, dr: 96 : 4 (R = BHT);
96% ee (trans), 6% ee (cis) 94% ee (trans), 79% ee (cis)
Kanemasa [45] Fu [47a]

anY
4 AIJ)' Bn MeN”
Bn B0 Ph
CuOT CuOTH Cu(OTf)z, PANHNH,
23 24 25

80%, dr: 9812 (R = Et);
94% ee (trans),
90% ee (cis)

Buono [48]

67%,dr:93:7 (R = +Bu)
92% ee (trans)
Wilson [44]





OEBPS/images/cover_fmt.jpg
WILEY-VCH

Edited by Alexandre Alexakis,
Norbert Krause, and Simon Woodward

Copper-Catalyzed
Asymmetric
Synthesis






OEBPS/images/c08scy014.jpg
(8)-7-Cu(OTf) (2 mol%)
RN + MNCHSOCHtBU —— > /A

. ~OCH,t-Bu
CHCly, t R Y
oo
/A _OCH,Bu /A OCHtBu /A 1. ~OCH,tBU
Ph ) 2 4-MeOC4H, "s? 3-NO,CgHs g 2
N & A
o
90%, dr: 86 : 14 92%, dr: 80 : 20 69%, dr: 90 : 10
92% ee (trans), 79% ee (cis)  89% ee (trans), 85% ee (cis) >99% ee (trans), 97% ee (cis)
/A , _OCH,tBu Aco\/A _OCH,t-Bu
+BuO S S,
I\ 2\
oo oo
81%, dr: 76 : 24 34%, dr: 82: 18

77% ee (trans), 91% ee (cis) >99% ee (trans)





OEBPS/images/c08scy015.jpg
(S)-7-Cu(OTH) (3 mol%)
Ph”XX + NCHPO)OR), —— > A JOR!

CHZCly, 1t Ph* ﬁ‘on‘
. A OEt . A OBu A Oi-Pr A ,OCH,t-Bu
h ~ogt PN ~0Bu ~oi-Pr ~0CH,BL
o o o o
65%, dr: 84 : 16 65%, dr: 88: 12 65%, dr: 90 : 10 67%,dr:92:8
92% oe (trans) 91% ee (trans) 92% ee (trans) 92% oe (trans)

99% ee (cis)





OEBPS/images/c08scy016.jpg
Ph 26
[Cu(CHACN)4JPFs (10 mol%), 26 (15 mol%)

A+
R 0
Meo)H(U\OMe Toluene, -40 °C, 3 A MS

IPh
(3 equiv)
MeO,C, CO,Me MeO:C, COMe MeO,C, CO;Me MeO,C, CO,Me
Br : CFs : OMe
99%, 99% 96%
95% ee 96% ee 87% ee
H CO,Me H COzMe H COgMe
H
99% 61% 99% 70%
92% ee 91% ee >99% ee >99% ee
MeOzC
COzg‘gM .~002Me Mo,  COMe  MeO,G, COsMe
H .CO,Me
1 coMe A
H < "Me
70% 81% 86% 84%

>099% ee 99% ee 95% ee 99% ee





OEBPS/images/c08scy010.jpg
R'
2 7.0u(l
H)\(H +  N,CHCO.R* —Teuh

R 4
o . COR
MeO.C _-0Bn H
wOTMS A 00 )\ Phe A
COM: F CO,t-Bu
COLE H o 2Me
66%, dr 73 : 27 74%, dr: 88 : 12 91% ee 56%, dr: 81: 19
92% ee (trans) 93% ee (trans) 53%, >99% ee 93% ee (trans)

(After recrystallization) 89% ee (cis)





OEBPS/images/c08scy011.jpg
Ph”Xx + N,CHCOR

dr: 86 14 (R = Fmenthyl); dr: 83 :17 (R = d-menthyl);

98% ee (trans),
96% ee (cis)

Masamune [29]; Pfaltz [30]

O

e

o e}
i
NN
+BuU +Bu
Cu(OTH)2, PANHNH
15
ar:73:27 (R=Et);
92% ee (trans),
84% ee (cis)
Reiser [36]

z-=

D"lﬁu
AN
o

CuOTH(PhH)0.5
12
dr: 6832 (R = Fmenthyl);
95% ee (trans),
97% ee (cis)
Hayashi [33]

I

HOMe,C

9

90% ee (trans).
90% ee (cis)
Plaltz [30]

1-1.5 mol% catalyst

10

r:94:6 (R = CH(c-Cy),):

36% ee (trans),
20% ee (cis)
Masamune [31]

VAN

Ph co.m PR COR
Mo, Me
0.><0
o \(_S/ o,
y P Ph S/ NN
CMeOH  py Ph Pr Pr
CuCIO4(CHACN), CUOTH(PhH)0.5

1

dr: 85 15 (R = Fmenthyl);
89% ee (trans),
89% ee (cis)

Andersson [32a]; Knight [32b)

tBu
CuOTH(PAH)0.5 CuOTH(PhH)0.5
13 14
ar: 81 : 19 (R = Fmenthyl); dr:77:23 (R = Fmenthyl);

84% ee (trans),

Ak, A
0~B~ -0,
T
N+ N

M
BU tBu
Cu(OTf)z:(PhH)O.

6

1
dr:99:1 (R =BHT);

98% ee (trans)
Plaltz [39)

92% ee (cis)

Ikeda [34a]
0)/@\(0
1] S \
N
t-Bu tBu

Cu(oTN,

17
78%, dr:89: 11 (R = Et)
88% ee (trans),
84% ee (cis)
Gao [40]

90% ee (trans)
99% ee (cis)

Ahn [35]

tBu tBu

Cu(oT)

18
85%, dr: 84 : 16 (R = Et)
>99.9% ee (trans),
>99.9% ee (cis)

tagaki [41]
(Denmark ligand, 2000)





OEBPS/images/c08scy012.jpg
Rt

SR L 10.CUCIO4(CHCN): (1 mol%)

N2CHCOR*
CH,Cl,, 0°C
cl
s K A A
CH(C‘/)z COzFmenthyl pp 'COz+menthyl  Cl CH(Cy),

78%, dr:95:5 75%, dr: 88 : 12 72%, dr: 88 1 12 62%, dr: 99 1

94% ee (trans) 95% ee (trans) 92% ee (trans) 92% ee (trans)
Pr

Phe g
PH COzmenthyl CO-menthyl
52%, dr: 98 : 2 54%, dr: 86 14

84% ee (trans) 82% ee (trans)





OEBPS/images/c08scy017.jpg
Phi=0 (1,1 equiv), Na;COs (2.3 equiv),

0 CuCl (2 mol%), AgSbFs (2.4 mol%), 3 (2.4 mol%) MeO,C, NO,
AN+ %,
NO2 M.S., benzene, t, 3h
MeO .,
‘R
MeO,C, NO, MeO;C, NO; MeO,C, NO,
0

82%, dr: 94:6 80%, dr: 93: 7 53%, dr:93:7 54%,dr.95:5  84%,dr: 82: 18
91% ee (trans) 90% ee (trans) 91% ee (trans) 93% e (trans)  90% ee (trans)





OEBPS/images/c14scy047.jpg
219 (1.5 mol%) o
Cul (1 mol%) g & Ouger

[e]
o ) 1L | iv) R (§
RMgBr (1.1 equiv) R 8 DIBAL-H (1.2 equiv) o
NN LS LUR TR 2 e VAl S e

SEt £BuOMe, -78°C, 4 h CH,Cl,, ~78°C, 3 h

287 202 288 Four | i o
8 R = hexyl, 87%, 94% ee stepsas | | _Fe
R = heptyl, 84%, 95% ee reported by ! | Steps as
Baird [111] ) 1 P
o ' g 3y[112]
i | Bair
. Cascarillic |
Hexyl ,.\YOH Hepyla__ AN ~pn o
! v o ¥
290 291 Grenadamide

Cascarillic acid Grenadamide






OEBPS/images/c08scy018.jpg
Phi=0 (1,1 equiv), NazL0g (2.3 equiv),

X CuCl (5 mol%), AgSbFs (5 mol%), Ligand (6 mol%) MeOy
" M.S., benzene, 1,3 h A

* Ligand

45%,dr:92:8

o
M no, 3 91%ee (trans)
MeO j><(

Cl

\)< 51%, dr: 595: 5

95% ee (trans)





OEBPS/images/c14scy048.jpg
(rac)-293

+BUOH/ 294 (5 mol%)
THF/CH,Cl, | CuCl,-H;0 (5 mol%)
(mix), NaO1Bu (1.2 equiv)
t24h PMHS (6 equiv)

NaHMDS (2 equiv)

THF, 78 °C 520 °C, 6h MO

295 206
>85%, 93% ee (-)-Eupomatilone-3

85%





OEBPS/images/c08scy019.jpg
= 7

CuPFg, 28 (5 mol%)

R
EtOAc, 3AM.S. H\“'
Me
\V.A‘—coza o= COE OO0 AT C0RE
Ph on Ph on 4-MeOCgHs oh Ph oh
92%, 92% ee 51%, 82% ee 94%, 95% ee 99%, 89% ee
<
5 O,..A—-coza o 'ATCOgEt
. Ph Ph

99%. 82% ee 86%, 90% ee





OEBPS/images/c14scy049.jpg
Cu(OAC),H;0 (20 mol%)
ent-53 (20 mol%)
PMHS (6.5 equiv)
{BUOH (6.5 equiv)

THF, rt,3h

301

89%,

85% ee

H

297 298
(-)-Myrmicarin 215A  (+)-Myrmicarin 215B

H

299
(+)-Myrmicarin 217





OEBPS/images/c14scy043.jpg
264 (0.84 mol%) OMe
Cu(OTH), (0.66 mol%) H (1) O3, CH,Cly, 78 °C
cho?Mg . o PhNHNH, (0.70 mol%) Et02C:. @\ (2) Me,S (5 equiv), it, 24 h OHC o
+ N — 2 ", e
o 2 OEt CH,Clp, 1t, 12h W o7 TCOoMe H  Coft
265 256 266 267
85-91% ee 94%

recrystallization from pentane:
38-53%, >99% ee

o A
™S BF5:OEt, (1 equiv), H
OMe A ) (CHO  Eight
then Ba(OH),8H,0, 0 °C, 2 h H steps
+ OHC, o
OPMB  {  COEt “OPMB

268 267 269 270
62% (+)-Arglabin





OEBPS/images/c14scy044.jpg
N (CUOTN), CaHg (10 moi%) Five
M 279 (15 mol%) ¥ steps
X" S0M* "Toluene, 50, 2h S0,Mes °
278 o o
273
90%, 599% ee 274
OH
“OH
te
cHo (-)Erinacine £ <22
271

(-)-Erinacine B (-)-Erinacine E






OEBPS/images/c14scy045.jpg
(CuOTH),-CgHg (3 mol%) CO,Et Ve
283 (3.3 mol%) steps
N L nvPcoe — 2T R NMe
N 2 2 CH,Cl,, 0°C, 16 h N H - N H

Boc Ne

282 P
(-)-Desoxyeseroline
92% ee






OEBPS/images/c14scy046.jpg
N, CuBF,-4MeCN (10 mol%)

279 (15 mol%) =,
1S PO)Ph, Toluene, 70 °C, 12 h "P(O)Ph,

285 o COH OH
288 284

79%, 91% ea (+)-Colletoic acic






OEBPS/images/c14scy040.jpg
MesSi
MeO,C

o

__/—oTtBs
BnO 249

Prepared
in eight steps

250 (25 mol%)
4AMS

CHyCly, 1,27 h

MeO,C
TBSO-

o

Two
steps

SiMe ——

OBn

251
64%, >90% de,
>99% ee

248
(-)-Xeniolide F





OEBPS/images/c14scy041.jpg
Onginal procedure (1975)

asmon COLEt CO,Et COH CO,H
54 (1 mol%) Hydrolysis
+ Na I D
OEt Neat, 40°C, 51
255 (4 equiv) 256
2,5-dimethyl-2,4- 54% Iran&chrysanmemlc cis- Chrysan(hem\c

hexadiene (DMDH) trans:cis = 51 : 49 acid acid

trans = 68% ee, cis = 62% ee

Hydrolysis
Optimized procedure (1985)

. CO,Fmenthyl CO,Hmenthy!
N \)‘i 254 (1 mol%) Ar = 5-tBu-2-octylphenyl
2" Otmenthyl Neat, 40°C, 5 h < L

258 259
75%

trans.cis =93 :7

trans = 94% ee, Cit

6% ee






OEBPS/images/c14scy042.jpg
N7

COMe
262

261 (2 mol%)

CuOT (2 mol%)

CH,Cl,,0°C,3h

263
77%, 90% ee

1 Two steps

OH
L, 20
(-)-Sirenin






OEBPS/images/c08scy002.jpg
Cu-carbene
formation

2+1]

M Lcu cycloaddition
o

X = Ny, I-Ph






OEBPS/images/c08scy003.jpg





OEBPS/images/c08scy004.jpg
CN

TN
HN

HOMe,C 2 CMe,0H

2 (1 mol%), Cu(OFBu) (1 mol%) R

Me 46%, 75% ee

NN Ph \Q\
CHzNg, CICH,CH,CI, 23 °C CO.Me 25 %, 70% ee






OEBPS/images/c08scy005.jpg
Ph

Ph\/\n/OMs 3 (10 mol%), CUOTH-PhCHg (5 mol%) Ph\Q\n,OMe

o CHzNg, CH,Clp, 40 °C o

80%, 72% ee





OEBPS/images/c08scy001.jpg
1 (1 mol%)
7 + NCHCO,Et /A
Ph7 2 2 - COsEt

72%, dr: 70 : 30 (trans/cis)
6% ee (trans), 6% ee (cis)






OEBPS/images/c08scy006.jpg
Ar

N

N HN~/

Ph 4 Ph

4 (3.4 Mol%), CU[CHACNL:PFg (1.7 mol%)

TMSCHN,, CHCly, 23 °C

Ar\q\ ™S

9-35%, dr: 28.2: 1
75-98%





OEBPS/images/c14scy036.jpg
219 (2.1 mol%)

>\ Cu(OTf), (2.0 mol%) 3 greops
BuNPhSiF, (4.0 mol%) OH 070 10steps 9
/\)k No‘rms THF, -78°C, 4 h /\/kMO o ")J\oa

221 222 223 224

42%, 91% ee
H
o] N
B
226 o ?

NHCO,Me

N
HN \
8 MeO—( UO
o
227
Leucascandrolide A






OEBPS/images/c08scy007.jpg
u
5(1 1%)
+  NCHCOAR' i
R 2 2

R "'CO,R

/L _COEt
Ar=CgH —< >—t—B 2
eHirO . X “COLd-menthyl

o

92%, 90% ee 92% ee
chrysanthemate ester cilastatin side chain





OEBPS/images/c14scy037.jpg
CuOtBu (10 mol%)

229 (10 mol%) (1) TFA, CH,C,
Q /‘K/\ H,0 uo mol%) O\,K/\ (2) Base treatment
NH S0 MTEE (02M), 1,48 h N "Ar N * N
233 Ar=84CHOLCH, O 230 . LA o
2231: 75%, 98% ee
5 NH,OH, MeOH, 130 min > 73%, 231 : 232 = 6.7 (97% ee) :
“ e O NaOH, MeOH, , 48 h — 70%, 231 : 232 = 1: 7.0 (92% ee)
PAr,
o PAr, One step as reported
N om I's O by Carretero [71]
Boc o
228a 220
(Ar = 3.,5-Bu-4-MeO-Cyh,)
N + N
A OH A “OH

198 199
(+)-Lasubine | (+)-Lasubine Il





OEBPS/images/c08scy008.jpg
(1-2 mol%)
oh” X + N2CHCO,c-menthyl

§ Cu
HOMe,C 7=\, CMe;OH
ent2
dr:82:18
97% ee (trans), 95% ee (cis)

Pfaltz [13a]

A

Ph COzctmenthyl  Ph CO,ctmenthy

MesSiOMe,C  Guoti  CMe,OSiMes

6
dr:84:16
98% ee (trans), 99% ee (cis)
Pfaltz [14]





OEBPS/images/c14scy038.jpg
Mesitylcopper (5 mol%)

238 (5 mol%)

\rHYH e 239 (5 mol%)
- 9 * s THF/DMF (1 : 3), -60 °C, 40 h

236 R = allyl (237a)
A = Me (237b)

R

N, S Steps o8n
0 — T
OH S OH O
235

allyl (240a), 92%, 87% ee
Me (240b), 69%, 93% ee

Western zone Ho'






OEBPS/images/c08scy009.jpg
B0 (A7 ey

__ TouOTH (1 mol%)
oh” X+ N,CHCOR o &
CHgCIg or CHsCI
0°Corrt B
o 0 o o o
OBHT OCH(Cy)> ODMP Ot-Bu
85%,dr:94: 6 83%, dr: 88 : 12 68%, dr: 86 : 14 75%,dr:81:19  77%,dr: 73:23
99% ee (trans) 97% ee (trans) 97% ee (trans) 99% ee (trans)  99% ee (trans)
96% ee (cis) 97% ee (cis) 97% ee (cis)

BHT, 2,6-di-tert-butyl-4-methylphenyl: Cy, cyclohexyl: DMP, 2,6-dimethylphenyl





OEBPS/images/c14scy039.jpg
MeO,C.
_N 243 (2 mol%)
Cu(CH,CN),PFs (1 mol%)
> EtN (20 mol%)
\\‘ THF,
, 1,0.5-18 h
'n2
244 Spirotryprostatin B

(natural product)

Depending on R' and R?
65-95% yield
15 : 1 dr, 84-98% ee






OEBPS/images/c14scy032.jpg
e 197 (5.1 mol%)

AONTs
Z NS AgCIO, (10 mol%) OMe Fvesteps
s A CHC o 20G —
Tso AR en TRA (5 equiv OMe
195 194 196
Ar = 34-(MeO),CHy 1,5 h; 71%, 86% ee

+Bu
!

=<

~Br
Cu

LT
Fe  (t-naph),

197

~20°C, 12 h; 71%, 94% ee

Five steps

A OH
198

(+)-Lasubine |

Ar ""OH
199

(+)-Lasubine Il





OEBPS/images/c14scy033.jpg
203 (22 mol%)
CuCl, (20 mol%)

9 AgSbF (40 mol%) I
J ’ SA‘ MS ' MO sens NpC
CozN N 3 steps_
v Z oTBs — .
CH,Cl,, 25°C, 10h ) :
201 202

s
Z or8s /k oTes
204 " a0
85%, >19: 1dr,
95% ee

o

Prepared in 12 steps
by connection of the
building blocks






OEBPS/images/c14scy034.jpg
o

211

o

TMSO,
OTMS 411465 (10 mol%) " oue Nine steps
SEt THF,-78°C, 12h o —
212 Skt
213 H,S0,,
95% CH,O,
A Osuecnn

OH

H
Cu ey o 210
ent-165 Iiugin M

(-)-Acylfulvene 208, R = H
(-)-Irofulven 209, R = GH,OH





OEBPS/images/c14scy035.jpg
177 (11 mol%)

Cu(OTf), (10 mol%) Q aSE:Qefp“G f::gsb ,
OTMS  TBAT (20 mol%) o7 itsers TMSO { OTES OAc OTBS j3cohsen [79b]
TBSO/\)I\ T NP N0gt THR, i, overnight p— -
215 217 18 219 Taurospongin A
T8S0”
88% oo

214
Taurospongin A

oSS A~
H

o






OEBPS/images/c14scy030.jpg
(1) KOH in H,O/EtOH y OH

~ :
)©< . g 173 (omo%) o 6h 7 *OH o
H —
i OFt CH,Cl,, rt, 180 (2)HCl, 1t, 12 h 3 o
o COLE )
174 175 H-0""0
176 180
179 88%
90 %;Zse/; de, Recrystallzation [ g7, oo 110 SIOPS
>99.8% ee
Two steps

é&é&

(H)-Dlhydvoacmmdmhde (H)-Acumdlohde





OEBPS/images/c14scy031.jpg
Enantioselective hetero diels-Alder reaction
1822mo%)

CO,Et 3 AMS 0.
J l B0, —40°C,1d R)\; EtOAc, 1t, 19h

COEt W, Pdic  EtO, o

s

Seven steps
TMSO N

185
“COE (Hi ring fragment)

191 183 184
84%, 94 : 6 dr, 95%, 98 : 2 dr
97% ee PhS. 0.
Three steps \LEJAO
186
96:4dr
Enantioselective glyoxylate-ene reaction
b H)\/ A lostops,  TESO\ . poTeOPS
OTBDPS CH,Cl,, tt, 12h %OTBDPS DAi
E10,C7 H 0, E0,C
192 193 188 o
89%, 98% ee






OEBPS/images/c11scy001.jpg
R' Lig endolexo ee (%)

\|><r 3R =Me Ph 3 93:07 71

N NJoR’-,nr
iNap 3 90:10 8

RS L SR=LBu
Ph 4 92:08 84

)K/\ Cu(OT!)QHSmo\%)

Ty ara— iNap 4 93:07 95
¥H‘ o Ph 5 92:08 o7
2 5 90:10 99

1-Nap :

Yield 85-90°





OEBPS/images/c11scy003.jpg
g

pd - 2 Ph 946 >0
+@ Cu(SbF), (10 mol%) OH
R T omopoc O 4CICH, 9515 >99
20 §
R! 4-MeOCH, 94:6  »99
1 e T

Yield 76-95%,





OEBPS/images/c11scy002.jpg
R' endolexo Yield (%) ee (%)

&1

)OK JOK/ P8 Pn 7 i H  100:1 44 64
z Cu(OTh), (15 moi%)
0N +@ _ouom: 15 mare) Me 100:1 55 71
CHClo 1t oo
3
0 0)\0 Bn  100:1 66 86





OEBPS/images/c11scy005.jpg
N/\

) N
N, =
) @
_ - cuon oo

Salmon testes DNA
91 : 9 (endolexo)
53% ee (endo)

M R endolexo ee (%)
Ph >09:1 99
R+ R S N
CuNO, (0 mol%) q 4-MeOCgH, >99: 1 99
N A o7

Salmon testes DNA tBu >99:1
19





OEBPS/images/c11scy004.jpg
R' endolexo ee (%)

! A
f k/\ocoa N @ CuﬁOT‘)z(lumul%) rBu 90:10 54

T omonn @ ° Ph 94:06 -89

0
12 2 13
Yield 99%






OEBPS/images/c14scy058.jpg
oTBS Cu(OTH), (10 mol%) otBs  BFELO (7 equiv) oTBS
/\/VL 350 (10mol%) ~Ph EtsSiH (10 equiv) _ Ph
OMe 1 ene, 0°C, 720 DOM, -50°C,3h"
352
z 351 ]

N
N 349
e 0" come  7ac, Me0,C
dar=79:21 dr=70:30
97% oo 56% and 57% e
Eight
i steps as reported
Natural flinderoles heps s reper
MeoN
: . NMe,
Nl s ?
Mé HN
347
Flinderoles B

Flinderoles C

Analogs of
Flinderoles B: R = Me, cis
Flinderoles C:






OEBPS/images/c14scy059.jpg
OAc

o
MeO, OMe Ll
354 (20 mol%) OO 3552 Intramolecular pg
MeOzcome 0, atmosphere 185005 pypoceiins |asdol va Zonotate Hypoeralin A

(atropoisomer)

CH4CN, it, 2d HO
HO | OO 232a:233a=10:1
356 OMe

Prepared MeOy
in five steps OAc
357
80%, 81% ee

>99% ee,
EtOAc/hexanes
trituration

ntramolecular
aldol via E-e

358b
Shiraiachrome A
(atropoisomer)

358a
Shiraiachrome A






OEBPS/images/c14scy054.jpg
Ph

A~ OBy (CuOTN,CeHs (5.2 mol%) 7 ) 2
N7 325 (5.7 mol%) Six steps
082 —— > pre——
CHClp, 1t, 1h 0~ ~CO,'Bu Q‘CAHQ
323 326
80% cis:trans = 5 : 95
cistrans=1: 1
(71% and 75% ee)
@BS TBSO
325 Two
steps
4(_)‘ Two steps *~OR
0727 ~CiHy Q‘C«He
143 327
trans-Whiskey lactone (33%, 98% ee after 3x
(98% ee) recrystallization)

R = C(0)CqH,(NO,)-p





OEBPS/images/c14scy055.jpg
Anisomycin formal total synthesis
Cul (10 mol%)

MeO.
331 (12 mol%) j@
As reported OH
o-Anisidine ( 2 equiv Ao, €
MQOM DIPEAMequ\q\l) ) Meo\@\w stevs \@\ Q by Das [141] Meom
MeOH, 1t - \ N
N N H
330 332 328
59%, 90% ee (+)-Anisomycin

Cytoxazone formal total synthesis

Cul (5 mol%) Meo. o
ul mol%)
epi331 (5.5 mol%) j@ — HNJ{ HNJ(O

OAc  o-Anisidine ( 2 equiv) HN 0 One Step as reported by
S DIPEA (4 equiv) « steps Shin [142]
S MeOH, -18°C, 40 e OH
MeO' MeO' MeO MeO 320
334 335 3% (-)-Cytoxazone

97%, 83% ee

®
o P
Phs TN Pnu
N

331 o Ph: epmu Ph

e






OEBPS/images/c14scy056.jpg
339

cucl (1 mol%)
154 (1 mol %)
NaOfBu (4 mol%)
PhMe,SiB(pin) (1.05 equiv)
MeOH (1.5 equiv)
THF, it, 12h

CI6

MeSN@NMes
154

B
PhMeQSi/\v©\OMe

338
>98% Eand B
(not isolated)

CuCl (5 mol%)
337 (5 mol%)
NaO?Bu (80 mol%)
B,(pin), (1.1 equiv)
MeOH (2 equiv)

THF, 1,24 h

PhMe,Si OMe

340
77% over two steps
97% geminal, 95% ee

\ Eight
steps

341
Bruguierol A





OEBPS/images/c14scy057.jpg
OMe
OMe Cu(OTf), (40 mol%)
‘ 344 (40 mol%)
" MnO, (3 equiv)
Nog O PhCF3, 120 °C, 24 h
50

OMe

OMe
343

OMe
(+)-Tylophorine

342





OEBPS/images/c14scy050.jpg
CuCl (3 mol%) MeLi (1.03 equiv)

219 (3 mol%) LiCl (2.4 equiv)
NaO1Bu (3 mol%) Pdj(dba)s (1 moi%)
Ph,SiH, (0.51 equiv) ally-Me-carbonate (1 equiv) _ Vs
Pentane/THF (1: 1), -78°C, 6 h o -20 ’C tor, on
o) O—gl.
303 P PN 305
82%
304 dr=15:1
96% ee
Eight
steps.
L
H Me] -
N
N’ H
B s
o
302 e

(=)-Neothiobinupharidine





OEBPS/images/c14scy051.jpg
310 (2 mol%)
CuCl,2H,0 (2 mol%)

ol

(o )B/— = 150
pin) 1.2 equiv
NHP(O)Ph,
Ph2P(O)I‘\l NaO#Bu (10 mol%) (§ )sz NHP(O)Ph,
SN MeOH (2 equiv) IS _steps _
);N THF, -78°C 5 -15°C, 1h [ — >/N |
307 308
Ph  Ph o 98%, 96% ee

MesN &N i
Seven steps

310 Mes' as reported by
Danishefsky [124]

aza-Epothilone A





OEBPS/images/c14scy052.jpg
Cu(CH4CN),CIO,
313

LiotBu
(5 mol%)
N+ HJVY\OT\PS —
ot DME, 40 °C, 24 h 12 steps
according to

312 (99% ee) Shibasaki [130a]

Two steps
as reported
by Jacobsen [130b]
OH ~ ——— ———

311
Fostriecin





OEBPS/images/c14scy053.jpg
o Cu(OT), (1 mol%) Seven

Four oTBS steps as described by o]
319 (2 mol%,
Me MeZZn(H.S equ)iv) Pr steps Bu Omura [133] Bu OF
5 OH ———————————* N
OBN  E4,0, -40 °C, 30 min I>\/
o then butanal (1.5 equiv) oTBS o H o
318 320 321 317
(meso compound) 96%, >09% ee, (+)-Madindoline B

>90% de 8y
O‘ i O
OO wo






OEBPS/images/c11scy007.jpg
Lo

Hey
o
2
N

CulNTE),

5 = (1omolt)
/LN N Lrly) 00 =
o < /T omg, 000
n=12
22 2 2

Yield 48-91%
e up to 96%





OEBPS/images/c11scy006.jpg
A

o o B
X Ph cyotr), Ph
ROE @ (10mot%)
) Z CH,Cl, 0°C.

20 9

Yield 92-99%
endo:exoup 10 99 : 01
e up 10 99%






OEBPS/images/c11scy009.jpg
MeO,
oM T8 C e 010
o
3
H
/'
~ | Cu(SbFg)y2H,0/5 7
< L
FOSNo A2 MS3ATHF.0C
e} Et0,c” 0" ‘R?
s a9

aa

Yield 79-100%
endolexoup 10 99 1
eeupt097%

Yield 87-99%
endolexoup 1055 : 1
ee up 10 98%





OEBPS/images/c11scy008.jpg
26

JK/@

\ @7 z—d)

cumﬂ)2 (15 me\%)

CH,Clp. 2010 -72°C

27a

27¢
27d

Y

OMe

OhAc

OMs
NHMs

(%)
63
99
18
o7

90:10
98:02
98:02
99:01

Yield endo/exo ee

(%)
8
24
84
93





OEBPS/images/c01scy010.jpg
Lp R =Ph(CH,);
o \ b +0.5 equiv Ly
5 equiv MeMgBr
ol \;‘() -
<p/ NN

Tolunene-d, 60 °C

cat. Cu' + Ly various ratios

1.1 equiv MeMgBr (0.1 M in Et,0)

o
OO PTol, P
PTol, = TR am— Me
CO ’
!

R
~40 °C toluene Me

57-90+% ee
Three exchanging species.

5-55  &-180 6,-20.3
Lo





OEBPS/images/c01scy011.jpg
RMgBr (R = Ph, CM = CH,)

CuBr SMe, (5 mol%)
L (6 mol%) g
~78°C 2-Me-THF
~50%; 92% ee





OEBPS/images/c01scy012.jpg
cl R2MgBr B
E——
R | Cu(TC) 5 mol% o R
Le 6 mol%. T 22
20 CH,Cl,-E,0 X
i Yield 56-78%
M = nothing or MgBr
1 d Z:E ee (2%
e R R (22)(%)
OO Ph Et 99:1 98
Ph iBu 95:5 80
4-MeOPh  Et 9:5 9
2-BrPh Et 91:9 9%
C(=0)OEt nCeHya 93:7 94
OMe C(=0)0tBu  Et 99:1 96
Le
R
RMgBr CI\)\/
Cl X\ Cu(TC)1mol%
Cl R =alkyl
L* 1.1 mol%
23 CH,Cly 25

780 ot 23-94% ee





OEBPS/images/c01scy013.jpg
RZnBr+ MR === ZnR,+ MBr [Q)]

2 RZnBr + LA

ZnR, + LA-ZnBr,  (2)

MR = AlMeg, ZnMe,
LA = Lewis acid promoter

cl BuznCl
coNe (in situ recovery
2! to ZnBuy)
| + (AMeO), =
P Cul (5 mol%)

H
Ar_N_ A
T

81%, 78% ee

Ar = 4-MeOPh, (10 mol%)





OEBPS/images/c01scy014.jpg





OEBPS/images/c01scy015.jpg
ZnMe,

Cu(OAc),
(2 mol%)
Lg (4 mol%)

Cale.
Epq +13.0

keal mol™"

U
86% 99% ee
On workup





OEBPS/images/c01scy016.jpg
3equiv Zn(R),
Cu(O-Th), (5 mol%)

|
PPh, Bu R> Le(tomoi%) R
R? | Reconjugative  R?
L 0™0 R workup.. RR
H Na*
34
R! R? R Yield (%)  ee (34)(%)
1 Me H nBu 79 97
2 Me H iPr 71 97
3 nBu H Et 63 95
4 Me Me Et 70 99
5 Me Me nBu 75 86
6 Me Me iPr 84 99
o o
cu(oTh), Cuacac),
(6 mol%) (6 mol%)
B NN, ——— ..
BN 3 equiv ZnBu, “Bu
BU 3 equiv ZnBu, cr o
84% ee N

H 80% ee
L, O
@ L M!Bu

4.5 mol®%





OEBPS/images/c01scy017.jpg
FO OH
Critical ordering
O - of bridge E>p/P
\NJ\'I/N\)LNHBu Minor \(‘H
Ui Z0E, role 43,—.‘
OH —
S YMNHBU

O L\ Critical
P " 0p(0)(0EY),

stereo
A center!
350 H Product ggo; oo

35b  CH,C(0)OtBu 92% ee

ZnL,.

10 mol% + CuOTf (5 mol%)
+

-
5

R
N
i 10:
C-omte R/\Omoxosng - /‘
h 35°C
(100 mol%) 99% ee

36aR=Cy

Pentane dloxar\e

37 so%‘ 97% ee
36b R = 2,6-(iPr),CeH, <= X-ray, 2 coordinate; Cu-Me = 1.91 A, C-Cu-Me

180.0°





OEBPS/images/c01scy018.jpg
R
OB(pln) I B(pin)
Ekc 4
Cu—
e Epmors
AIC:& d._b Vo B
N
OB(pin)

Ar Ao, ‘Ju A cHo cHo
i) B g R
PN (pin)B-B(pin) ‘N:N’ (pin)B—B(pin) B(pin)

excoss
SmiV
38
T e
AT70°C
Ph [ >>-c“—(\

“lsomerization_

7
N
[ P—Cu
N
R

via -hydride efimination }R B(pin)
. 5: H o (pin)B—B(pin) (1.1 equiv) o
P gy meor e 0iBu
1 | [CuL(MeCN)JBF,
Ph i Me’ (2 mol%) Me’ B(pin)

NaOtBu (3 mol%) 73% ee





OEBPS/images/c01scy019.jpg
LCu—B(OR
(RO),B-B(OR), u=B(OR),

Avoid slow step with:

® Y=H,Ph

Energetically favored Y
isomerzaton to more easily

transmetallated LCu —alkoxide

Fa® B(OR), LCi—B(OR);
Led

B(OR), Y
o Use protic additive o

Use of MeOH to cleave Cu-Cin 39 Led BOR),
o Use Lewis acid additive 39





OEBPS/images/c03scy030.jpg
CuTC (5 mol%) R

L12 (5.5 mol%)
N e (L
REMgB (1.2 equiv)
85,86 4h,-78°C, CH,Clp 87,88

R' =Me, R® = PhCH,CH,, 66% yield, 1,3/1,1 = 90/10, 90% ee
Ph,R' = Et, 71% vield, 1,3/1.1

713, 91% ee





OEBPS/images/c03scy029.jpg
CuTC (5 moe)
0 WGsmon)
R as FEMGB (1.2 equiv)

4N, -78°C, CH,Cl,

A" = alkyl, phenyl, TMS, tBUOCH,, and so on

R2

t, nBu, PhCH,CH,, iPr, Cy, and s on

R' <
84

Up to 96% yield
131,1upt099: 1

Up to >99% ee






OEBPS/images/c01scy001.jpg
"
N ;
; * )
Cu’ [ !
aN R P \\\
- » Cu4\ R
R

1a
1a
2
3





OEBPS/images/c03scy026.jpg
M wppy VPRCUBRS B O PR E(\/\/\/ P
LR S0 it ANS
70 P 0™ Ph 72 ACO
1,315=25:75
Ho* l l
Et -0 Et_o 0

Ph 73 Ph 74
73%, ee 62% ee





OEBPS/images/c01scy002.jpg
Coordinatively
saturated Labile

+
Oxidative

--Li—Me
addition (\:Illj/Me L= Conformation

:> Me< N0 Cu |¢= and exchange
z | labile bridge
Cu(lll) Li—Me
reductive
elimination
o fD
/

rate limiting 4
3,A-020,-030 Moy |

—

VAT
HA CuHy P
R nPrXHE‘éj 5,83.40, 355
Up 0 83% ee HA

6





OEBPS/images/c03scy025.jpg
e
R 64 RE,CULiLiX
OAc —————>
£1,0,-60Cl080°C
Z
-
65

R'=R?=Me, R®= nBu

le;Si, R? = Me, R® = tBu
Bu, R = tBu, R® = Me
Bu, R® = tBu

0
N (1) 1Bu,CuliLioN ¢y,
o~ sy

nBu

nBu 68 @H

R

"
7

90% yield
96% yield
92% yield
85% yield

=

69
72% vield

OH





OEBPS/images/c01scy003.jpg
MeMgl

9mol %7
£,00°C
76% ee

Bn2N~Cu-@—
I

Stepwise

a

OH

Not formed

LiCu(Mes),
+

LiCu(NBn,),

50 : 50





OEBPS/images/c03scy028.jpg
/\/\oﬁoqoa)2
CSH| 1l

77

N
/k/\opowa)2

PH’ 78

Ph " 0po(0E),
79

10 mol% L1
5mol% (CUOTH); CetHg

Etzn

H
N\)LNHnEu

iPr L1q

=z
7
CgHyy

76% yield, 1,3/1,1= 82 : 18, 96% ee
Et, Me
A A
. Z 81
77%yield, 1,3/1,1> 30 : 1, 91% ee
Et
PN 82
74% yield, 1,3/1,1 =85 : 15, 89% ee





OEBPS/images/c01scy004.jpg
Me=CurMe OAc Oxidative
) i «
Li Li
o

Me-Cu<Me

addition

Me i Me -LiCuMe,
-LiOAc

Stronger
y interaction

_Peagent

““0Ac Me™7 @ Me

LiCuMe, 50:50
LiCuMe(CN)






OEBPS/images/c03scy027.jpg
1Bu,CuLiLicN rBu\/\/‘“Me
o N

nBugP, -80 °C M
“ © 76

E:Z=25:75
92% ee (E)/93% ee (Z)






OEBPS/images/c01scy005.jpg
OFANAK

ThougmUExpenmem

Remove
alkene
and dock

Replace onenone

u-0 by

Cu-Me

HIzCIC
0-Cu-0 = 109.9% 0-Zn-0 = 132.3°

Cu-Zn=373

Thought U Experiment
Remove o
alkene Replace
and dock OAcby
on enone Cu-Me






OEBPS/images/c03scy022.jpg
CuTC (5 moi%) [}
OEt L10 (5 moi), MesAl Q OFt -
_— 2
THF,~78°C, 17h ) PPh,
59 60

92% yield,1,6/1,4 =0 : 100 Lo
98% ee





OEBPS/images/c01scy006.jpg
Al
PhP, 2400) o Ph Li(THF) ' Li(OEL),
2276l 28N ST 192 1 207 /243 A
N cuZBr sCu—i
PhgP~ 241y O

Tave PIETJTMET
Cl-Cu-Cl = 97.3°; CI-Li~Cl = 100.6”
Cu--Li =3.08 Cu-Br-Li = 125.0°
Cu:
1 /\O/ﬁ LHQRM 169
ClyCu. 238 " ~, HN O NH ~cl—F=siF,
ez Clizn 2680 208/\204
Q Saater” 1N <3
H2N\\)\
N
TIPZIB EBAVAK
Cu-Cl-Zn=113.1° Cu-F-Si=159.1°
Cu-Zn=4.16 Cu--Zn =4.07

M__di(A)_6() ¢(°) Derived d, (A)

4 L 194 138 20 4.4
M
o7 Mg 206 143 14 -46
"6 = Al 192 141 12 -45
R™ Svinyl Zn 204 128 8 -42

Si 185 142 19 ~4.4






OEBPS/images/c03scy021.jpg
RSN

57

TR 10 Mo
L9 (5.25 mol%), MesAl

THF, -78°C, 17h
58

With R' = COOMe; COOtBu
Yield up to 82%, ee’s up 91%, 1,6/1.4 upt0 95 : 5





OEBPS/images/c01scy007.jpg
1.1 equiv LIR?

RL_A
T,
\/\/X CuBr-SMe, (5 mol%) e
PhP™ pe = Ly (6 mol%) R?
o é -80°C
O 14 CH,Cl,: hexane (2: 1) 15
La
X R' R2 Yield (%)  7:eattack  ee (15)(%)
1 Br Ph Me? 90 90:10 99
2 Br Ph nBu 88 90:10 99
3 Br 4BrPh nBu 93 98
4 Br  nCsHy Et 100° 95
5 Br CHOBn  nCeHys 9 86
6 Br OC(=O)Ph  nBu 82 100:0 98
“In2:1CH,Cl,: toluene forMeLi  “Conversion
P
AN in EL,0 .
_Jou=Me :5 P M s P ,
P /C”\ - + LiCuMe,
16 L100°c P <-100°C \
+9 equiv MeLi 17 Lo

8,-7.5,-16.0 8,-22.3,-22.6





OEBPS/images/c03scy024.jpg
OAc n-Bu

Conditions
n-C,H‘SW —_— n-C.,H‘S/\"J\/ + G NNy
61 2 63
MBUMBI (1.5 equiv), Cul (1.5 equiv), E4,0 1315=92:8

‘nBuMgBTr (1.5 equiv), Cul (0.3 equiv), THF 1315=<1:>99





OEBPS/images/c01scy008.jpg
1.1 equiv LiR

1.1 equiv BF;-OFt, O‘
GuBr-SMe, (5 mol%)
Lg (6 mol%) R

CH,CI,

-80°C OH
Yield: 71-96%
(RRA-Lg R = Et, nBu, iBu, nCgH,4 93-97% ee





OEBPS/images/c03scy023.jpg
1.1 substitution RSN N

VU
1.3 substituton
5/ 3b 1 — | 1substiion

A6

1,5 substitution






OEBPS/images/c01scy009.jpg
Q 3
1.1 equiv RMgBr (0.1 M in Et,0)
R ————— R?
| cal. [CUBr(L,)], <5 mol%
1 R

n PCy, P
Fe PPh, = (

p 'R 78 °C tBuOMe R?
Le High yields and ee values
+dioxane ~(MgBr,-dioxane),
MeMgBr MeLi
c Me >1 e cus 1 equiv C "
/u MgBr -—[url-c]z—> /“ e
w 19
% +6.4 (PCy,), ~27.1 (PPhy) 5 +11.6,-25.4

&, +13.6,-19.1






OEBPS/images/c03scy020.jpg
SUTES (DR

L9 (5.25 mol), MeAl o
NN, NO,

E1,0,-10°C, 1h
55 56

With R" = i-Pr, Cy, p-CIC¢H,, p-OMeCgH,
Yield up to 70%, ee’s up 90%, 1,6/1,4 up to 0 : 100






OEBPS/images/c03scy019.jpg
CuTC (5 mol%) )
/\/Noz L9 (5.25 mol%), RZAI //\/NOQ
_

R

A" Et,0,-10°C, 1h 54

With R = n-pent, Ph, Cy, t-Bu, p-BrCgH,, p-OMeCgH,, SiMeg; R? = Me
Yield up to 70%, ee's up 95%, 1,6/1,4 up to 0 : 100

With R" = Ph R? = n-Bu, Et, n-Pr.
Yield up to 68%, ee’s up 71%, 1,6/1.4 up to 0 : 100

&"’%
PPh,
Fe

=






OEBPS/images/c03scy018.jpg
51

Cu(OT), (5 mol%)
L9 (10 moi%), MesAl

THF, 78 °C, 24
nhep

52

71% yield,1,6/1.4
91% ee

‘nhep

=0:100






OEBPS/images/c03scy015.jpg
Cu(OTH), (9 mol%)
L6 (9 mol), R%MgBr "
[t ol SR
OH, Ol ~10°C, 1h
42 Rl 43

With R = Bu; R? = Et, But-3-enyl, iPr
Yield up to 90%, ee’s up 95%, 1,6/1,4 up 10 0 : 100

With R" = TMS, Ph, (CH,);0THP; R? = But-3-enyl

Yield up to 87%, ee’s up 96%, 1,6/1,4 up to 0 : 100
N, N®
With 2 = Me A
R' = TIPS, 78% yield, 1,6/1,4 = 0 : 100, 90% ee
R' o dhts






OEBPS/images/c03scy014.jpg
Cu(OTH), (2 moi%)
L6 (9 mol%), RiMgBr

_—
CH,Cl, ~10°C, 1

With R" = Me; R? = Me
R® = Et, 70% yield, 1.6/1,4 = 1: 99, 91% ee

With R' = Me; R? = Ph
R® = Et, 71% vield, 1,6/1,4

99, 95% ee





OEBPS/images/c03scy017.jpg
a9

(CUOTI), CgH (2.5 mol%)
L7 (2.5 mol%), Et,Zn \
.
Et;0,-30°C, 48 h
Ph 50 Ph

78% yield, 1,6/1.4 =0
74% ee

100






OEBPS/images/c03scy016.jpg
a7

Cu(OTH) (2 moi%s)
L6 (9 mol%), A°MgBr
R,

- CH,Cl,, ~10°C, 1h

a8

With R" = Bu, Ph, (CH),CHg; R® = H ; and R® = Et
Yield up to 75%, ee's up 87%, 1,8/1,6/1,4 up 10 0: 0 : 100

With R = Me; R? = Me; R? = Et, But-3-enyl, iPr, Cy
Yield up to 80%, ee's up 93%, 1,8/1,6/1,4 up 10 0: 0 : 100






OEBPS/images/c03scy011.jpg
30

(CUOTA, CeHg (5 moi%e)

L5 (10 mol%), Me,Zn

Toluene, 4 °C, 24 h

31

50% yield

32
Erogorgiasne

+Bu

NHn-Bu

L5






OEBPS/images/c03scy010.jpg
Cu(OT), (2 mol%)
O, L3 (10 mol%), EtzAl Os

E1,0,-30°C. 12

29 28

45% yield, 1,6/1,4 = 100/0
69% ee

(1) CuQT), (S mal%)

L4 (10 moi), Et,Zn 0
_ Memmnn

(2; DBU, CH,Cly

48% yield, 1,6/1,4 = 100/0
40% ee





OEBPS/images/c03scy013.jpg
O

38

Cu(OTf), (9 mol%)
L6 (9 mol%), R*MgBr
CH,Clp, -10°C, 1h
- 39
73%yield, 1,6/1,4=2: 98,
96% ee

Mo
NN

©
CIZ OH g






OEBPS/images/c03scy012.jpg
Cu(OTH) (9 mol%)
@\)\ L6 (9 mol%), R°MgBr
T ongn o
o 34
With R' = Me; R? = = Et, But-3-enyl, iPr, Cy
Yield up o 65%, ee’s up 99%, 1,6/1.4 up t0 99 : 1

With R' = Me; R? = H ; and R® =
1,6/1,4=100:0, 0% ee

With R = Me; R? = Me ; and R® = Me
60% yield, 1,6/1,4 = 0 : 100, 92% ee

With R" = nPr, Cy, Ph; R? = H; R®=
Yield up to 60%, ee’s up 94%, 1.6/1,4 up to 99 : 1

CIZ OH ¢






OEBPS/images/c03scy008.jpg
1°) o o

Cu(OT), (2 mol%)
L3 (4 moi%), AM DBU

E,0,-30°C, 12h

20 21 22
With RM = Et,Zn 2-Napht
66% yield, 1,6/1,4 = 100 0, 89% ee 0.
PN
With RM = Me,Al 2-Napht

75% yield, 1,6/1,4 = 100 : 0, 68% ee

L3






OEBPS/images/c01scy020.jpg
R
? (pin)B-B(pin)
} LyCuX

ArO

:1 mix cis + trans

R=alkyl, (CHy),Ar, (CH,),FG

Me
!

Py
“:OO oMo

]

tBu

L

R=

From trans E = CH,OAr,Z=H
Fromcis  E = H, Z = CH,0Ar

- Equal space o

Stereo R
convergent

(pin)
90-99% ee

1:1 E/Z mix gives one
enantiomer without
cis-to-trans isomerization

Lo R
J Stereo-
R (pine-8ein) \ convergent
—_— —
OMe  CulOfBu) |
L in)B~""
(-4 ! L B(pin)
42
(CHy),Ph 97 % ee
From (S)-41 syn=(CHp)oPh, anti=OMe  Only (S) without
From (R)41 syn=OMe, anti= (CHp),Ph  ©pimerization of

41 by catalyst





OEBPS/images/c03scy007.jpg
o CuBrsSMe; (5 mol%)
R ’\/\)\sa

L2 (525 mol%), MeMgBr

g ow ¥ 9
T — SEt T H‘\/\)‘\SE‘
14 CHCly, 70°C, 16h 'all
With R" = nBu, iBu, CH,Bn, (CH,);0Bn, CH,((R)-CHMe)(CH,),08n
Yield up to 88%, ee’s up 89%, 1,6/1,4 up 1099 1 Me Me Me o
a1
Me Me Me o
Deoxypropionate units
XYPropic unit -

SEt 19





OEBPS/images/c01scy021.jpg





OEBPS/images/c01scy022.jpg
iPr

[ D—cu—one

EtOAMe,
or

AlMe,
Et,0<~45°C

D

45
X-ray: C-Cu-Me = 180.0°
5y4-0.49 8 ~12.0 (Cu-Me)

Ph Ph

MesNy—N

s

-, SO,
/ (e}
Me 49

84-1.74 (Al-Me)





OEBPS/images/c03scy009.jpg
Cu(OTN), (5 mol%)

L4 (10 moi%), R%Zn y R* DBU
R' MeTHF, n, 14h T R'
24

With R' = Me; R® = H; R® = H, R* = Et, nBu, iPr;and n=1
Yield up to 79%, ee's up 97%, 1,6/1,4 up to 100 : 0

With R' = Me; R® = Me; R® = Me; R* = nBu;and n=1
66 % yield, 1,6/1,4 = 100 : 0, 95 % ee

With R' = Me; R? = H; R® = H; R* = nBu, Et, iPr;and n=0
Yield up to 84%, ee’s up 99%, 1,6/1.4 up to 100 : 0






OEBPS/images/c01scy023.jpg
Cu-O-Al = 97--2, 100.1°
Cu-Al =3.00

rh

OQus AOR) g [\
OC—Cu—Ci2*

"
XARDUR
Cu-Cl-Al = 111.6° N,
Al R
49
PR %0 \,P"O"‘AI:H





OEBPS/images/c03scy004.jpg
Cu(OTf), (0.5 mol%)

/\/\)\ L1 (1 mol%), Et,Zn j\/\/ll\
Bu Bu

7 Toluene, 0°C, 12h 8

1,6/1,4=100:0
359 ee






OEBPS/images/c01scy024.jpg
Pr P
N \_/N YN\JN\( Nh \JN
\90
ipr Cu Py
1.90

L T )
o\ s
145 181 )
Et
50 (KUWLUK) 51 (AFOCO0) 52 (BIBPUY)
X-ray: C-Cu-CH, = 170.2° X-ray: C-Cu~CFs = 176.7° X.ray: C-Cu-CH = 177.3°
5,3.09 (C,.,) 6.43 (Cy) 5331 5,1714(C,) 136.1 (Cy)

j\ K\/S‘(OMQ)G (IPr)CUF (5 mol%)
" - THF, 1t

iPr
CqHySiF, (10 moi%)
61%
anti:syn=4:1
S
MeO. S si0Me), (20 eau) MeO N
[
2N CUF, (5 mol%) NH
SEGPHOS (10 mol%) i
OMe [NBu,JIPh,SIF,] (10 mol%) OMe

53

{BUOH (1.0 equiv)
81% ee





OEBPS/images/c03scy003.jpg
0" CuBrSMe, (5 mor%)

MgBr

s 6

6% yield

1.6/1.4=100:0 Pseudoguaiane






OEBPS/images/c01scy025.jpg
o
R \—m

H 0
‘toul eult ~==— “Lcu—| A
N LCu~—H *LOu—0—&=H
AN AT
At
oH

54 $ H

H?\OSV;; Keale = Slow YaSi
iPr iPr

-
) A NN

R

i 15, HI N T”
ci, _Cu ipr Cu iPr
N s H alies
Ar
\i Q
(INIRIH) SiMe,Ph
X-ray: H-Cu-H = 83.4, 96.1° 55 (RAKDUE)

X-ray: C-Cu-CH = 169.6°
8,,5.23 (H-C.)





OEBPS/images/c03scy006.jpg
CuBr-SMe (5 mol%)

L2 (5.25 mol%), R2MgBr F Q 0
n"\/\)%a _— 0Et = A A AP
CH;Cl,, -70°C, 16 h
1 13 @NHMES

With A" = Me, R? = Et, nBu, But-d-enyl, iPr Isolated from Temnopleurus hardwicki

Yield up to 85%, ee’s up 97%, 1,6/1,4 upt0 99 : 1
@Lpphz

With R? = Et, R" = Et, nBu, iBu, iPr, Ph(CH;),, CH,OTBDPS, CH,0Bn = PCy,

Yield up to 88%, ee’s up 96%, 1,6/1,4 upto 99 : 1 e

L2






OEBPS/images/c01scy026.jpg
R. SIR;
N EWC
R\‘/\ NG sy R G '3

EWG
SiRy =
Desired [CusiR,), M(Cu(Sil Desired
Ugly racemic MSiRy Competition !
MeaP\ 234
Ph, PhPh O Mo U —SiPhs
SIS, wSi—B o.p
/ / o o
SAKRUR

57 58 5215





OEBPS/images/c03scy005.jpg
CulOTf); (5 mol%)
L1(10 mol%), R%,Zn

DME, 40°Ctot, 24h

With R" = H, R? = Et, nBu, iPr, Me
Yield up o 65%, ee’s up 83%

With R" = Me, R? = Et
81% vield, 65% ee






OEBPS/images/c03scy002.jpg
NANANcooMe ——— - \/\(\cooMs + \(\/\cooMe
n-Bu n-Bu
1 2 3
RM=nBuCUBF,  14/16=93:7

= n-Bu,CuLi 1416 9






OEBPS/images/c03scy001.jpg
0 .

2o NQ,L
R (o R’ (o
e l e
Nu Nu Nu
S I i~
E E

E





OEBPS/images/c11scy054.jpg
299

CO,Et

COEt

COOE

Cu(CIO,)z6H,0 \)_<
(omors) O COOE

" hcetonelE0, HFIP, 20°C
3 92% yield

991  93% ee






OEBPS/images/c12scy027.jpg
Cu-X + hydride source
in situ formation

mA
144 A
150A
|7EA

(16)

s-trans:s-cis (at -25 ”C)-;
60 : 40 1:99

o
(E)17 217
0
| versus |
Ph Et Et Ph

97% 1,4-addition
(99% ee)

92% 1,2-addition
(94% ee)





OEBPS/images/c13fgy002.jpg
[{CuLX}3]
(X=Cl, Br)
(L=L1-L3)

Lo
e

Lo ~Cl
Pd
o L

Pd

[PdL,Cl,]
(L=L1,12)

o. o._/
PN PN
T
L2 L3
y L c/x\c
_Cun —ci_ pu—
XN X
[Cu(L3)3X] [{CulX},]
(X=Cl, Br, TC) (X=TC)
(L=L1-L3)
24
“Cl 130, L3 ol
Pd Ir
~ci Eghalt =",
[Pd(L3),?* [Ir(cod)LCI]
(L= L1-L3)





OEBPS/images/c11scy053.jpg
T

o S/ Ph O
D N
N CO,Me
N ph/\)kCOZMS ——— X
H Cu(OT), (2 mol%) HN-

194

226 E1,0, 7810-30 °C 227

77% yield
599% ee





OEBPS/images/c12scy028.jpg
MesSis,

) /Cuw?f tBu
N,

MeO,C Rb SiMeq

229.9 ppm

(20)

Key
minimized
steric

interaction
el

ee

Minor
minimized ) 3.
sterc
interaction

dr





OEBPS/images/c13fgy001.jpg
@ e 21 B
l 1
105
- 14
15
by 16
[CuClLly Cu_ Cu—L 5
N7
L1 H
ct c2 150 140 130 120
~— d/ppm
o, o
ot o’g

] L2

CuCl





OEBPS/images/c11scy056.jpg
i-BUOH,0°C

R
R COOEt 236 (11 moi%)
m v = Cu(OT), (10 mol%)
N Ar COOEt

194 235 237
70-99% yield

95-99% e





OEBPS/images/c12scy029.jpg
Steric
@~ @ —o L ‘g\i@

Ho N HooLN= face N
\o—Clis! \o—Cu_ e
10,07 10,07 \)/ 0
R10,C R10,C P
R'0,C

Ph

(22) (23) (24)





OEBPS/images/c11scy055.jpg
@
N
H

194

COOEt 233 (5 mol%)

. = CuloT),
Ar COOBt “eonz0c.en
232

Ar=Ph, 4-MeOCgH,
4-CFgCgH, and so on

Ar, COOEt B

| cooet e \h,\o)
N N N
H . B
o DR gy P
Ar=pPh

Cu(OTf),/ligand 1/1.10  85% ee, 93% yield
Cu(OTf).Migand 1/1.04 >99% ee, 97% yield





OEBPS/images/c11scy058.jpg
R
q o \©f\§_nz n
N N
ArWOH oA
241 202 TR ) 243 241a 241b
RYo 80-86% yield 80-95% yield

B 83-98% 66 68-97% ee
Ar R

R=0Me. H. Bu





OEBPS/images/c11scy057.jpg
- IS e
> N Biowme), ent72

7 P(OMe),
N Cu(OTf),
R (20 mol%) N
238 239 CHiCL A 210

62-99% yield
86-98% ee





OEBPS/images/c11scy059.jpg
2

244

oS

R

oG
LR "?\
F

245

NG
Ph 1 Ph
26

N
Ph 6 molt i
P cuoT),  Pr
(5 moi%)
CHCl, -20°C

75-98% yield
83-00% ee





OEBPS/images/c04scy049.jpg
CuTC (5 mol%)
L33 (5.5 mo%) P
NN ——F . e
RMgBr, CH,Cl,, 78 °C, 4h
R =Me, R’ = PhGH,CH,
66% yield, $,2//S,2 = 90/10, 90% e
R=Ph, R'=Et
71% yield, S,27S,2 = 97/3, 91% ee






OEBPS/images/c04scy048.jpg
ouTe s et
L33 (5 5 mol%)
Y e

A AMgBr, c»—wz 78

75-95% yield
S\2/S\2 ratio up 0 98 : 2

Upto 99% ee

R = alkyl, aryl, timethylsilyl R = £, n-Bu, £, Cy, etc






OEBPS/images/c04scy047.jpg
R = aryl, ester

CuTC (5 mol%)

132 (5.5 mol*) Suzuki
AMgX, CH,Cl. Cross-coupling
ELa Upto99: 1er

Z/Eupt099:1






OEBPS/images/c04scy046.jpg
CuTC (5 mol%) R OAc

AcCl, ZnCl, L31 (2.5 mol%)

M ch,, 100 RMgBr, CH,CL,

R = Ph, 2-furyl, Me

K,C0;, MeOH
nih

B O 65-90%yield

T Uptooaiee






OEBPS/images/c05scy020.jpg
(1) (
" o
Racemic
9a,b
2)
o
Racemic

Ph

Ph Y L,
P-N L
) 0
PH Ph? =
R
RMgCI (0.51 equiv)
CuTC (3 mol%) (
Ly (3 mol%) nY
CH,Cl,, 78 °C OH
KR
10a,b

i-PrMgCl (1.5 equiv)
CuTC (3 mol%)

Ly (3 mol%)
Solvent, ~78 °C, 3 h H

RKR OH

10db

64%

54% ee

11db
34%

<099% ee





OEBPS/images/c11scy050.jpg
o o
Aro)K(kom . HN/U\
R' /J\R2

213 214

Ar = p-MeOCH,
R'=Me, Et, i-Pr

R? = Aryl, heteroaryl, alkyl

PR Ph AO OAr
NH - HN— [o Je] Her, R'
A (552.::\%1 Ao onr T o
Ar= S-anthraceny! Al 217 ggfgiéyiem
-94% ee.
Cu(OTf), (5 mot%) 2N
Gl 78°C R J\ N, Q@
216 o THE A0 OAr
A
R?7 NHAC





OEBPS/images/c05scy022.jpg
R* R

e

(R =Me, Et, i-Pr, n-Bu)
R,Zn (2.0 equiv)

Cu(OTf), (3 mol%)

R® Lg (7 mol%),
R R Zn(OT), (1.0 equiv)
- Toluene, 1t

R' = Me, R2, R®= H
R? = Me, R, R®= H
R3= F or OMe, R', R® = H
R2 - OMe. R' R®=H

R%ho R Ryo A
R R RS 3
0 X
R R®
R? R R
43 44
anti syn
antilsyn up to 99/1

ee(anti) up to 99%





OEBPS/images/c11scy052.jpg
*OHN

o
Hore

224

B

Cu(OT (10 mol%)
CH.Cl, 1t

51-87% yield
91-99% ee





OEBPS/images/c05scy021.jpg
L

O
" o

CO,Me
RMgX (1.0 equiv)
CO,Me  Chiral ligand Ly, or Ly, (8 mol%) CO,Me
n Cu(OT), (4 mol%) e COoMe + & CO,Me
CH,Cl, N
+)-40a, n ~78°C.4h 41a, n=1 COMe n

41b,n=2





OEBPS/images/c11scy051.jpg
\HK/\ CH,(CO,Me), MeNO,

N 219 R Conversion e (%) Conversion ee (%)
\ PR Quant. ot o7 85
\ NuH = 02:3‘002'“8'2 pCICH, 75 %0 72 85
Cu o 0-BiCH, Quant. 99 70 o
MeNO, 2-furyl 96 86 Quant. 87
\ 169 Me 9% 58 95 62
222 . o Nu
(Salmon testes DNA ]
18/cu’ _ 7N
o) <\/N\ 221 Sy WY





OEBPS/images/c04scy041.jpg
La)
GuBrSMe (5 mol%)
©:VW\BV L7 6 mor) @[ s paona, @mom v

RMgBr, CH,Cl,, -80°C TBAATBAB (1/2)

L Br 100°C R
Y=0,NTs
_ 70-99% yield 80-96% yield
R=Ms, B, j{\ﬁ/\ 95-99% ee 96-99% exo, 95-99% ee

n=1,23 o =200





OEBPS/images/c05scy024.jpg
46
(exo attack of the in situ generated organocopper)

Cu(OTH), (3.0 mol%)

RAAI(15-4.0 W) | |igang L, (6.0 mol%)

CH,Cl,, 0°C
o= N0
~ 7 o o
N—NH and N—NH

a7 48
Up to 80% ee Up to 86% ee





OEBPS/images/epsilon.gif





OEBPS/images/c04scy040.jpg
i ad

Tos CuBrSMe; (3 moi%) Hoveyda N
! L7 (4 mol%) ~Grubbs Il (5 mol%) (
N —_— n
AN - NS -
4 eMgB, CH;Ch, -80°C CH,Ch, 40°C -
n=1,23 72-85% yield X
Vo >95/5, 90-99% ee 90-99% yield

90-99% e





OEBPS/images/c05scy023.jpg
Ph

RMgX

Ly, (125 mol%),
NaBAIF (1.25 mol%)
DCE, -20°C, 1-12h

Cu(OTf), (0.5 mol%)

43

antifsyn >99/1
ee(anti) up to 99.6%





OEBPS/images/c05scy026.jpg
© Ryzn _ALCUOTN,

or Chiral ligand
RAl

Stereoselectivity factors up to 5.1 for n=
Stereoselectivity factors 8.3 for n= 2






OEBPS/images/c05scy025.jpg
49a, PG = Cbz
49b, PG = Boc

CUTC (3 mol%)
Lys (6 moI%)

MTBE,0°Ctort, 16 h

L
P-N.
)

pi Ph?’\

Lis

71-90% yield
60-94% ee





OEBPS/images/c04scy045.jpg
(CuOTH,CoHy 25 mole) Ny
130715 (55 mor) :
TNy P ALY
AMGX, CHiOl 780
Y=Cl,Br Vo= 100/0
fi=8u, £8u, Oy, -OHg,Pn  UP1094% e

0/
TS T,
P-N )

) P-N
O~ OO
Q

L13 Ls A\






OEBPS/images/c04scy044.jpg
PhMe,Si
With L22e R = H, 91% yield, y/a >98/2, 93% ee
With L22b R = Me, 85% yield, v/ >98/2, 91% ee

mrHex  DIBALH (1 equiv)

Hexanes, 55 °C, 5 h CuCly 2H,0 (1 mol%)
l J T e AAFBU: | 1226 0r 1226 (0.5 mol)
M (1.5 equiv) THF, -15 °C, 3
R
PhMe,Si )\/\OP(OE\)2 AT DIBALH (1 equiv)
ELAIC! "
Ar—Li ———— Ar—AlE, @ equiv) || 5 mol% ELN
BCon e (3equiv) .
Al(iBu),

CuCly 2H,0 (1 mot%)
L22b (0.5 mol%) CuCl, 21,0 (5 mol%)

THE,-30°C L22a (25 mol%) A
Ar. Me THF, -30°C A\ Ve
PhMe,Si PhMe,Si~ N7
Ar = Ph, 81% yield, v >98/2, 92% ee Ar=3-FPh, 91% yield, y/o =98/2, 92% ee.

Ar = 4-OMePh, 97% yield, yio: >98/2, 94% ee
2-furyl. 91% vield, vio >98/2, 73% ee






OEBPS/images/c04scy043.jpg
ATy et LT RS-
L19 (1 moi%) .
PhMe,Si. ~_ OPO(OE), ————————=
eI ® Rzn, THF, 15 C, 240
$.2/5,2>98:2 SiMe,Ph

R = Et, 72% yield, 98% ee
R =Me, 94% yield, 96% ee
(CUOT, Gyl (2.5 mo%)
N 0POEY L19 (2.5 mol%) A
8,Si. ), —————————
N ® "Rz, THF.15°C, 241
Me $\218y2 598 : 2 Me “SiMe,Ph
R = Et, 75% yield, 91% ee
i-Pr, 81% yield, 92% ee






OEBPS/images/c04scy042.jpg
CUTC (5 moi%)
4 130 (5.5 mol%)
— . 7
ClaBor

EIGEY, CH,Cl,, 78 C
08" Et

¥ :$,230: 1,96.5% ee

() RCHO, BF; OEt,
—78+C, 40h

(i) Aqueous NaHCO,,
—78°Clont

OH Up to 80% yield

NUE E/Zupto2sit
RN Up to 94% ee





OEBPS/images/c12scy020.jpg
2+

L,

reinteraction "8+ ../

Square-planar

(9)





OEBPS/images/c12scy021.jpg
X = OTf (75% ee)
X = Cl (0% ee)





OEBPS/images/c12scy022.jpg
Substrate
X =OTf, SbFg

Ph
14
Ly=sgn
W/
Sg=N—Cii
o> /10,
Ph” 70





OEBPS/images/c12scy023.jpg
Stabilization

of developing Typically SO,Ar(Het) or P(O)Ph,
negative charge 17
vital EWG o

-
r."\\)J\H H

Aryl (Y = CH) & I
or CO,R unit v
e Ketones only Large group or
viable with 1,4-addition dominates
CO,R or GF5
with: here

ZnR,, RZnBr (rare), in situ M-CCR, RMgX.





OEBPS/images/c12scy024.jpg
2.00A

(R,R)-BozPhos Core structure of NAPZAF

[CUCI{OPBU{(N=C(NMe,),

Core structure of NAPZAF
[CoBra{OPMe(N=C(NMez)2)2}]2

02
_S< PPh,
N7 SAr —
Bl Phop S R
u(0Bu
Ph i Fe {t squvy
an Fe PhCCH
Ar = 2-pyridyl, Ph (1 equiv)
pyridyl P

1%

Couples with  Does not!

RZnBr

(S,5,R.R)-TRAP

(12)





OEBPS/images/c12scy025.jpg
PO/ b Br—MgBr
(P/\Qul—-nb P
L P10 Q
' . R,
Ph7 S Ph
(13)
Y = Large carbonyl Y = Small reductive

attack prefered elimination prefered

Br—MgBr






OEBPS/images/c12scy026.jpg
PBu,
L = phosphine, NHC PPh.
Cu—X + E—=H ——————— = CulL—H + M—=X &

Fe
X=Cl,0Ac E=SiRg, SR,

(15)





OEBPS/images/c11scy065.jpg
9
A com

268

(1) NCS, nt

(2) (PhSO,),NF, 40 °C
269/Cu (0T,
(12/10 moi%)
MS4A

R 17y CORE
F Cl RS F
270 o
67-73% yield 2
79-92% ee R‘J}{COZR
‘ Ny F 272
NHBoc 5
R‘)YCOZRZ A O,R?
F e F 273

274





OEBPS/images/c12scy016.jpg
O, Chelate vital
[P

N —

o Cu-box
i\ -

face
open

c d“

Tondo
"top face"
attack.

(8)






OEBPS/images/c11scy064.jpg
o

. ents, ent97, or 62 HH)’\ i

H\)kcoza L8100y Sompamery " oo

ST L Bno,C. N, ;

NGo,gn  THForCHCL “ON oo

2 i

263 264 265 :
44-78% yield tooPh Ph

70-96% ee H

Q9 8 | ent8:R*
BRSe u(0Th, o uyCOEN b enter.pi=ph,

i OR® + N (0.2-0.5 mol%) 1 i
2 N fo205mo%) ! 62:R*=Ph, R°=Me

i coBn G0y i

266 264

70-96% yield
87-00% ee





OEBPS/images/c12scy017.jpg
0

z= (N/N

&)

o o]
N A






OEBPS/images/c11scy067.jpg
19w

X gt -
g CO,R? Mg~ 2sor
o + ( PR 282 PO
N CO,R? or ent-282 (20 mol%)
" PoNEL 3 ANS
280 281 CH,Cl, 72
X=ClorBr Rz = Me, Et, Bn
= Alkyl, aryl
o
COM
Me0,c- % ew CO,Me,
MO N
. MeO
NaGl, H,0 00
DMSO, D N
H
284

283a (99% ee)

R?0,C.
N
H
283

44-84% yield
74-94% ee

]

NH,NH, H,0

EIOH, 90 °C

CO,R?
i

MeO.





OEBPS/images/c12scy018.jpg
R® R®

s

R? / \ Fi2 >
C o
Endo attack Observed Exo attack

|
A

Not observed





OEBPS/images/c13scy008.jpg
@) ® "
( + CuBr N
P Php N PPh;

P
i

CuBr-SMe, 6 mol% § .

L6 mol% o

RPNy ¢ AL

80 (R,Rp)-Taniaphos L10
80 °C, CH,Cl, >Cu~Br .

ee up 1o 99%

10 equiv MeLiy, c9 10 equiv MeLiy,,

i °
Ether A9 Me
(ot —— 1> ( S
i “Me





OEBPS/images/c11scy066.jpg
o o NAT
F('JQ\(KOHS + )Y
R? H

275

DDQ DDGH,

ent:69 (12 mol%)
_CuOTN, (10mo%%)

“ooa(oequm
THF, 40 °C

N
NN

7%
R‘)\)\onz
14

278

276 J ArN/ﬁ(OH
o

279

LAr
o H

R COOR

R? "COOR®

277

60-82% yield
dr2:1-7:1
81-96% ee

277





OEBPS/images/c12scy019.jpg
Proposed
square-planar
intermediate

Cul(S,S)-'Bu-BOXIX,

i)

Opposite
stereochemistry

4

Cul(R,R)-Ph-BOXIX,

Proposed
tetrahedral
intermediate

Ph

ﬁcu'o\ OEt
( ‘OJZ@
Ph

“Back”
face
addition

s

“Bottom”
face
addition






OEBPS/images/c11scy069.jpg
Ph Ph Ph.  Ph T><F° Ph  Ph Ph, 48% yield
(| —
H + )‘,, 5, NN \Z < + . >99% ee
HO  OH  HO OH < o}, MO OH HO 0Bz s2645
o T
200 ent-290 - 290 203
(5 mote) 49% yield
. PhCOCI (0.5 equiv) + 84% co
\ DIPEA (1.0 equiv) / 5=28
5 o ud ow CH,Clp, 0°C HO OH  HO OBz

291 ent-291 291 294





OEBPS/images/c13scy006.jpg
Py

Br,
( \Cu'
7 ME

-

MeMgBr
MgBr <———

e
B

Nouz™50uf

TN

C7a

,
)
.

LiMe

e (5

or MeMgBr
with dioxane





OEBPS/images/c11scy068.jpg
(D
s
N—Cu—oTt
i
\_ N .Ph

288 OI

o (1) Csl (2 equiv)
Me. BFE1,0 (2 equiv) Me.
CO,tBu 4 OH -
" MeCN, tt, then i-Pr,NEt
Me (2) Cu(OTH), (10 moi%%) Me'

o
286 287 25812 moti) 289
(3) BF5E1,0 (8 equiv), rt
84% vield, 99% ee

Ph






OEBPS/images/c13scy007.jpg
@)
o}

Pn/\)LOMe

@(L"% N '%
—cul

Ph2 Ser” Cy2

C7ab

cat, EtMgBr
CH,Cl,

cat=C7a, b, ab

__2RMgBr

)@
Ph’ OMe

RC
QJ‘ VB
Fo /Cu\R/MgBr

p
S

Ph,

"

B

Big

Ph,P:
—Cu

=

Fe

C“@





OEBPS/images/c13scy004.jpg
+ RMgBr

[Cu] 1 moi%
L8 orL9 1.1 mol%

~78°C, 'BuOMe.

R0 PCy,

AN, Rl
oo, S

(R.S)-Josiphos L8

P"zPJ?Q
Cy.P” Fe

(R.S-L9





OEBPS/images/c13scy005.jpg
Ry’

PRz Cux PBCZ N
Fe PR, 77 g — ”\X/C“~p Fe
tle

Y=¥ CH,Cl, or Et,0 > R

L8 (R = Cy, R"=Ph) C7a(R=Cy, R =Ph, X=Br
L9 (R = Ph, R"=Cy) b (R=Ph, R = Cy, X = Br

CuX
CH,CN
or MeOH N

Sy
q"‘ e

Fe ~p —CuX
=N

C8

M
3%





OEBPS/images/c04scy057.jpg
MeO =

DIBAH.THF, 4 °C, 12,

I~ I~ oroiom, ————
OPO(OEY; (1) cucl, Hy0 (2 molte)

One step from geraniol L22a (2 mol%) Bakuchiol

THF, 15 C, 61 N o & o )
(o) Vvl 180G, 1omin 727 overal yield, >98% $y2'| L22a (Ar = 2,6-Pr,Cat)
>98% E. 82% ee

lePPng)ymg (3moi%)  HO






OEBPS/images/c11scy061.jpg
COOEt

0%" CF. OOEt
FEY 5

85 "
Ny o+ = i-pf 10mol% pr 1 COOEt —=»
N CF; COOEt Six steps

194

H

251

N
Cu(OTN, (10 mol%) N
£1,0, -85 °C, 3h H 252
96% yield

90% ee

94% ee





OEBPS/images/c11scy060.jpg
vy 7N —

Cu/ONA
H0
20 MM MOPS, pH 6.5

45-87% yield
69-93% ee





OEBPS/images/c11scy063.jpg
261 (25 mol%) R
D) ==, NO,
[ T ¢
N toluene/vater R —NH
259 260 e 262
85-99% yield

90-98% ee





OEBPS/images/c11scy062.jpg
O (CuOTH, Cybly
Oy 3,
N R*" H ThAP 2.0 equi)

R
254 255
R'=H, Me R?=Ph

nChr

PhC,H,

257 (11 mol%)

Toluene, 1t
256

R®=Ar

alkyl

29-90% yield
dr=1:2:0-1:19
87-99% ee






OEBPS/images/c04scy052.jpg





OEBPS/images/c04scy051.jpg
W
~P(OEY),

i
(CuOT), CgH (5 mol%e) 9-F(OEY,

L4 (20 moi%)

1,2, toluene, ~40 °C. (OEY),

n=1 69% yield n=1  anti(94%ee)  syn(racemic) anti/syn: 85/15 L35 F‘z = (R)-CH(Me)Ph
n=2 86% yield n=2  (>98%ee) L4 R?=(S)-CH(Me)Ph

0
o- B otzn2

(1) (CUOTI Gl (5 mo%) oH
L35 (20 mol%) Q

o—f(otzn2 @LAH, <}

(e} 86% ee





OEBPS/images/c04scy050.jpg
0
—~P(OEY), (CUOT), CoHy
D

RyZn R ’cv—”qua)2

R =Et, Me, n-Bu, Ph, i-Pr,

£, L34 (10 mol%), (CUOTH), CaHlg (10 mol%), ~60 °C, (S.5), 88% e, >98% yield

R = Et, L35 (20 Mol%), (CUOTI), CgHg (5 mol%), ~40 °C, (A,A), 87% ee, >98% yield
Me, L34 (10 mol%), (CuOT), CeHg (10 mol%), -60 °C, (S,5), 94% e, 75% yield

R = Me, L35 (20 mol%), (CuOTH), et (5 mol%), 0 “C. (R.A), 87% ee, 54% yield

= Bu, L34 (10 mol%), (CUOT), CeHg (10 mol%), -60 °C, (S.5), 88% oo, >98% yield
A = n-Bu, L35 (20 mol%), (COTH), CyHs (5 mol%), ~40 °C, (A,A), 72% ee, 52% yield
Ph, L34 (10 mol%), (CuOTH), CaHg (10 mol%), ~60 °C, (S,R), 68% ee, 60% yield L35 R = (R)-CH(Me)Ph,






OEBPS/images/c04scy056.jpg
0COCF,

CuTC (10 mol%)

O, .
.

L37 (11 mol%) O o
— ", LFN
Rl AMgBr, DCM,78°C ‘O o

R' = H, Me (cis) R=Ph(CH,),, c-Pent (Up to 97% ee)

L37 R?=(S)-CH(Me)Ph





OEBPS/images/c04scy055.jpg
anti-$,2°

Oxidative
addition

Cull
MeMgX

Cull
MeMgX

anti-Sy2

Reductive

elimination






OEBPS/images/c04scy054.jpg
Br CuTC (7.5 mol%) 8
R'  L4orLa7 (8:3mol%) R
R AMgBr H’«O/
IS DCM, -78°C R
racemic (Ror S depending on the case)

R' = R = H; R = Me, Et, n-Bu, Ph(CH,),, +-BuOBU, Me,C=CH(CH,),:
90-99% ee, yields up to 99%

R' = R? = H; R = Cy, c-Pent, -Pr, +-Bu, Bn, tBUCH,: 28-74% ee,
yields up to 98%

R" = Me, CN, CO,Et, Br, R = H; R = Ph(CH,),: low ee's

R = Ph; R ; R = Me, Ph(CH,),, n-Bu: 97, 82, and 78% ee resp.;
80-85% yield

R' = H; R? = Me; R = PhCH,CH.: 97.5% ee; 94% yield

L37_R? = (S)-CH(Me)Ph






OEBPS/images/c04scy053.jpg
CuTC (10 mol%) R
L36 or LS (11 moi%) g
_ P
R® AMgBr, siow addiion RN SRt e

R R

Yield up to 95%

DCM, 78 °C

racemic ® @
R = Ph(CH,),, CoHzs,

Me Me,C=CH(CH,),, 74%-90% ee 76%-91% ee E/Z:44-49/51-56
+BuOBu, Cy
=nBu  R=Ph(CH,), 88% ee _ EiZ: 48/52
R'=Ph R°=Me R=Et 84% ee 92% ee EIZ:49/38
() pro E (R pm -z

/\/\ ‘*Me/‘_# MS/A_—j\

(R.E)

! Attack on siface ' Attack on i face





OEBPS/images/c13scy002.jpg
L4 L4---AlMe, Lagy
13 ppm 35 ppm 43 ppm





OEBPS/images/c13scy003.jpg
EuMgC\

O
>( T
0~ "

Cu-Thio-TADDOL

Bu





OEBPS/images/c12scy010.jpg
0 <« O

(8)5 (R)-5
DYKAT-mechanism

L Br v BF\CU,L“
Cu, Cu, D
S — || — [
n'-allyl B n-allyl n'-allyl A
I RCUL* RCuL* T
Br Br
Racemic
mixture
(514 (R)-4
RCuL* DET-mechanism RCuL*
Simple Sy2 anti-Sy2’

Koow

Kast

oy

(R)-5





OEBPS/images/c12scy011.jpg
o oM
.
A T A

Aldol reaction

C- o
¥

Diels—alder reaction

[
Cu-cat.

Ligand*

R?

OH O

0 R®
X R

(X
Y7 R





OEBPS/images/c13scy001.jpg
Low

@ L\ &, L. temperaure N & A
Cu_ Cu—L ¢ U Cu
—_—
[ \\, L/ \\/ \L
c2 c3
(b)
e Q_ QQ— © NS
oo _owci=2:1 Gy _cu=2:1 i “bu—L
g &Y
X=ILLU=11,12
1
S 230K (d) N
ci
—— J\ 220K A NN
N

- A—zmx

A M
L2
e M ok A © "
.._J“L‘QDK._J_A_A_
e LN e ey

180K
150 140 130 ppm 150 140 130 ppm 150 140 130 ppm 150 140 130 ppm






OEBPS/images/c12scy012.jpg
BnO.

[¢] 10 mol%
CH,Cl,

H OH &

€) S'Bu
or..

Me, OH @
(s) S'Bu





OEBPS/images/c12scy013.jpg
v [CulLXe >
RS A
R R
Complexation
Decomplexation
RL_o_ |2+
O Rl OSiMe; ji/ Neutsy
& - - Sa S 2X
. _Y=culL) Ny
R? (6)
Silyl transfer Addition
Intermolecular |\ Intramolecular OSiMes

RS
5
~Cu(L") B
9 Rl O \ - MesSIO R! O/(iu(L)—l 2+
Y
Ras/u\)\( - /U\)\( 2%~
RS
R? ~MegSiX 8
(7)
L*=Boxorpybox  R%=0OMe, Y = O (methyl ester)
R%= Bu, Et, Ph

R'=MeorH R2 = 2xH,

= OBn (benzyl ether)





OEBPS/images/c12scy014.jpg
o OH

tBus )J\\&OBn

()

OTMS

S'Bu

“Front”
face Five-coordinate
open





OEBPS/images/c13fgy004.jpg
C7a

@)

[ D N

19°9g-——= . N\
92—\
§5'vg-——
09°62-—"

WO _Jpo6l-—,

Ll ez

90'9—

o €LL
129
298
6L kL
02—\
el—~  _J 2
oP— = Mm.w"|l

(b)

(€)

T T T T T T
-50 -100 -150 -200 -250 -30.0
ppm (t1)

T
0.0






OEBPS/images/c12scy015.jpg
N O
N2+ 0N | HO_ H O
SN2 10 v’ — Bn0\>\/u\ H
d () s'Bu

e

% OTMS “Front*
/J\ face Structure CEBQUY l_j\

S'Bu  open shows selectivity due
to C=0 face blocking





OEBPS/images/c13fgy003.jpg





OEBPS/images/c12scy005.jpg
RNl N e

R'

elimination

Cross-coupling

RN

.
RS
Reductive Cross-coupling
2
N N
Homo-coupling





OEBPS/images/c12scy006.jpg
S = Donor solvent

E-product

Zproduct





OEBPS/images/c12scy007.jpg
4]

Reductive
elimination

Ao

v-Product

\m/x X /H
"
clus, el

@)

Reductive
elimination

Rearrangement

P Y R
o-Product





OEBPS/images/c12scy008.jpg
1. Kinetic resolution

2. Dynamic kinetic

(KR) resolution (DKR)
s, P
A\\\\ cat” A
m
7 Tk
Ss @ ey
ky>> by Knay Ko >> kg, ks

3. Dynamic kinetic asymmetric

transformation (DYKAT)

4. Direct enantioconvergent

transformation (DET)





OEBPS/images/c12scy009.jpg
n Ph

Ph
= CuX (10 mol%) = < N = >
_—
m RMgY (1.5 equiv) m m (@)
(-3 ()-8
O Cu(O-1Bu) (5 mol%)
B B o Umotn "
E( 0,30°C
(0.6-2.0 equiv) B(pin)
>90%, >90% ee
0Bn
D anti-8,2 D
L Ca—
ﬁ Cu(O-tBu) (5 mol%)
L* (5 mol%) B(pin)
(pin)B-B(pin)
0OBn ©
Du.. I e 8

syn-5,2°

B(pin)





OEBPS/images/c04scy027.jpg
—— y-Disubstituted substrate B.y-Disubstituted substrate:
Nocas Ny Q‘—g No, Cat.*
Z?xm o "

N\
Quaternary center






OEBPS/images/c06scy010.jpg
10 mol% [Cu(MeCN)4]PFg Me, Bu
9 15 mol% LiOBu 2 N Q\P:
12 mol% 18 NaBO3 @[ \I
R 1015 eaui) THF/H,0 (Ph N7
o DMSO, rt N
":5"0"2 (No ROH additive) " 8pin 22 §4£2Hee B Me
' (R.R)-QuinoxP*, 18
o o
S O il B & &
Bpin Brin sein Bpin Bpin

51a,98% ee 51b,94%ee 51c,85%ee 51d,98%ee 5le,98%ee 51f, 70% ee

10 mol% [Cu(MeCN)4JPFg

15 mol% LiO'Bu OBpin | (1) !;h?:oh
_femot%et? i
1 (1.5 equiv) L«Ph @0 =

Ph DMF rt,6h

S0a N A

54,91% e
(dr6.5:1)





OEBPS/images/c04scy026.jpg
R? CuBr-SMe, (S molis) R? B? R2

L (s mo%)
R‘J\/\x B e r— R|X/ + R‘J\/\Rg

RE-Li
X=Br,Cl CH,Cl,, ~80°C ~-adduct a-adduct
R® =1 and 2™ alkyl
X=Br,R'= n-Bu, 8% yield, yio = 90/10, 9% ee
With L7
. { -Hex, 92% yield, yio: = 90/10, >99% ee

Pr, 7% yield, yio.= 90/10, 91% ee

With L13
ec-Bu, 80% yield, yio. = 97/3, 82% ee

-Bu, 90% yield, o= 91/9, 95% e
Ll l -Bu, 92% yield, o= 87/13, 92% ee
X =Br, R' = Ph, R? = Me, R® = n-Bu, 92% yield, y/o = 98/2, 84% ee
With L25 bR L i)
X=Br, R' = Ph, R? = Me, R® = n-Hex, 92% yield, yiu.= 9218, 72% ee

Php N7 PPh,

Fe

<

L7 (Taniaphos)






OEBPS/images/c04scy025.jpg
R
R‘J\/\OP(OEI)Z CuCl (5 mol%) H

2
. 122 (5.5 mol) i j‘\)
- .
NaOMe (15equv)  gio~ng © RIT D
BPin THF, T°C -adduct a-adduct
Up to 92% yield
Up to > 96% ee L22b (Ar = 2,4,6-Me,CqH,)
L22¢ 25°C, 48 h, R = Ph, R? = H; 79% yield, yio. 96/4, 91% ee (1220 (Ar = 3,5-(2,4,8-iPrsCqH,)CeHy

L22b-30 °C, 48 h, R' = Ph, R?

\e: 74% vield, vic 98/2, 87% ee.





OEBPS/images/c05fgy001.jpg
(a)

(b)





OEBPS/images/c09scy041.jpg
OAc” 138 HN,Boc
.Boc 10 mol%
)"‘l VNOZ 4-tBu-phenol Ph)\/ NO2
+ _— :
Ph Me THE Me
139 140 141

96%, 20 : 1 dr, 94% ee





OEBPS/images/c11scy070.jpg
Ph  Ph L Fn

. cat. (0.5 mol%)
0 OH MO YOH  PhCOCI (05 equi)
DIPEA (1.0 equiv)
(ent)-290 200 CH,C1,,0°C
o
SO
Me
N0
~ o)
S,N\ N\) i \"’\)
ol G N, N
Bn ;% Bn ot
¢ o Bn O Bn
cr c
295 296
49% yield
99% ee ((ent)-293)

761

Ph,

HO

oH

(ent)-290

Cycle

SR

Yield (%)

M
38
37

49
7

h
0Bz
(ent)-203
ee (%) s
599 >411
985 245
o7 117
91 61
98 203





OEBPS/images/c04scy024.jpg
R

J\/\OP(OEQQ CuCl (5 moi%)

123 (5.5 mol% R R
+ *»l mol) 3 Ar —N @ N
o NaOMe (2 equiv) R' ~
s_g THF,30°C, 16 h K
OB, >< Up to 95% yield Ho' pr,©
.o Up to 94% ee
(R° = aryl, heteroaryl, alkenyl) 123 Ar=9anthryl

R'=Ph R®=H,R=
R

-MeCqH,, 93% yield, y/o 991, 91% ee
h, R? = Me, R® = 3-MeCH,, 89% yield, y/o. 99/1, 90% ee






OEBPS/images/c09scy042.jpg
2PN
0

&N [\
ey 142

’ PMP
PMP Cu(OTI), e HY !
. - u(OTh, :
J‘ . TMSO\NKO 10 mol%. ph/\rE‘
E10,C KE‘ THE NO,
133 143 144

84%, 15 : 1 dr, 94% ee





OEBPS/images/c11scy072.jpg
X

N yenBu
N 28

HO\ g N~/
:><R2 o Comor %
o/ R cuc, (10 mory

8201 (15 oqui)
230 EtgN (1.1 equiv)

A2 = Alkyl, CN CH,Cly, -20°C
Ph, —C(R) = CH,, and 50 on

67-99% yield
49-98% ee





OEBPS/images/c11scy071.jpg
oy

N N? PhCOO:
o thu ot
HO™\ oW gi ent1% g, Loucs, P ><R
o/ A +CuCl, (5 mol%) 288 -8 (30 mot%) HO
207 5201 (1.1 equiv, EtgN (1-2 squiv), THF, 1t 299
74-98% yield

80-94% e





OEBPS/images/c04scy029.jpg
CuCl,2H;0 (1 mol%)

Z 120 (0.5 mol) R
Me./ Me OPO(OEY), ———— = Me M Et
E420, THF, 15 °C, 16
M

Me 3
82% yield

S\ 1S\2>99: 1,94% ee

With L17: S\2” : Sy2 > 30 : 1, 82% ee






OEBPS/images/c11scy074.jpg
S o)

cuotn, B HY
B RLELBO, MSSA P R
o BenzenalCH,Cly (2 1). 1
235 236

Yield 44-88%
e up 1o 95%





OEBPS/images/c04scy028.jpg
Ph (CUOTH CeHls (S mot%)  Ph,

NP0, U7 N

Me Et,Zn, THF, -15°C, 24 h Me Et

77% yield
S\2:Sy2>30:1,91% ee






OEBPS/images/c11scy073.jpg
o
)y

o

Mpn

233

Lewis acid
(30 mor%)
R'X, Et48/0,, CH,Cl,
SR
R?=BuorPh
Entry R'X LA Yield (%) dr
1Pl Mg, 93
2 tBul Mgl, 84
3 i-Prl Cu(OTh, 93
4 tBul Cu(OTi), 90

[
N_N
6

s

78°C

37:
99:

30

99:

e (%)

93
97
-79
-96





OEBPS/images/c05scy002.jpg
FuloT, fIn CHLEL)

Cu(0y s4oH2;on ), (in H,0)
Ph, (10 mol%)

Ph

):0 " m (5,5)-L (12 mol%)
N H,0 or CH,Cl,, 1t, 22 h

Ph__ .OH

Ph’

80% yield, 96% ee in H,O
60% vyield, 86% ee in CH4Cl»





OEBPS/images/c06scy018.jpg
5 mol% CuCl Ph Ph
3 T

5 mo% 29b . 00
20 mo% NaO'Bu ¢ 4
RA~, . |— R ) N
1 (2.1 oquiv) Bpin Y Bpin @/O & )
78 MeOH (3 equiv) 79 Bpin Pr
THF 50 Py
~156°C (or 0 °C) 20b
o Bu NHBoc
Bpin Bpin Bpin Bpin K(\Bp\n
Bpin Bpin Bpin Bpin Bpin
80a,89%ee  80b, 94% ee 80c, 95% ce  80d, 94% o (0°C) 80e, 90% o6 (0 °C)

93% vield 76% vield 61% vield 71% vield 82% vield





OEBPS/images/c05scy001.jpg
Cu(OT), (in CH,Cl,)
or
Cu(058(CH,)1,CH), (in H,0)
o (10 mol%)
(S,5)-L, (12 mol%)
0 + PhNH,

Ph

H,0 or CH,Cl,, 1,22 h

Ph_ _,OH

o

“NHPh

82% yield, 80% ee in H,0
18% yield, 80% ee in CH,Cl,





OEBPS/images/c06scy017.jpg
7.5 mol% CuCl

7.5 mo% 29¢ or 29d R

80 mo% NaO'Bu Bpin
1(1.1 equiv)
MeOH (2 equiv)

76 THF 7

Me Et
Bpin Bpin Bpin
77a, 87% ee 77b, 90% ee 77¢c, 93% ee
95% yield 90% yield 57% yield

(29¢, -50 °C) (29d, —-15 °C) (29d, —-15 °C)





OEBPS/images/c05scy004.jpg
Cu(OT1), (2 mol%)

Ligand Ly (5 mol%) =
NP DIPEA (10 mol%) Pha
o PR ‘Acetone, 20 °C { NHPh
4 OH
5

O ) O 76-79% ee
MeO PAr, o PAr,
MeO PAr, <0 O PAr,

@ g

(R)-Lga, Ar = 3,5-tBu,-4-MeOCgH, (R)-Lgc, Ar = 3,5-tBu,-4-MeOCgH,
(R)-Lap, Ar = 3,5-1Bu,-CgHs (R)-Lgg, Ar=Ph





OEBPS/images/c06scy016.jpg
7.5 mol% CuCl
7.5 mo% 29b

S Me 30 mo% KOBu e
() S @N
MeOH (2 equiv) Bpin

73a THF o
o asn 74a, 98% ee
80% yield
Me

Y OMe T OMe
OH OH

75a, 96% ee 75b, 89% ee

75% vyield 51% vyield

T OH
OH

75c, 96% ee
74% vield

Py





OEBPS/images/c05scy003.jpg
COOH

g i Cu(NO,),
—_— -

OH

o MOF (R)-L,
HOOC
(R)-3
HO,,.
o)+ e BT
n 24 h,rt n
ArHN
n=12 Solventless

Ph, 30% yield, 50% ee
h, 51% vyield, 51% ee






OEBPS/images/c06scy015.jpg
o
B/\)k
NH

70

3 mol% CuCl
3mol% 69

OMe 5 mors, NaO'BU

1(1.1 equiv)
MeOH (2 equiv)
THF, 1t

B ‘OMe

(Fi) -71,99% ee O Q
-

CF3

<b CF3

(R)-(R)-Walphos (CFs), 69





OEBPS/images/c04scy023.jpg
R?

DIBALH (1 equiv)
Hexanes, 55 °C. 5h

R‘ CuCly 2H,0 (1 mol%)
L22b (0.5 mals)
)\/\ b Ali-Bu),
Ph op(oE, RNy THE, -151-50 C

L22a (R = H; Ar
L22b (R = Ph; Ar = 2,4,6-Me:C,

R

R'=H, R? = n-Hex, R® = H, 90% yield, yi >98/2, 79% ee
R'=H, R? = Ph, R° = SiMe,, 93% yield, yiu >08/2, 98% ee
R = Me, R? = n-Hex, R = H, 93% yield, yio >98/2, 98% ee

DIBAL-H (1 equiv)

EtACI 5 mol% EL,N
Ar—Li R—=
78°Cton, 12h 0-22°C,3h
3equiv, 2 equiv,
Ar—AIEt, R Al(-Bu),
=3
- 0u0 240 o CuCly 24,0 (5 mote)
.5 mot L22b (2.5 mol%) N\ #
Xy ~— Fin\/\OP o &
R THF, 30°C (O e —iss0 - RN
R' = Ph, R? = Me, Ar = 2-furyl, 93% yield, v/ >98/2, 96% ee R'=Ph, R = Me, R® = Ph, 98% yield, yio: >98/2, 90% ee

R' = Ph, R?

e, Ar = 3-thienyl. 98% vield, vio >98/2, 92% ee. R'=Cy, R?

Ph, 91% yield, yio >98/2, 84% ee





OEBPS/images/c05scy006.jpg
CDNTs

6

L MeMgx
THF, 0 ° C 3h

Cu—O

O.Cu \1)

Cu-L4 (10 mol%)

ANHTs
Q 52%, 91% ee

NHTS
91%
Br

Obtained with MeMgBr
without the copper catalyst





OEBPS/images/c06scy014.jpg
OH  NRCHPh

Me,
2 mol% CuOTH By THF, Ph)\/LMe . PCyz

NCHgPh 2moleds Bpin NCHPh syn-67a, 99% ee ‘ H
9 mol% NaO'Bu (dro1:9) PPh,
Ph Me Ph)\)LMe Fe T2
65a MeOH (2 equiv) 66a NaBH, H  NHCHPh @
THE, 1t MeOH A
Ph Me 43
anti-67a, 99% ee
(dr83:17)

2 mol% CuOTt OO
NPh 4 mol% 68 Bpin NPh OH NHPh o,
9 mol% NaOBu gt L I PN
S : NN N ph Me . )

o 0
65b MeOH (2 equiv) 66b synﬂ—bé:? ‘/c) ee OO .

THE. it






OEBPS/images/c04scy022.jpg
(CUOTH), CyHg (0.5 mol%)

L21 (1 mol%), nBuLi (2.5 mol%)
A" 0p(0EY, Ar/‘\/
Et0AG, R,Zn
0°Ctort, 0.5-2h
Ar=Ph, R = Et, 90% yield, 7ic: 59812, 90% ce
Ar=Napht, R = Me, 69% yield, yia >38/2, 98% o6






OEBPS/images/c05scy005.jpg
*L*Cu

)
e

Cul*
K e
(~IPrNEt,-H") <.

A B
Ar. //CuL' H puLt
N7 H
| -
N +
o Om Y
o

R
OH
[

Cu-allenylidene complexes

H
Ars
— NH // +Cu'Lr
R OH

R
5





OEBPS/images/c06scy013.jpg
R o

59

Bpin O
Ph

M OEt

60a, 93% ee

Me O
MSE[

63

5 molie Cut4 Ph

5mol% 62a pin O
_13mol% NaO'Bu

Pr

OEt
MeOH (1.2 equiv)
THF, -78 °C
then, 30% HCI, MeOH
Bpin O BoinQ  pr— Bpin O Bpin O
PLMOH He,’;l MOE( )\/U\oa /MiMOE(
5 mé
Ph
60b, 89% ee 60c,88% e 60f, 91% ee (R) 60f, 84% ee (S)
from (2)-59f from (E)-59f

5 mol% CuCl
Steceas Bpin O (a) R=Ph, 98% ee
13 mol% NaOBu RMM (b) R = PhCH,CH,, 96% ee
1 e SEt  (c) c-HexCH,, 81% ee
MeOH (1.2 equiv) 64 (d) c-Hex, 94% ee
THF, =50 °C

then. 30% HCI. MeOH





OEBPS/images/c09scy040.jpg
Me.

YNog

CO,Bu
136

P

0

132 by,
Cu(OT),
5mol%

Quinine
CHyCl

PMP

137
85%., 14 : 1 dr, 98% ee





OEBPS/images/c04scy021.jpg
Copper salt (1 mof%) Riig/
L (05 mol%)
_ tlsmer L
R )\/\OPOWE‘)?

7 2m THF, 15
A2, THF, 15 °C adduct

uCl,- H,0, R' = Ph, R? = H, R? = Et, 68% yield, y: > 98/2, 86% ee

e
With L19[Cu(om2»csHs, R'=Ph, R? = Me, R = E, 88% yield, yic: > 98/2, 91% ee
CuCly H,0, R' = p-NO,Ph, R? = Me, R® = Et, 62% yield, yio: > 98/2, 98% ee

With L2o | CUCle H20, R = Ph, % = H, R = Et, 0% yield, y: > 98/2, 90% oo
! CuCl,r H,0, R' = Ph, R? = Me, R® = Et, 94% yield, yio: > 98/2, 97% ee






OEBPS/images/c05scy008.jpg
CQ., 1 G

sodies e

(SyLs

o
Q + ZoR,
A

(+)9a, n=
(+)-9b,
(+)-9¢,

(SRR)Ls

Chiral phosphoramidite
(6 mol%)

Cu(OTi), (3 mol%)
toluene
-78°C,1h

Osp_
,P N .

L -

(RRANL,
S S\2
:R
.

R 1oH OH

) 5

10 1"

Main product





OEBPS/images/c06scy012.jpg
R 0O

H‘J\)Loa

59

Bpin O
Phey
Me

60a, 93% ee

OEt

5 mol% CuCl \?
5 mol% 40b P

pin O OH O
N * NaBO:

10 mol% NaO'Bu Ry i PnHM

7 K OEt THFH,O0 4 OEt P
MeOH (2 equiv) R

oot 60 61a, 93% ee

(5.5)-Me-Duphos, 40b
Bpin O Bpin O Bpin O pin O
P I Hex PhCH," PhOCHz"j\/U\
e OEt Ot SMOEI e OFt
60b. 91% 66 60c. 92% 66 60d. 84% e 60e. 69% e





OEBPS/images/c04scy020.jpg
A" N0po(0EY,

GUCl, 2H,0 (10 o) £t
L18 (12 mol%)
etz o

Et,Zn, CH,Cl,, 78 °C, 72h adduct
Ar=Ph, 53% yield, yio 97/3, 96% ee

Ar = p-MePh, 56% yield, y/c: 96/4, 95% ee
Ar = p-CFPh, 41% yield, /o 96/4, 96% ee

Ph,P OH

[RE]





OEBPS/images/c05scy007.jpg
n-Bu,

o 2
. Iy
‘ p-Tol
n-Bu
8a
n-Bu
O n
] ~p-Tol
n-Bu
8b

MeCu(CN)Li
(6.0 equiv)

£1,0,-78°C

tor,2h

MeCu(CN)L
(6.0 equiv)

Et,0,-78°C

tor,2h

n-Bu___OH
o
s

NS vp-Tol
n-Bu” “Me

85% (Sn2’ syn)

n-Bu _,OH
2

N S‘p-Tol
n-Bu” “Me

96% (Sn2’ anti)

n-Bu__ OH
R
S.
N p-Tol
n-Bu Me

15% (Sy2' anti)

n-Bu OH(‘?
NS p10l
n-Bu” “Me
4%  (Sn2’ syn)





OEBPS/images/c06scy011.jpg
R

Me O
x

(E)-56

10 mol% [Cu(MeCN)4]PFe

15 mol% LiO'Bu Bpin O OH O Pl Ph
, 12mol% 55 R 8% g
1 (1.5 equiv) Mé R THEH,0 Me EtHN  NHE
FPrOH (2 equiv) 57 58
DME, rt Secondary diamine, 55
Phe, Bu,
e Me  wed Ph

57a 92%ee (S)  57b. 94% ee (R)





OEBPS/images/c05scy009.jpg
NPG NHCbz
[j Et,Zn
Cu(OTf), (3 mol%)
(£)-12a, PG =Cbz  [9and L (6 mol%)] R
()-12b, PG = Bn 13 14

trans y-adduct cis y-adduct





OEBPS/images/c12scy001.jpg
7
N
YA [:NR]
R R [CHEWG)]
or
H_EWG
R‘. .RE

Cu-cat.






OEBPS/images/c12scy002.jpg
Rearrangement

oM

5-Complex

L. Ci—x

Reductive

=0

=

- x -
R—M o e
Transmetallation N g

n-Complexation
elimination

(4} Oxlda(we addition X -M-- -‘O

(2 Carbocupranon \
o — ou--

R

7-Complex





OEBPS/images/c12scy003.jpg
SulS e IS MOl
Ph, OH

NBn,
o Jo  (@8mo%) o

N P —

CH,Cl,, 0°C .
79-91% yield
298% ee
via...
Cu-O-Zn HSAB
Lewis acid

Bound enone |:>

DFT working model, n-complex





OEBPS/images/c06scy019.jpg
5 mol% CuO'Bu

5 mol% 40b’ B_<:>
y TETR L i 2
7R 1(15equiv) P 7R

+ PinB
81 MeOH (2 equiv) 8

THF

-20°C, 16-245h 88/89>20: 1

D) o

(R,R)-Me-Duphos, 40b’

82a, 94% ee

@ 1(1.5 equiv)

82¢, 95% ee
81f BuOH

me\@ me\@
Toluene

1t (-BUOH, 2 equiv): 821/83f 92 : 8
40 °C (-BuOH, 5 equiv): 821/83f 6 : 94 (97% ee)

82b, 95% ee

5 mol% CuO'Bu
5 mol% 40b’

Jn Jn

— | pinB' I
L*Cu-Bpin
81 3L =dop) Lo 84
| roH
)n
pinB=_ »—H
83

82d,93% ee BU 82e, 93% ce

OTMS

me‘O

829, 89% ee

me’O

83g, 96% ee

82g/83g92:8  B2g/83g 4 : 96
¢BUOH (2equiv)  MeOH (5 equiv)
Tolene, THF, 40 °C
In
pinB: Cu-L*
| RoH

In
pinB;
W 82





OEBPS/images/c12scy004.jpg
R—-M

|
OH=% Transmetallation

Reductive Oxidative
elimination addition

R Ny
@J\/ X
0 =
R—Culs, M=y
y-Product D
needed for
asymmetric

reaction





OEBPS/images/c04scy038.jpg
AN L IO
8 L7 (1.1 moi%)
GNP L NN
MeMg8r, CH,Cl, 78 °C :
72-96% yield Me

o]
A
fogd

o

o= 10010 Yo >955 Yo >95/5
999 ee 94% ee 95% ee.






OEBPS/images/c04scy037.jpg
n-Hex  DIBAL-H (1 equiv)
o CuCl, 2H,0 (1 mol%) L22a (R=H; A
Hexanes, 55 °C, 51 o 2, ;
[ = e B, | L2205 mor) L22b (R = Ph; Ar
" (1.5 equiv) THF, -15°C,3h L22d (R = Ph; Ar
Me
+BUO,C J\/\cna(c'a)2 AT DIBALH (1 equiv)
EtAICI 5 mol% Et;N
Ar—Li A Ar —AEL, (2 equiv) ||| Mol Byl Ar
T8COM 12N (3equi) 0-22°C. 30
CuCl 2H,0 (1 moi%) Alli-Bu),
1220 (0.5 mol%) CuCly 2H,0 (5 mol%)
THF,-20°C, Th : EL2h (2.5 mol%) Ar,
e \ AuCl, (2 moi%)
e N\ Mo oo
+BUO,C Buo,C NS 2N

Ar = Ph, 98% yield, yio >98/2, 82% ee
Ar = 3-hienyl, 94% yield, yio. >98/2, 75% ee
With L22d Ar = 2-furyl, 90% vield, v/a. >98/2, 96% ee

97% yield, 7/ >98/2, 80% ee

Ar=4-BrPh, 91% yield, Yl >98/2, 96% ee

[el

‘Me
MR

97% yield
96% ee





OEBPS/images/c04scy036.jpg
Br.

OBn

CuBrSMe, (1 moi%)
L7 (1.1 mol%)

MeMgBr, CH,Cly, 78 °C, 16 h

90% Yield
i, >95/5, 98% ee

PPh, NMe,






OEBPS/images/c04scy035.jpg
c o CuX (5 mol%)

129 (10 mol%)
] OMe (10 mol%) ‘OMe

EtZn o

Cul, THF, -20°C  70% yield, 78% ee
CuTC, MAO, DME, -40 °C  92% vield, 87% ee





OEBPS/images/c05scy011.jpg
18a, R':
18b, R':
18¢c, R":

1
R Et,Zn/toluene

" Cu(OTf), (1.5 mol%)
R (8,5,9)-L; (3.0 moi%)

=CH-CH=CH-CHy=
~CH,~CH=CH-CH,—
-H

Et,Zn/toluene

Cu(OTH), (1.5 mol%)
(S.5,5)-L (3.0 mol%)

Et,Zn/toluene

o Cu(OTH), (1.5 mol%)
(5.5.5)L; (3.0 mol%)

Et
At
R OH
21a, R': =CH-CH=CH-CH, = (92%, 66% ee)
21b, R': ~CH,~CH=CH-CH,— (78%, 71% ee)

21¢, R': -H (90%, 97% ee)
Et

(80%, 85% ee)

HO

Degradation products





OEBPS/images/c04scy039.jpg
CuBr-Me;S (0.5 mol%) [e) /(/ Hoveyda o.
L7 (05 mot%) “Grubos | Bmof%) O
Ph/\)ko/\/\ Br Pn/\)j\o Z g §<_7/\

EtMgBr, CH,Cl, CH,C, 40 °C

8 C16h 80% yield 78% yield
i >99/1, 98% ee 98% 66





OEBPS/images/c05scy010.jpg
()-15a, R=H
()-15b, R = Me

| anti-sy2’ |

Et

R
o pE M

16 17a

Et,Znfoluene

Cu(OTH), (1.5 mol%)
Chiral ligand Lg or Ly
~70100°C,3h





OEBPS/images/c04scy030.jpg
CuTC (3 mol%) )

e . V]
©/\r\m AMgBr Grubbs |1 O

CH,CL, 78C 70% yield

>99% conversion

n=1:y089/11,97% ee 97% ee
n=2:va87/13, 96% ee 96% ee






OEBPS/images/c05scy013.jpg
(r

26

R,Zn 1.5 equiv OH
— >
Cu(OTf), (1.5 mol%)
L, (3.0 mol%) >

Toluene ~78 to 0 °C
3-6h

= (C=C)

)

oo

o (C-0)

R
27

93-96% ee

t

6~ 60°

HO

Not obtained





OEBPS/images/c06scy007.jpg
/_\‘OCOZMB

BnMe,Si

ocoMe K EY

5mol% CuOBu Bpin 0-

5moi% 35 /v/ < O
1 BnMe,Si o PPhy
THF, 30 °C (1525)-37, 83% o PPh;
94% ee, trans/cis 99 : 1 <o
W Bpin (R)-Segphos, 35

™~
p

5 mol% CuCl /

5 mol% 40a “or

100 mol% KO'Bu o
P

} luene/THF Brin J

oo (1R,2R)-42, 89% Pr

94% ee, trans/cis 99 - 1 (R.R)-Pr-Duphos, 40a





OEBPS/images/c05scy012.jpg
23a’

R,Zn 1.5 equiv
Cu(OTf), 1.5 mol%
(RRR)L; 3.0 mol%
Toluene ~78 °C, 3 h

o or g-adduct

y-adduct

S R!
gt
siee
OH
24ab 25a,b
aseries, R'
b series, R' = —(CHy)5—






OEBPS/images/c06scy006.jpg
30 mol% NaO'Bu
1(1.1 equiv)
MeOH (2 equiv)

MeOQC/\/\L /@\ y (5)-34, 95%, 94% ee
o NO,

33.E/Z11:1

+

ek s
Me0:C ° N0z mos a2a






OEBPS/images/c05scy015.jpg
Racemic
R,Zn (excess)
( A Cu(OTf), (1.5 mol%)
(] (RRA)L, (3.0 mol%)

9a-d,n=0,1,23  °°0C

Complete conversion

o]
Et,Zn (1.5 equiv)
O‘ Cu(OTH), (1.5 mol%)
«

R,R,A)-L; (3.0 mol%)
31 Toluene 78 °C, 3 h

N R
OH
11 (90-99% ee)

10 (34-90% ee)

OH OH
Q"
+
Et

>98% ee

32 (66%) 33 (34%)





OEBPS/images/c06scy005.jpg
5 mol% CuO'Bu
5mol% 18
1(1.5 equiv)
E,0,30°C

R QMe

LC‘H/@ T Ph

pinB
1,3-anti

Me; R Bpin
?@ — (5)-31, 98%, 97% ee

Loy
pinB
1.3-syn





OEBPS/images/c05scy014.jpg
Racemic 28

SN2TSN2 =551 45

JEt
Et,Zn (1.5 equiv) S
— e +
1.5 mol% [Cu(OTh,] R
3mol% (RAA)-L, “OH S OH
~7810-10°C, 3h
29a (S\2) 30a (Sy2)

(80% e6) (99% ee)





OEBPS/images/c06scy004.jpg
6 mol% 26

H 1 iPr
ENPN somernsous_ o §H 3
oo QNN MROR, A~ O\/‘NVN
1(2 equiv) N o
fae DME, ~30°C 2830 o
(a) R = PhCH,CHy, 90% ee 26
(b) R="C°HexCH,, 83% ee
(e) R=Hex, 94% ee
6 mol% 2%

5 mol% Cu(()Ti)2 Hzoz
Me,_ OH
80 mol% NaOMe ~ NaOH J
0CO,Me Mol NaOMe  TeOH_ a A

1 (2 equiv) -
2ret DME, 30 °C 28d-t
(d) R = PhCH,CH,, 93% ee
(e) R =°Hex, 96% ee

HR

B

80% ee





OEBPS/images/c04scy034.jpg
{(CuOTh),CgHg (5 mol)
L (10moi%)

RZ OPO(OEY), Re?n THF.-50°C.12h

o With L27 R'= t-Bu, R* = Me, R = Et
79% yield, Sy2’ >98%, >98% ee

XY
R R?  WithL28 R'=Me, R’ =Ph, R=Me
85% yield, Sy2’ >98%, >94% e

R'O

NHTI

‘?\H‘/ \)LNHM Bu

H

OEn

NHn-Bu

NBoc

‘ Me. OrBu
OH






OEBPS/images/c05scy017.jpg
34

35 (53-57%)
89-94% ee

(E)-38 (66%)
529, ee

36 (47-43%)
88-95% ee

e

HO
(2)-39 (34%)
97% ee





OEBPS/images/c06scy003.jpg
5 mol% CuO'Bu

OCO,Me 5 mol 18
H\)/ LA

(2)19 THF, 0°C

(a) R =Me, 95% ee (75%)
(b) R = (CHg)4CHz, 94% ee (67%)
(c) R = CHzCH,CH;0COPh, 94% ee (81%)

Me, Bu
NP
"
Bu Me
(R,R)-QuinoxP*, 18

5 mol% CuO'Bu
o i ., (1)R'CHO, 0°C
’PrOZCO'VVQ«vOCOQ’Pr 5mol% 18 Pro,CO: Q ,PrOQCO”‘@/\R‘
1 (2) TBSCI, EtaN
21 Toluene, 20 °C pinB’ 2
22
5 mol% CuO'Bu n OTBS | RECHO, BFs-OEt OH OTBS
5mol% 12 ~78°C
- AN T Q O
1
THF, 20 °C COMe

1,3-syn

25,78%, 97% ee, dr>95 : 5





OEBPS/images/c04scy033.jpg
(CuOTH);CHe (5 mol%)

o
L26 (10 mol%)
M e eoles
H Et

OPO(OEY), EtZn, THF,50°C, 12h

R = Me, 93% yield, S,2 : S2 17 : 1, 95% e
+Bu, 68% yield, Sy2’ : S,2 >20 : 1, 97% ee






OEBPS/images/c05scy016.jpg
Me,Zn 2.0 equiv OH

Cu(OTH), 1.5 mol% Lt
Toluene ~78 to 0 °C “ N
18h §
(1R, 25)-0d (1R, 2R)-10ad (1R, 4R)-11ad
>09% e
Chiral ligand (S,5,5)-L 81 . 19

Chiral ligand (R,R.R)-Ly <2 : >08





OEBPS/images/c06scy002.jpg
MeO,CO 10 mol% CuO'Bu pin
A 10 mol% 12 /\j\
VB T 2o Bu
(SE)13,98% 60 THFO'C (5).(£)-14,05%, 96% ce  ph,p PPh,

Ya98:2, E/Z98:2

MeO,CO  Bu 10 mol% CuO'Bu
Fs 10 mol% 12
1 (2.4 equiv)
(S)-(2)13,97% e THF.O°C

NAgy

0.
CLXO

Xantphos, 12

(S)-(E)-14, 88%, 97% ee

Yle>99:1, E/Z>99:1

10 mol% CuO'Bu

OCO,M:
2Me o mos 12 Me.,
M N Teequw)
HOS THF, 50 °C H

(5)-15, 97% ee

10 mol% CuCl
Et 10 moio 12

MSW

Me Me
17

1(1.2 equiv)
THF, 20°C

30moiv NaO'Bu,__0°C _ Mex

Bu

Bpin

(5)-16, 60%, 96% ee

KHCO3
H0, OH

Et

Me Me OH
18 80%, dr98: 2





OEBPS/images/c04scy032.jpg
CuTC (3 mol%) (CH,).Ph
L13 (3.3 mol%) Grubbs | (5 mol%)

—_— | Z v
PhCH,CH,MgX " CH,Cl, 1t
CH,Cly, 78 °C n
Ph 60-70% yield

Up to 99% regio
Up to 86% ee






OEBPS/images/c05scy019.jpg
R
RMCI (0.5 equiv)
CuBr (1 mol%) 10ab
0 Ly (1 mol%)
Racemic 9b Et0,-78°C,3h OH

R = Et, Bu, PhCH,CH,, i-Pr, c-Pent, c-Hex

Stereoselectivity factors ranging from 7 to 42





OEBPS/images/c06scy001.jpg
L-CuX + MOR

| -Mx
L.CUOR (2) o,
— B-Cul
© 3
pinB-Bpin, 1 pinB-OR
pinB-Cu.L

Y

4
/ l R ﬁjnc;c,ta(om2
pinB_ Cul pinB_ Cul plnk pinB_ Cul
= Cul
e, T

‘OCO,R 7 7 10 R

5
l 1 / \ ROH l ROH
pin pin pin pin
RG_\\ R:koapin R}O B\:\H

+LCUOR (2) +CO, +LCuBpin(3) +LCUOR(2)  +L.CuOR (2)

Allylic C-B coupling p-Boration Hydroboration
(Section 6.2.2) (Section 6.2.3) (Section 6.2.4)





OEBPS/images/c04scy031.jpg
CuTC (3 mol%)
cl L4 (3 mol%) R R=n-butyl, 73% conversion, /o 81/19, 97% ee
AMgX, CH,Clp 78C - R = n-butenyl, 99% conversion, /0. 97/3, 99.2% ee

~v-adduct a-adduct





OEBPS/images/c05scy018.jpg
o
Racemic

9b

(

o
Racemic

9a,n=0
9d,n=3

Me,Al (0.5 equiv)

CuTC (3 mol%)
L, (3 mol%) H
—40°C, 13 min OH
10ab
82% ee
R
Me,Al (1.5 equiv)
CuTC (3 mol%) (
L (3 mol%) Y
—40°C,1h OH
87% ee
93% ee

R
OH
11ab

S\2/S\2 = 94/6

+ ( "
OH

99% ee, n=0
99%ee, n=3

Sy2/Sy2 = 61/39 for n=0
S\2'/SN2 = 58/42 for n=3

™)

(2)





OEBPS/images/c06scy009.jpg
2 mol% CuCl o PhP O
4 mol% 47 H

3 mol% NaO'Bu
X SmoreabPu X
re |3 R, . < NMe,
MeOH (2 equiv) ™ "“Bpin Ho PPN
THF, it 49

@ (R)-(S)-Taniaphos, 47

o

o o o o o
:U\/ X ? Cé
"“Bpin .

“Bpin “Bpin “Bpin Bpin “Bpin
49a, 98% ee  49b, 98% ee 49c, >99% ee 49d, 90% ee 49e, 74% ee 49f, 97% ee





OEBPS/images/c06scy008.jpg
N\ EWE

2-3 mol% CuCl
3-4 mol% 43

Bpin
9 mol% NaBO,
SomoreNaOBy_ gy NoBOs
1 R THF/H,0
MeOH (2 equiv) 45
THF, it
(a) EWG = CN, R = Ph, 94% ee

(b) EWG = CO2Et, R=Ph, 87% ee
(c) EWG = COEt, R=Me, 90% ee
(d) EWG = COLEt, R= iPr, 91% ee
(e) EWG = CONMes, R = Ph, 96% ee
(f) EWG = COCHg, R=Bu, 90% ee
(g) EWG = COPh, R 97% ee
(h) EWG = SO;Ph, R

o 0.01 moi% 32b pin O
P 30 mol% NaO'Bu
Ar OBU 411 equiv) Ar OBu
Ar=2-Me-CgH, ~ MeOH (2 equiv) 45i, 88% ee
Toluene 93% yield
a4i 0°C. 100 min

oH
R)\, EWG
46

Bu, 82% ee (10 mol% cat.)

Me, pcy,

H

| “pph,

Fe

@)

(R)-(S)-Josiphos, 43






OEBPS/images/c09scy029.jpg
N 105.CuOT
1% 1
o Jy Ph+Mezn —2M% AT

%8 Toluene 106
58-87%, 24-91% ee

Ar' = Ph, 2-MeOCeHs, 4-MeOCgHs, 2-NO;CeHs, 2-CICqHs, 4-CICsH,
Ar2 = Ph, 4-MeCgH., 4-MeOCgH, 4-CICsH,





OEBPS/images/c11scy010.jpg
35a R = Ot
35b R = Me

5
cu(oT,

, CH,Cly

Bu

(DN
‘COR

T Me
R
a7

Yield up to 95%

e up to 99%





OEBPS/images/c09scy027.jpg
Ligand LArf
NA? CuOTf HN
a, 10mops A,J\

AT Tol R

0 oluene 0

cl

98 O d
NP Cefs o, NHZ

l I N CeFs

96
73-98%, 15-81% ee

I

11773%, 33-82% ee





OEBPS/images/c11scy012.jpg
_Tos Tos
< )NI CuCIO 4MeCN Q
. e, ..
EtOOC “ '
—— o ‘COOEt

~78°C, CH,Cly

a6 a7 48
82% yield, 87% ee

Me
W tos Mew ) -Tos
4 )N‘ CuCIO,4MeCN ..
—— O ‘COOEt
TMSO EI00C ~78°C, CH,Cl, Ve
Me
50 a7 51

70% yield, 12 : 1 (rans/cis)
96% ee (frans)

0,
f]
Ph,P N\‘)
© A

OO P(Tol),
Sarn
52





OEBPS/images/c09scy028.jpg
i
R|J + R%NH, +
102 103

™
N
l l PPh;

Quinap 100

R = alkyl: 44-99%, 82-99% ee
R'= aryl : 43-93%, 32-88% ee

R\ R*

Ligand-CuBr N
5.0 mol% 1
_Somofe_ R J\

Toluene 108 R

Me

HNJ\Pn

101
R = alkyl: 72-82%, 94-99% ee





OEBPS/images/c11scy011.jpg
(1) Ligand 40a ;
oTMS Cu(OTf), (5 mol%) a2 N
Pove )(J)\ Toluene, 78 °C (0 e oH

&) TFA
Meo” Y Wor o @ MeO' R
38 30 “
Yield 15-75%
antilsynup t0 99 : 01
antiee up 10 98%
OMe Cu(OTi)(CaHg)s o (10 mol%) PPh,
Waly %) Z
)OL . K alphos (12 mot%) Q‘Hz —=Z_ra,
Q17 R2 PhyPO (10 mol%) o i :
OSI(OEt);  TBAT (10 mo%) R D Me
2 a3 EtOAc, it a5 Walphos
Yield 41-87% 44a Ar=Ph

e up to 85%  44b Ar = 3,5-(CF,),CqH,





OEBPS/images/c11scy014.jpg
R?

57

<1

Cu(PFg)(MeCN),/59

(1o mose) o PPh,

L B % PPh

CH,Cl,, 8510 -20°C N _\ <° O -
o

0
s 59
Yield 95-99%
ee up to 97%
jof
R o0 (%)
. Ph
O X
o 62 % (iPrOPO) 08

Cu(OT), (5 moi%) COOEt 82
——————— MeS

CH,Cl, 20 °C O(:{IC(O) 04

63






OEBPS/images/c11scy013.jpg
Me . [55.CuBrl, r

R -SOR (6.1 moi%) R ~SO,R?
RN ¢ ol
TMSO' R' CH,CL 1t o RO Ao

® o then TFA (5 equiv) - (Ar= 1-naphthy)

55

Yield 57-90%
e up to 93%





OEBPS/images/c11scy016.jpg
Me- Me

; R Me Me
R R cucl7s Mere
||\ B (1-25 mo%) M-SR =X
. Cy.NMe Me—Fe mo Me
" , R’ MeCN,00r-20°C MegMe
3 Me 75
Yield 45-91%
cis:trans up 10 95:05
cis ee up 10 93%

X
CuBif79
(6 mor%) r

H | Fe
+ A ovesocon, e Me Me
N (2 equi) Me Me
o \©\ KOAC (1 equiv) Me
MeCN, t
coet e 'CO,Et 70
76 7 78
76% yield

85% ee





OEBPS/images/c11scy015.jpg
O

P
o o Me Me [N o cH,
H ~5© CulOT), (0 mol%) | z {
CH+ I T o+ o
RN WSpn CHCl4Ams N P
R? R CH, CHy
64 65 66 ex0 67 ondo
Z=template
R' R?  Yield (%) exolendo % ee (exo)
Phenyl  CH, 96 90/10 75
1-Naphthyl  CH, 93 89/11 86
Phenyl  Benzyl 94 91/9 93
I I
69 LY

o
~50 Cu(OTH) (30 mol)
JK/\Re N

Ao, cnonaAus e

68 65 70 exo 71 endo
Yield 50-89% Z=template
exolendoup to 99 : 01
exo ee upto 94%





OEBPS/images/c09scy021.jpg
.,
o

R

OO 78 e
| R® = 3,5-Me,-4-MeOC,H,
/©) + PhSnMe, Rh(acac)(C,H,) O O
g e
79 FaC’ 80

90%, 96% ee





OEBPS/images/c14scy007.jpg
A
33 (1.2 mol%) B
CuBr-SMe, (1 mol%) (1) PAIC (5 moI%), EtaSiH,

MeMgBr (1.2 equiv) J\)?\ CH,Cly, t, 20 min J\Ai

SEt MTBE,-75°C,2h n-Pr SEt (2) PhyPCHCOSEY, DCM, reflux n-Pr 5

i 34 c
92%, 96% ee 76% | (1)A
2B

@c

o
SEt

ocHo ~———— mPr

37 36
529 from 32,

dr=97.5: 2.5 (second ACA)
dr=98: 2 (third ACA)

n-Pr SEt

n-Pr

(-)-Lardolure






OEBPS/images/c09scy022.jpg
g l P(4-MeCgH,),
O O P(4-MeCqH,),

R? R?
N 64.CuPF,, 5-20 mol% HN
O e 5
RO,C THF RO,C™ “Ar
81 82 83
" 24-91%, 67-98% ee
R? =Ts, MeO,C

A

ndol-3-yl, 5-acetylpyrrol-3-yl, furan-2-yl,
thiophen-2-yl, 4-(Me,N)CgH,, and their derivatives






OEBPS/images/c14scy008.jpg
[Rh(cod),JOTI (5 mol%)
53 (10 mol%) CuBr-SMe, (5 mol%)

otes Me,PhSi-Bpin (2.5 equiv) 33 (6 mol%)
P'/\/l EtN (1 equiv) O Three steps TBS/\/SVK/\A MeMgBr (1.2 equiv)
0" S0 1,4-Dioxane/H,0 (10 : 1), 45 °C, on Pr/\MOM Pr SEt MTBE, 78 °C, on

" e

46 50
45 (Mismatched product) 60% over
(Z:E>95:5) 55%, antl, 90% de Three steps
Prepared in four steps Si= SiMe,Ph
TBSQ i o
Pr SEt
47 (Matehed product)
90%, anti,anti, 90% de
MeQ
49 o l Five steps
(+)-Neopeltolide HN o
LI
/\M\ _ N TBSO OMe: o
OMe - PMBO OTEs  HO j\” pr/\)\/\)\H
o
52 51 OMe 48

(Intermediate in

~ Paterson
@' e Synthesis) [19
\ Mitsunobu |
Mactolactonization ) lactonization






OEBPS/images/c14scy009.jpg
57

(1) Cu(OTf), (0.5 mol%)
9 (1 mol%)
Me,Zn (1.5 equiv) 9\

Toluene, -25 °C, on © Nine steps
(2) Etl (10 equiv) 7

HMPA (10 equiv)

—25100°C, 1h 55

83%
trans/cis = >20 : 1
95% ee






OEBPS/images/c09scy020.jpg
Toluene 76 1.0 equlv 99%, 82% ee

N

76 P

Ph/\)l + Phli ———— 77
5






OEBPS/images/c09scy025.jpg
N
6 91.CuOTH %

10 mol%

J 4-MeOC4H,NH, 10 mol%
Ft0,c7 +=R —————————~
% CH,Cl,

55-92%, 48-91% ee
R = Bn, Ph(CH,),, n-CgH1s, ¢-C4Hs, TMSCH,, TMS





OEBPS/images/c14scy003.jpg
Me,Zn (1.3 equiv) (1) TMSOTf (1.5 equiv)

Cu(OTf); (1 mol%) OznMe (2) Et;Zn (1.3 equiv), TMSO o
(RA)-13 (2 mol%) CH,l, (2 equiv) o (1) FeCly
CH,Clp, 30 °C (3) NH,Cl sat. (2) NaOAc, MeOH
15 16
91%, 97% ee, 90%, 96% ee

71% de
Steps
\ Steps

H H H
12 1
(+)-(R,S)-Isoclavukerin (-)-(S8,S)-Clavukerin





OEBPS/images/c09scy026.jpg
0 Ph
46 10 mol%

CuOTf

+BUOOH
THF

95 Ph
67%, 63% ee





OEBPS/images/c14scy004.jpg
19 (2.4 mol%)

(CUOTH), Ce (1 mol%) Q seven steps O‘
Me,Zn (3 equiv) =
Toluene, 15 °C, 48 h -
20 21 z
94%, 598% ee o

+Bu

o
H
\NJ\II/N\:)L NHn-Bu 22 (12 mol%)
opp, O (CUOTH),-CgHg (5 mol%)
2 \©\ Me,Zn (3 equiv)
19

ofBu Toluene, 4 °C, 24 h

O semse (0D
17

Erogorgiane

23 O
50%, 97 : 3dr
(1,4:1, 1)






OEBPS/images/c09scy023.jpg
T

/ R?
Bn Bn HN
84.Cu(OTH),
10mol%  ROC 7
CH,Cl, N
86 H

47-94%, 81-96% ee





OEBPS/images/c14scy005.jpg
(1) 9 (1 mol%), Cu(OTH), (0.5 mol%), 9

Me,Zn (1.2 equiv), toluene, ~30 °C, 3 h @/\/

(2) Pd(PPhs),, allyl acetate (1.1 equiv)
0°C,on 25

84%,
trans/cis 8 : 1






OEBPS/images/c09scy024.jpg
o]
Pl

AT +APNH, +
87 88
Z
NV NG}
l I
N N\.)
Pi Ph

ent-46 10 mol%
CuOTf, toluene
R=Ph
67-93%, 82-95% ee

LAr?

HN
Ligand
g coprer AT
89 Ph
7z
Ph O SN Ph
P N Ph

P
90 10 mol%
CuPFg, CH,Cl,
R =any, alkyl
67-98%. 80-99% ee





OEBPS/images/c14scy006.jpg
Cbz

27

Coz
(1) CUTC (2.2 mol%), 28 ( 3.8 mol%) W@
AlMey (2 equiv) 29
Et,0,-30 °C, 19h

+

Cbz_
N

30

(2) MeOH/INH,CI

o
o

H o
A)\/Hjij

85% combined yield

Hj (30 atm)
Pd(OH),/Rh/C

MeOH, rt

HH
O
26 H:

(+)-Pumiliotoxin C

¥
HH

\/\(N/\KP
a

80% combined yield,
dr26:31=5:1
9% ee 26/31 = >99/80






OEBPS/images/c07fgy005.jpg
COzNa

CFy

OH U

Singulair CF,

[O e
r
o= #\4
HN-

(S)-Duloxetine Aprepitant






OEBPS/images/c07fgy004.jpg
W et

TPGS-750-M

7 U Ny

0O,

Racemic vitamin E o=<_7=o MPEG-750

(Succinic anhydride)





OEBPS/images/c07fgy003.jpg
O~~~
(+)-Helioannuol A (R)-(+)-4-Methoxydalbergione  17: GPR40 agonist






OEBPS/images/c14scy001.jpg
MeyZn,

Cu(OTf), (2 mol%)
_ 3@mom)
"Toluene, -10°C,3h
1H)-(7)-Muscone
53%. 79% ee






OEBPS/images/c07fgy002.jpg
(95%) 96% ee (90%) >99% ee (96%) 98% ee
* = [(S,R)-PPF-P(tBu),] (ent-7) [(DTBM)-SEGPHOS] (2) [(S,R)-PPF-P(t-Bu),] (ent-7)





OEBPS/images/c14scy002.jpg
HO

O SiMePh
I A~ 9 (6 mol%)
H Cu(OTf), (3 mol%)
7

Toluene, -45 °C, 18 h
Zn
o)

8

5
Prostaglandin E; (alprostadil)

o L FMePh

07X 2
S
Ph 1

Ph 60%, dr =87 : 13

COMe

Five steps

HO OH

s COMe

PGE, methyl ester






OEBPS/images/c07fgy001.jpg
OEt HH

1 [y L
FO-SiH H-gi-gi-H . Ii—s‘i—g

DEMS TMDS DMHS Phenylsilane






OEBPS/images/c07scy009.jpg
0_0

=

15

Reductive amination

O,.OH OH
cat. [R-DTBM-SEGPHOS]CuH O O e

PhMe, THF, t, 30 min

: N
DEMS, +BuOH H i “H \\/

16 (99%) 99% ee (R)-tolterodine





OEBPS/images/c07scy007.jpg
dL Pove
PPh,

Fe

=

(R,S)-JOSIPHOS

cat. Gu(OAc), , PMHS

cat. (R,S)-JOSIPHOS,
toluene, 0 °C, +BUOH

(92%) 98% ee





OEBPS/images/c07scy008.jpg
cat. CuF,-H,0

O, NO, (RS-JosiPHOs 0, NO,
L/)_<_ PMHS, H,0, toluene, E/)_(
1, CHyNO, (10 mol %)
(86%) 88% ee





OEBPS/images/c07scy005.jpg
Rj/ﬂsozpn versus R%\soz—(/}
R R N
12 13
S0,(2-pyr) SO,(2-pyr)

[(R)-BINAPICUH

o PhSiH,, toluene, -
(93%) 90% ee





OEBPS/images/c11scy018.jpg
A

Bu

oo

N5 N

cu(oTy, B
(10mol%)

EtOAc, MS 4 A

84 endo

Yield 36-99%
endo ee upto 98%
endalexo up 1o >99 : 01

85ex0
7= template





OEBPS/images/c07scy006.jpg
: SO.Ph SO,Pt
{

cat. CuF,H,0

cat. 11, PhSiH,
cl PhH, aqueous NaOH, it Cl

11 Me-DuPHOS(0) 14 (93%) 98% ee





OEBPS/images/c11scy017.jpg
w A
N
o
2
CuNTh), AN R Q
(1omoit) O <N
0L, MS 4 A & N=
10k, N “gs
e

22 &0 39-96% yield
74-94% ee

(e} o . 24/Cu(NTty),
A R0 (1omard )1 S
R N + S TEEsE——
)g' lRJ CH,Clp, MS 4 A

82 80 8
Yield 41-82%
endolexo upto 99 01
83— 94% endo ee






OEBPS/images/c07scy003.jpg
CuCl + NaO-tBu %» [CuO-tBu] —~—» CuH + G-O-+Bu

[*H” = Hy, RaSNH, RySiH]
[“G” = H, SnRs, SiR4]





OEBPS/images/c07scy004.jpg
Silane
cu(ll S e —— - Lo
ﬂ Ligand L [LCu(! u

Cu(OAc), [Other sources of copper: CuF,, CuF(PPhs)-2MeOH]





OEBPS/images/c11scy019.jpg
P

hd CuMeCN),CI0/88 O N O
" (3 mok)
NANYE e e ——— AL
R R ELN (18 mor%) £
S shoh0e e N R
86 87 88

Yield 50-92%
endolexo up o >98 : 02
endo ee up to 9%

$~'Bu

Fo PPh,





OEBPS/images/c07fgy009.jpg
OH OH

98% ee 96% ee 89% ee

/>SiHPh,
SN . reface approach

H\/}, Al
QA





OEBPS/images/c07scy001.jpg
1(PhgP)CuR]g

Change | ligand
to | L*






OEBPS/images/c07fgy008.jpg
95% ee (using ligand 4b)  >99% ee (using ligand 4)  96% ee (using ligand 4a)





OEBPS/images/c07scy002.jpg
¢ g ®
PPh, o PAr, MeO PAr,
PPh, o PAr, MeO. O PAr,
C I
1 (R)-BINAP 2 (R)-SEGPHOS 3(S)-BIPHEP
Ar=Ph, DM, DTBM Ar = (a) Ph; (b) 3,5-Xyl
OMe () 3,4,5-MegCqHy

N/‘

Me0” N par, 0

MeO A -PA
|

4 (R)-P-Phos 5 (S, Ry, Ra)-PPFAPhos
Ar= (a) Ph; (b) 3,5-Xyl

PAr,
PCy, PPh, - PAr’,
Fe P(t-Bu), Fe
& o

e “PPh,
<

6 (R,,S,)-JOSIPHOS

(R,.S,)-PPF-P(t-Bu), 8 (R,R)-Walphos
Ar=Ph, Ar’ = 3,5-(CF3),C¢Hy

parent)
ArgP. 3
Q?\/\Q R

AP o Y @: B
& P

(Me), /Q

9(S,,.5,)-Taniaphos 10 (R,R)-Me-DUPHOS 11 (R,R)-Me-DuPHOS(0)
Ar=Ph (parent), Cy,
(3,5-dimethyl-4-OMe)C.H,





OEBPS/images/c07fgy007.jpg
OH

OzN\©/'\

94% ee

FsC.

CFg.

92% ee






OEBPS/images/c07fgy006.jpg
“H
OH

(94%) 99% ee (97%) 90% o6 (95%) 99% ee





OEBPS/images/c08scy046.jpg
¢

Ph 42 Ph

(6 mol %)
Ar' AR Cu(OTH)-0.5PhH (5 mol %)
(1.5 equiv) PhI=NTS (1.0 equiv)
CH,C,, 1t
Ts O

COPh R=4-Me,62%, 04% ee  H, N
. R=4Cl,80% 95% oo AN
, 62%, 90% eo P H R
| 64%,92% 00 R=Me, 71%, >99% eo

R=4-CF3 51%, 80% ee R =MeO, 73%, 97% ee
R = Br, 63%, 86% ee

Cl

50%, >99% ee

Ts @
N

SHKCLR





OEBPS/images/c11scy021.jpg
PN~ COMo
A2
%

msc'fn

91

CuOAC/100

Ether, ~40°C, 24 h

PhO,S,
gl
Ph Ny~ 'COMe
H

ex099

Yield 50-95%
e up to 98%





OEBPS/images/c08scy047.jpg
RS

Ph

Ligand (6 mol%)
Cu(OTf)-0.5PhH (5 mol%)
Chalcone (1.5 equiv)
PhI=NTs (1 equiv)
CH,Cl, rt
A:B:C=100:0:0
28%, 80% ee (1R,2S)

Ts COPh Ts Ph, Ts

=/ AN
ph, N & o AN NH ¢
H H H = H “COPt
(15,2R) (1525)  COPh (15.2R)

N0 o™ N

- )
w4 Pr Ph 42 Pn
Ligand (6 mol%) Ligand (6 mol%)
Cu(OTI-0.5PhH (5 mol%) CU(OTA)-0.5PhH (5 mol%)
Chalcone (1.5 equiv) Chalcone (1.5 equiv)
PhI=NTS (1 equiv) PhI=NTS (1 equiv)
CHaClp, 1t CHACly, 1t
A:B:C=26:3:71 A:B:C=99:0:1
64% 73%, 72% ee (1R,25)

A, 36% ee (15,2R)
C. 13% ee (1S.2R)





OEBPS/images/c11scy020.jpg
Cu(MeCN),CIO,/93
SO,Ph (5 moi%)

9
AN \)kome . ”/

ELN (18 moi%)

Toluene, 0°C
% ot
-~ N EWG™.,  CulCH,CN)PFyo7
RN i N & [ Y (10 mol%)
P K
EWG” EtN (15 mol%)
CH,Cl t
9 95

SO,Ph

Me0,C7 N A
H

ex092

Yield 50-91%
e up1085%

ewe,  EWG

R

Ph
NN
RN A

ex0 96
Yield 62-90%
ee up to 97%

Ph,P

NMe,
Fe PP,

<

93

Jet 0
—S/m\) “Ph
P T Bn





OEBPS/images/c08scy048.jpg
(10 equiv)

(11 mol%)

Cu(OT-0.5PhH (11 mol%)
PhI=NTSs (1 equiv)
CHACN. 1t

68%, 70% ee





OEBPS/images/c09scy038.jpg
S'Bu
Fo P(i-Naph),
OMe & 14
NS Cubr
] Z 5.1 mol%

o TMSO AGCIO,
129 10 mol%
1o CHCly
then
TFA

o Ph
131
90%, 97% ee





OEBPS/images/c11scy023.jpg
CulM07 (5 mol%)

0.5 equiv Cy,NMe
CHCl, 1t

e} Q. Me
(_( =
N)iz \(EN Me, Fe Me
106 Me

Yield 63-100% o

Up to 96% ee





OEBPS/images/c08scy049.jpg
[eNe] +Bu S

O’S\NHQ (5.5 mol %) O 7N H

[ [CU(CH,CN),IPF¢ (5 mol %) K\\‘P\R
PhI=O (1.5 equiv) H

3AMS, CHON.=20°C 5 _ b g6%, 84% ee
R =Me, 80%, 80% ee
R = Et 83%. 80% ee





OEBPS/images/c09scy039.jpg
132 by
.PMP Cu(OTh),
i rNO? 10 mol%
+
£10,C Et NEG
133 134 CHyClp

135
81%, 97% ee





OEBPS/images/c11scy022.jpg
.
Nty

R

R

101

CFs

Br
R'O, R
coMe  ~COR* " g
Mo [ LI T Ve VS "
" 4N (15 mo%) R 00Me g NHPPh,
DCM,0°C, 1-2h 108
102 103 Br

Yield 41-98%
endolexoup to 98 : 02
e up 1o 99%

CF,





OEBPS/images/c08scy042.jpg
PO
R
Cl 34

(8 mol%)

ASANconmu

(5 equiv) [CU(CHACN)4JBF (5 mol%)

PhI=NTS (1.0 equiv)
GHyCly, ~40 °C

Ts
N H e, 82%, 88% ee

N ! :
Ts R = OMe, 67%, 93%
H CO,t-Bu \© N H a e, 67%, 93% ee
M R
R

, 45%, 98% ee
R = Me, 56%, 96% ee H CO,t+-Bu

=Cl, 89%, 92% ee
R = NO,, 32%, 96% ee r, 59%, 98% ee






OEBPS/images/c11scy025.jpg
[}
Ph R OEt  Cu(SbFg),/113
P oh CH,Clp 1t
11
o o
Ph:l)l\fkma2 Cu(SbFg),/8
N oh CH,Cly, 1t
14

o o

pnﬁ.&m

PR Ph

112
96% yield
86% ee

o o
i
Phﬁ.-l\'\lag

PR Ph
115
80% yield
8% e

13






OEBPS/images/c08scy043.jpg
Cl
g
37

Ts
(5.5 mol%)
AN co,tBu o AN
5 equiv) [CU(CHACN)4ICIO4 (5 mol%) H 'CO,t-Bu
PhI=NTs (1.0 equiv)
4 AMS, CHClp, 75 °C
Ts
L, N H 67%,97% ee
R = Me, 86%, 94% ee MeO N
\© Ts R = OMe, 95%, 80% ee MeO H  CO:t8u
N H R=F, 99%, 98% ee
R=Cl, 97%, 92% ee
R COtBU p_pr 979, 98% e Lo H s 9mce

O,N H COt-Bu





OEBPS/images/c11scy024.jpg
LI
N
\—ph
108

o]
8
N
+ RN ®

]

N,
e

109

PN
o
I

R exo:endo up to 96 : 04

CH,Cl, 4 AMS, 1t
e eeuptoto 98%

: 0
Cu(OT), (10 mof%) EE\J Yield 65-90%
A

110
F = rolat





OEBPS/images/c08scy044.jpg
o

Ph/vL Ph

O%Qro
NN
ph 3 Ph
Ligand (6 mol%)
Cu(OTH)-0.5PhH (5 mol%)
Chalcone (1.5 equiv)
PhI=NTS (1.0 equiv)
CHoCly, 1t
38%, 86% e (1R.25)

Ts
Ph

COPh
(15.2R)

Y0 o
/

i M i-Pr

B

N

Ligand (6 mol%)
Cu(OTH)-0.5PhH (5 mol%)
Chalcone (1.5 equiv)
PhI=NTSs (1.0 equiv)
CHCla, 1t
80%, 96% ee (1S,2R)

H, !f .COPh

PH
( H.ZS)

o 0
NN

Ph 42 Ph

Ligand (6 mol%)
Cu(OTH)-0.5PhH (5 mol%)
Chalcone (1.5 equiv)
PhI=NTs (1.0 equiv)
CHCly, 1t
56%, 91% ee (1R,2S)





OEBPS/images/c11scy027.jpg
H o

WL

n-Pro h-Pr O

Cu(OTH), (10 mok%)

CH,Cl,
121 (38, 4R)-syn-122 (3R, 4R)-anti-122
o 0
Entry Substrate Yield (%) symanti _ee (%) i
Z o 2 o P

(EE121 100  84:16 82(35,4R)
(ZE)121 100  28:72 72(3R,4R) n-Pr o nPr o

1
2
3 (E2121 99 03:97 88(35,45)
4 (Z2421 98 9901 84(3R45) (3R, 4S)-syn-122 (35, 49)-anti122






OEBPS/images/c08scy045.jpg
P # e Ts

Ar‘\/YArg (6 mol %) A N H
Cu(OT)-0.5PhH (5 mol %)

o PhI=NTS (1.0 equiv) H COAR
(1.5 equiv) o

Ts @ Ts R
R =4-Me, 86%, 98% ee Ph, N H %N
4-Cl, 70%, 76% ee
3.Cl, 76%, 84%ee  H H
o

R=
R =2-Cl, 91%, 79% ee o
R =3-F, 85%, 71% ee 92%, >99% ee

R = Me, 59%, >99% ee
Cl, 51%, 68% ee






OEBPS/images/c11scy026.jpg
o o o o

[ ©OVe _cueamyie
R (BUOMe, HFIP. 1 R
116 17
Yield 73-96%
ee up 10 86%
drupto>99: 01

o o
PP, Cu(SbFg) (100 mol%)/69
| Ome CHISDFolz (100mal)
r
| CHCly 1t
™
119

80% yield
e 95%. dr 10 : 01





OEBPS/images/c06scy021.jpg
3 mol% CuCl

R oot rr R EyH_(j
mo% NaO'Bu ks
©A/ pinB-H (90, 1.2 equiv) ©)\/ fBu'P " P:'Bu
I8 R‘Ilfi?ﬁc o1 (S.5,R,R)-Tangphos, 89
Bpin Bpin Bpin
o
91b,92% e 91a,95%ee  91c,88%ee pinB-H, 90

P A
73
pinB-H (90) qutt
LCu-0Bu 2 LnCu-H
92 Ph
2(L* =89) Ioe
pin
Ph R pinB-H (90)

H 91





OEBPS/images/c09scy032.jpg
g O P(4-MeCeHalo
P(4-MeGeHalp
O« o

OTMS HN™ "0

NS CuCIO,MeCN
J 5.5 mol% Et0.C” 7Y
+ . :
HIR:C ‘O CHCly

66 12 13
82%. 20 : 1 dr, 99% ee





OEBPS/images/c06scy020.jpg
="

86

5 mol% CuOBu
5mol% 18

1(1.1 equiv)

MeOH (2 equiv)
THF, t,2h

3 Bu Me
B/’\ﬂ\/ + WBDW
£ 9:5
Bu

87,84% oo 88
34% yield

i
Bu Me
(R,R)-QuinoxP*, 18





OEBPS/images/c09scy033.jpg
SBu

Fe ~P(1-Naph),
@ 114
CuBr
OTBDMS 5.1 mol%
SBu AgCIO,
116 10 mol%.

CHCl>

ThioSO:HN O
Ph’

117
82%. 20 :1dr, 99% ee

SBu





OEBPS/images/c09scy030.jpg
P
107 N)\Ph
CuCiOy ph.
0 mol% ~ ot
NEty NHTs
THF-4AMS 108

94%, 79 : 21 dr, 97% ee





OEBPS/images/c09scy031.jpg
£,
Ph/\)I\H + HNAI, \—, 39 ):) NAII

e o cuoTi Ph COMe
\)k * 11 mol% N _Ph
B \(/N OMe Toluene I
Ph 108 i

46%, 1:1dr, 77% ee





OEBPS/images/c09scy036.jpg
98

P(d-MeCeHy)z
P(d-MeCeHs)z
.
NS CuCio, CO,Et
S 10 mol% T
— o s
E10,C otMs THE 126
66 125

82%., 10 : 1 dr, 96% ee





OEBPS/images/nacute.gif
—~





OEBPS/images/c09scy037.jpg
N,PMP

i

MeO,C

128

+

OMe

¢
TMSO

129

Cu(OTf)2
10 mol%

MeCN

o CO,Me
130
58%, 86% ee





OEBPS/images/c09scy034.jpg
P Bu
oM
g\ B /2
CuOAe
oTMS fomol%  XYePOHN O
Ph™ “Me OBu (E10),Si(0AC), PRA OBU
119 120 THF © 121

81%, 95% ee





OEBPS/images/c09scy035.jpg
Ph

W
\PPhe
M

122

Me

o

=\

123

(R)-DFLUORPHOS

CuOAc PhPOHN
10 mol%
Pl OF!
E0kSH Me e
H 124

95%, 85% ee





OEBPS/images/c06scy025.jpg
2 Ph Ph

PhLi (1 equiv) HO. Hg(OAc), (1.5 equiv)  HO:
Et;0 i;L ACOOH, AcOH i;L
Ve SMezPh —50°C,6h 1y SiMecPn 22 «C.3h on

Ve e - aquecus workup M€ Me Me” e

100d, 98% ee 103, dr >98: 2 104, 96% ee, dr >98 : 2
85% vield 85% yield





OEBPS/images/c07fgy012.jpg
1%

ﬁ/o
PH

(83%)
Cu/C 98% ee

homogeneous 99% ee

(70%)
99% ee

92% ee

(91%)
86% ee

92% ee





OEBPS/images/c06scy024.jpg
o 1 mol% CuCl

1.1 mol% 626 si

X o L ewg 22monaoty X or A _gwa |PhMesSi—

(e R 99 (1.1 equiv) L 5 N %
THF, 78 °C '

R R Vaqueouswowp R R 100 si=siMe,Ph

&, o & Ptens

@) n=0,80% ee Me

o . (f)n=0,82% ee (3moi% 62c cat) M Et
(b) n=1,95% ee (“) n=0,98% ee (g) n=1,84% ee (2 mol% 62b cat.) 620
(©) n=2. 94% oo (€) N=1,98% ee P
g § §
Me/\)LMe /\/\/\)L Me Ph/\)k O/ ]@
h, 94% i, 96% 4% e K, 97%
94% ee i, 96% ee i, 94% 97% ee . naphthyl
si o si o si 62c
e~ ™ owe P N
1,91% ee m, 93%ee  n,80%ee
2 mol% CuCl
% 2.2 mol% 62d PR Ph —_
% NaO's Y= A
44 mol% NaOBu_ SlMezPh LAY
P 99 (11 equ) O/ N J@
Ph THF,-78°C,2h Ph
101

;aqueous workup 102, 96% e, 95% z e2d
91% vield





OEBPS/images/c07fgy011.jpg
Conditions for asymmetric hydrosilylation: 3 mol % Cu(OAC),-H,0, DEMS (3 equiv)
E,0 (05 M), 25 °C, 5h

OH OH OH OH

O T X,
oTf
(94%) 93% ee (82%) 90% ee  (90%) 95% ee  (90%) B6% ee

L |
Using (R)-DTBM-SEGPHOS (2)
o QH MeO. 4
Br F4C
(91%) 77% ee (96%) 93% ee (97%) 92% ee

L |
Using 3,4,5-Me;CgH,-MeO-BIPHEP (3¢)






OEBPS/images/c06scy023.jpg
10 mol% CuOTH(CeHs)o.s
11 mol% BugP

RICH=CHCOR?
Disilane (97a or 97b)
DMF or DMI
Ketones, aldehydes o'y T

cyclic, acyclic)

SiRoR’
R'CHCHZCOR?
98

M3Si-SiMe; (97a)
PhMe,Si-SiMe,Ph (97b)






OEBPS/images/c07fgy010.jpg
O - \©/< (@/(
S9N "
(72%)82% e (99%)90%ee  (75%) 90% ee
3
(R = phenyl, alkyl,

substituted aryl,
heteroaryl)





OEBPS/images/c07scy018.jpg
cat. Cu(acac), (1 mol %)
/lol\ cat.ligand 4b (1 mol %) it
— >
Ar PMHS, toluene, ~20 °C, 12 h, air Ar

Nealicalivalicn

(91%) 92% o6 (93%) 93% ee  (91%) 88% ee  (95%) 76% ee





OEBPS/images/c06scy022.jpg
"“0COPh
95a, 97% ee (S)
QCOoPh
-
Ve e
95b, 91% ee (R)

OCOPh

Ph’ S Et

95¢, 98% ee (S)

5 mol% Cul

94 (1 equiv)
THF/ELO 61 1
0°C

As above

As above

SiMe,Ph
96a, 9% ee (R)

SiMeoPh

x
Me’ Me

96b, 67% ee (S)
SiMe,Ph
P N g

96¢, 98% ee (R)






OEBPS/images/c07scy019.jpg
OSiHPh,
35 (3 mol %)
NaO-+Bu, Ph,SiH,,
toluene, 1t

P QU Pn 36 96% o

35 (R.R.R,A)-CuPhEt





OEBPS/images/c07scy016.jpg
CO,-tBu

o J o o |
. CO,-tBu
o G é
HO ¢o,-tBu Ho CO,-tBu
- 20 30 (85%)
+BUO,C.
HO,, -
Aepeat Conditions
_— cat. CuF(PPhg)3:2MeOH
(Conditions) cat. 9, PhSiH, toluene, -50 °C

O &o,-tBu
31 (70%)





OEBPS/images/c11scy029.jpg
128
n=01

H|-COEt R COEt
g CuHY(ent-8) \|(\/

o CH,CL, 20 C OH
= immobiized 127
eolite Y catalyst

126

Yield 23-91%
ee up 0 94%

COE
a,

129

Yield 65-71%
ee up 1o 95%






OEBPS/images/c07scy017.jpg
m [(S)-xylyl-P-Phos]CuH
.
PhSiH,, toluene, ~40 °C, air, 72 h

((DTBM)-SEGPHOSICuH
PMHS. toluene. -78 °Ctort. 72 h

N
s OH
91% ee

(100% conversion)

No reaction





OEBPS/images/c11scy028.jpg
Ot
a Cu(OT), (20 mok)
CH,Ch 1t

n=tor2
123

124

+1.dr, 9% ee, 94% yield
+1.dr, 91% ee, 91% vield






OEBPS/images/c07scy014.jpg
OMe
N= ]
X
MeO’ PPh,

MeO_A\PPh

N~

OMe
4a (S)-P-Phos

~A

24

COR

NHAc

cat. Cu(OAC), H,0

cat. 4a, cat. NaO-+Bu
+BUOH, PMHS, THF

in air
R=Me, E, t:
R=Et, E rt:

COR

/\/EH
NHAC

25

(98%) 92% ee
(93%) 81% ee





OEBPS/images/c08scy040.jpg
Ligand (6 mol%)
Cu(OTH)-0.5PhH (5 mol%)
PhI=NTS (2 equiv)

4 AMS, CgHg, 1t

R =Me, 63%, 94% ee (15,2R)
= £Bu, 60%, 96% ee (15,2A)

Evans [78]

Ph Ph
O,

&

38 ph

Ligand (3 mol%)
Cu(OTH)-0.5PhH (2.5 mol%)
Cinnamate (5 equv)
PhI=NTS (2 equiv)

4 AMS, CeHg, 1t
R = Me, 25%, 90% ee (1R2S)
Van der Eycken [109]

c :
o @ \
| Z
2 e :
= N. Me,
Ph Z O o o
cl 34 o o

Ligand (6 mol%)
[Cu(CH;CN)4JBF 4 (5 mol%)
Cinnamate (5 equiv)
PhI=NTS (1.0 equiv)
CHCly,

R =Me, rt
70%, 69% ee (1R2S)
R=tBu,-40°C
77%, 89% ee (1R2S)
Scott [110]

Cl.
Vi
N

CI

Cl

s

39

Cl

Ligand (5 mol%)
[Cu(CH3CN)4ICIO; (5 mol%)
Ginnamate (5 equiv)
Phi=NTs (1.0 equiv)

4 AMS, CHCly, 20 °C
R =Me, 90%, 83% ee (15,2R)
R = tBu, 85%, 3% ee (15,2R)

Shi [95b]

Ligand (5.5 mol%)
[Cu(CH;CN)4ICIO, (5 mol%)
Cinnamate (5 equiv)
PhI=NTS (1.0 equiv)
4AMS, CH;Cly, =75 °C
R =Me, 97%, 88% ee (15,2R)
R = +Bu, 99%, >99% ee (15.2R)

PhI(OAG) (1 equiv), TsNH; (1 equiv)
CHClp, ~30 °C
R = +Bu, 49%, >96% e (15,2R)
Ding [107])
Cl

Ligand (11 mol%)
[CU(CHsCN)4JPF§ (10 mol%)
Cinnamate (5 equiv)
PhI=NTS (1.0 equiv)
CHClp, -40 °C
R =Me, 83%, 83% ee (15,2R)
R = tBu, 57%, 98% ee (15,2R)

Suga [111]





OEBPS/images/c07scy015.jpg
ArgP 18 . COxtBu

&> N, OHgo, 161
9 Taniaphos (modified) 26 27 (85%) 94% ee
Ar = (3,5-Dimethyl-4-OMe)CgH, (Al cis)

Conditions: cat. CuF(PPhg)3-2MeOH
cat. 9, PhSiH, toluene, -50 °C





OEBPS/images/c08scy041.jpg
TBSO. ot 5 |TBSO
(10 mol%) Ns
OMe NH
Cu(OTh) (5 mol%) H
(@5 equv) o Phi=NNs

4 AMS, CH,Cl, it
MeOH

TBSO. NHNs

OMe

OMe O
89%. 93% ee





OEBPS/images/c07scy012.jpg
n-Bu-O.

B

cat. Cu(OAc), H,0, PMHS n-Bu-O. /
cat. (R,S)-PPF-P(t-Bu), (7)
—_— e,
TPGS-750-M/H20 (0.25 M)
n18h é
(83%) >99% ee
o
9 15 Py
o * o

Amphidinoketide 1





OEBPS/images/c07scy013.jpg
Condtions U
Et " Ar OFt

23
5 (S, A, R)-PPFAPhOS 21 Ar=p-CICeH,  >99% ee
22 Ar=Ph 82% ee

Conditions: cat. CuF(PPh;);-2MeOH, cat. 5, PMHS, +BuOH, THF, rt





OEBPS/images/c07scy010.jpg
ALul”

o
RySiH
H PathA
18
_CuL*
Alternatively, BuOH

in the presence
of +BuOH { PathB

OSiR,

+L'CuH
RySiH .
+ CuO-tBu —=—» L'CuH

(Faster)





OEBPS/images/c07scy011.jpg
Compare:

cat. Cu(OAc),-H,0, PMHS
cat. (R,S)-PPF-P(+-Bu),

TPGS-750-M/H,0 (0.25 M)
n18h

cat. CuCl, PMHS
NaO-t-Bu, toluene, -78 °C

20
(80%) 93% ee
(96%) 87% ee





OEBPS/images/c08scy035.jpg
Ph O ent-27 (6 mol %) i gh

[Cu(CH4CN),JPFg (5 mol %)
At c|3(:/\c>/kN‘0TS Koo, (1 5:qu.v;o P CCts
X 200 (1 Ar
(3.0 equiv) (1.0 equiv) 4 AMS, CHCN, 1t
o ph O Ph o Ph
PSS I I I

N" 07 cel, N" 07 cel, N 07 el

/@/Q OQNO/Q
85%, 97 : 3dr 76%, 92 : 8 dr 84%, 89: 11 dr





OEBPS/images/c09scy007.jpg
('P? Ph ) ‘OF‘* Ph
HN Py o HN-
21.Cu(0TH), 4.5 mol%
RNTs 4Ezn —— =
23 Toluene
84-98%, 90-97% ee
RY = Ph, Me, Ph(CH,),, Bu,-Cetys,

-Pr, ¢-C<Hg, -CeHyy, TFOCH,





OEBPS/images/c11scy032.jpg
Me, OH O

J\/OE" + /\Srau e Bno\/'\)ks’_su

CHyCly, —78°C, 12

¢

139 142 N
100% yield, 99% ee | P 2S0Fs 441 Ph
I} Cu(OTH),5 Me, OHO H
Meo\n)kme + }O\S‘MSJ __tomore) N AT T
) StBu TR 780 bkl S/ i
350 140 Coesd 5 u

96% yveld, 99% ee





OEBPS/images/c07scy020.jpg
-CuPhEt (35) (2 mol %) OSIPh;H

u (12 mol %), THF, 1t RNR
Ph,SiH,

O
M

R™ "R’

0SiPh,H 0SiPhH 0SiPh,H

DS U

98% ee 92% ee 90% ee





OEBPS/images/c08scy036.jpg
tBu 7 tBu

Ligand (6 mol%)
Cu(OTH)0.5PhH (5 mol%)
PhI=NTs (2 equiv)
CHyCN, -20 °C
62%, 70% ee (15,28)
Evans (78]

H Me Ph H
(1528) (1R2R)
e Me
/N
N N
Fe Fe

& =

Ligand (11 mol%)
Cu(OTH)-0.5PhH (11 mol%)
E-p-Methylstyrene (10 equiv)
Phi=NTs
CHACN, 1t
75%, 69% ee (nd)
Kim [89]





OEBPS/images/c09scy008.jpg
—Ph
j)‘ S’ Ph 26 2.5 mol%
R+ HN <pp 4 RpZn — 20O ROR
- 5 Toluene 27
41-90%, 90-97% ee

R' = Ph(CH,),, FPr, Ph, 3-NO,CgHy, 2-CICeH,,
2-MeCgH, 2-MeOCgH,, 1-naphthyl, 2-furyl

R = Me. Et






OEBPS/images/c11scy031.jpg
@# L

133

= + \"/
(o}

137

134

134

_CuOT,/138 (19 more)
ToHCL sAMS 30T

Cu(OT), /136 (10 mol%%)

CH,Cl, 3AMS, 30°C

Me
135

85% yield

60 >99%

OH OMe

R

138
Yield 78-98%
e up to 98%

= 2,6-diisopropylpheny





OEBPS/images/c08scy037.jpg
(12 mol%)

Cu(OTH); (10 mol%)
PhI=NNS/CHCIy, it

Me 80%
>99 : 1dr, 86% ee

Cu(OT),
(5 mol%)

Q NHNs

Me 97%
>99:1dr, 87% ee





OEBPS/images/c09scy005.jpg
Mé Me
N
PPh,
Ts a0 Ts
N 17, Cu(OTH), HN”
I 1-5 mol%

R! +Et,Zn R17EL
16 Toluene 18

78-97%, 86-96%

= Ph(CHy),, 0CeHy ©

Ph, 4-MeOCgH,, 2-furyl

Ts T
N 17,Cu0Th),  HNT'S
i 15 mol% Py

Ph +RoZn Ph
10 Toluene 19

R =Me: 97%, 87% ee

i-Pr: 92% 78% ee






OEBPS/images/c11scy034.jpg
OH O synianti=

o
M .
D Sittes - e 2315771
H e R? Cu(OT), (20 mol%) 37-97% yield
Hy0: THF =1:9,-15°C Me 42-81% ee (syn)

148 149 150





OEBPS/images/c08scy038.jpg
(12 mol%)

Cu(OTH), (10 mol%)
Phi=NNs
4AMS, CHCI3, 30 °C

NHNs

Me " 40% (two steps)
90% ee





OEBPS/images/c09scy006.jpg
"Me M
213 mol% HN'P\’P?‘
Cu(OTf), 6 mol%
+R,Zn R'”“Et

Toluene
80-98%, 89-98% ee
R' = 0-CghHs, Ph, 2-CICgHj, 4-CICqH,, 4-BrCeH,,

2-MeOCgH,, 4-MeOCgH, 2-MeCgH,, 3-MeCgH, 4-MeCgHi,
1-naphthyl, 2-naphthyl, 2-furyl, benzodioxolan-5-yl
R = Me, Et, Bu, i-Pr, TBDMSO(CH,)s





OEBPS/images/c11scy033.jpg
o OSiMe,
R?0,c7 TR * OBn
144 145
R’ = Aryl, heteroaryl, Me

le. Et. Bn

T

CuC, /136 (5 moi%) Rl/g’jl ; L
THF, 20°C.24h  R0,C OBn' 146
then, TFA . :
{1Bu o,
; P
73-88% yield

89-97% ee

+-Bu





OEBPS/images/c08scy031.jpg
O o
Cu(pyridine)4(OTf),
n-Pr [*] (2 mol%) A X

o e
-pr, N N
o~ A oTs ”P"'/AH * H/Qa
D K2COs (5 equiv) R od N
Acetone, 25 °C
1:3
559,






OEBPS/images/c11scy036.jpg
R* 160 (11 mol%) RZ

- i P Ph
J’\l‘\ N Cu(OTf), (10 mot%) JN\H | y
R! o RSN | —HN HN—
159 at 61 A 160 R
R' = E10,C, BnO,C OsiMe; M R
(EO),0p M= /'\pn @ A sive,
RO 162 164 oMe 166
__Ref[52a=c] Ref [52d,¢] Ref {521]

B . B
e 163 165 : 167
'OMe

Up to 97% ee Up to 98% ee’ Up to 93% ee





OEBPS/images/c08scy032.jpg
(Pl
e N
des
cl 34
(6 mol%) Ph, N

P + Ph.

Ph [CU(CHCN)4JBF 4 (5 mol%) H
(5 equiv) Phi=NTs (1.0 equiv) 63%, 95: 5

CH,Clo, —40 °C





OEBPS/images/c11scy035.jpg
THF,-20°C

TP RS & Qo)

OSiMe,
152 153
Up to 98% ee AT s
Ar = 2-MeO-5-Bu-C¢H,
H s
¢ rosd’ 3
RIS 0R?
v 2
RV COR 155
151 Up to 99% ee
(S1158/Cu(0T),
(10 mol%) o0
O _0SiMe, \ CF;CH,0H (12 equiv) 175 ONz0

157
Up to 99% ee






OEBPS/images/c08scy033.jpg
+Bu 7 “tBu

Ligand (12 mol%)
Cu(OTf)-PhH (8 mol%)
Styrene (4.85 equiv)
PhI=NTS (1 equiv)
CeH, 1t
99%, 57% ee (A)
Evans [78]

Ligand (12 mol%)
Cu(OTf)-PhH (8 mol%)
Styrene (5 equiv)

Phi=O (1 equiv), TsNH; (1 equiv)
3AMS, CgHg, 1t
86%, 59% ee (R)
Dauban and Dodd [86]

Ligand (6 mol%)
[Cu(CH3CN)4]CIO; (5 mol%)
Styrene (5 equiv)

PhI(OAC): (1 equiv), TSNH; (1 equiv)

CeHe, 1t
75%, 48% ee (R)
Che [87]

R
Ph
°w><r°
I
Ph 3 Ph

Ligand (7 mol%)
Cu(OTf)z (15 mol%)
PhI=NTSs (1.5 equiv)

CHaCN, rt

91%, 73% ee (R)

CuHY (15 mol %)
78%, 76% ee (R)
Gullick [88]

NTs
~

S oNTs

Ph
S$2,
Cl =N N Cl
e ol

33
Ligand (11 mol%)
Cu(OTf) (10 mol%)
PhI=NTS (1.5 equiv)
CH;Clp, 78 °C
79%, 66% ee (R)
Jacobsen [77]

Me Me

©/L
Fe 5 g

Ligand (11 mol%)
Cu(OTf)-0.5PhH (11 mol%)
Styrene (10 equiv)

PhI=NTs

CH4CN, rt
88%, 74% ee (nd)

Kim [89]





OEBPS/images/c09scy009.jpg
Et,Zn
_PPh 215 mol% _P—Ph
HN Sy Cu(OTf), 10 mol% HN™ Sppy
Toluene R
Al

AT CROE! Vie,Zn " R,
28 21 5 mol% 29

(CuOTN), PhMe 10 Mo%  71_gge, ‘01-09% e

Toluene R = Me, Et
h, 4-BrCaH,, 4-CICeH,, 3-MeCgH,, 4-MeCgH,, 2-naphthyl

Ar






OEBPS/images/c11scy038.jpg
o

oH
ROH o+ —
MeNO, Cu(OAG), H,0 HJ\/ NO;
7 169 (5 maite) 173

R = Aromatic or EtOH, t 66-95% yield
aliphatic 87-94% ee





OEBPS/images/c08scy034.jpg
STY

N N
Ph o ent-2T  pp
(6 mol %) 9 R
RRA Q BN
[Cu(CHSCN),JPFg (5 mol %)
N+ B I S e L R R N~ 0" el
AT Cl,C N K,C0, (1.5 equiv) A ?
(3.0 equiv) (1.0 equiv) 4AMS, CHLCN, rt
R=HorMe
o] o
ENPN
/@/Q 07 cCl N)l\o><cm3
o 82%, 70% ee OZNO/:%. 86% ee
o o
1
N)I\o><ccl3 Nkoxcch

ON
71%, 56% ee 58%, 60% 66





OEBPS/images/c11scy037.jpg
{ OH
it 8 o Yoo w2
e I P . t 4
R17 coE * MeNO:  cuorh, (20 mors) o?u ot Ph 81 §§
EtgN (20 mol%) z
168 169 o ) 170 9% o3






OEBPS/images/c14scy029.jpg
Five steps
_1652omore)
CHQC\Q, —20 °c, \‘(

Cies
trans:cis 73: 27 ent-A'-Tetrahydrocannabinol
57%, 98% ee

CHiy

L

o
165 (5.0 moi%)

N_P “chol, 78°c,
42h

Sixsteps  HO,

HO” Y
P OH
170 163
endo.exo 80 : 20
97% conversion, 98% ee
67% yield endo isomer
after recrystallization

(CH,),0TBS
r‘\ Sixsteps

169

ent-Shikimic acid

(CH,),0TBS
o _165(50mo) H
XO CH,Cl, t, 240

NS " 164
171 172 (-)-Isopulo’upone
81%,>99 : 1

96% ee





OEBPS/images/c08scy039.jpg
O O
- +
Ewa Z Ewa e EWG 1
(3RA4R) (35,48)
H'QH 7
= Cl 2
Cl. =N N Cl Me' N
N Me
c Z O ol
33 cl 34
Ligand (11 mol%) Ligand (6 mol%) Ligand (11 mol%)
Cu(OTH) (10 mol%) [CU(CHACN)4IBF 4 (5 mol%) [CU(CHCN)4ICIO, (10 mol%)
EWG =CN EWG = Ac; chromene (5.0 equiv) EWG = CN; chromene (5.0 equiv)
PhI=NTS (1.5 equiv) PhI=NTs (1.0 equiv) PhI=NTs (1.0 equiv)
CHCl,, -78 °C CHClp, 40 °C 4 AMS, CHCly, 75 °C
79%, >98% ee (3R4A) 80%, >94% ee (nd) 99%, 93% ee (35,45)
Scott [106] Ding [107]

Jacobsen [77]





OEBPS/images/c09scy003.jpg
A - ~Is
N °

i HN HN
+EtZn ————————— + +10
Ph) Toluene PhEt Ph/I\H
10 4h,0°C 1110%  1240%  50%
Cu(OTf),
20 mol%
10 +EtZn 1" + 12 +10
Toluene
12h,nt 46% 32% 18%
Cu(OTf),, PBuy
20 mol%
10 +EtZn — 1" + 12 +10
Toluene
4h,0°C 57% 159, 92929,






OEBPS/images/c14scy025.jpg
i R=C4H
Cul (5 equiv) g
MeLi (10 equiv) (3R,45)-(-)-Whiskey
140 (3.6 mol%) R Tnctone
e}

o 5" CuBr-SMe, (3.0 mol%) /" EtO,-60°C,2h R=CgHyy

A RMgBr (2.0-3.0 equiv) 120 (3.0 mol%) 143 (3R45)-(-)-Cognac
J "R con lactone
0 o CH,Cl,, 65 °C or 75 °C (y; “ty  CHoClp, 40 °C o 2 R=CyiHag

o "
" \__Three steps g (-)-Nephrosteranic
141 142 "R acid
R = CHy; Sy2:Sy2’ 99 : 1, 83%, 97% ee o770 R=CygHyr
R = CoHy ; SN2:Sy2’ 99 : 1, 82%, 98% ee 144 (-)-Roccellaric acid

R = CyyHys ; Sy2:8y2 599 : 1, 84%, 98% ee

o R=CraHer ; S22 >99 1 1,82%,97% €€ | osN_NMles
:

Fo
2 140

(R,R)-(+)-Taniaphos






OEBPS/images/c09scy004.jpg
Bn

A ben, R
R [3:Tge) HN
J’\“ 14.Cu(0TY, H‘J\E'
R17 4 Etzn 2T
13 Toluene  83-98%, 90-94% ee
R! = Ph, 4-CICgHy, 3-CICgH,, 2-CICgHs,
4-MeOC,H,, 1-naphthyl, 2-naphtyl, 2-furyl

R2 = Ts, Ms, TMS(CH,),SO,






OEBPS/images/c12-math-0001.gif





OEBPS/images/c14scy026.jpg
140 (1.1 mol%)

Ph Br CuBr.SMe, (1.0 mol%)
Four steps
i /‘H C15HasMgBr (2.0-3.0 equiv) i J/ Fourstens | Cre opr
0”0 T CH,Cl, 60°C,on \/\l/\'(
139 146 147
76%, >98% ee
(R =Cy5Hg1)

Installed via conjugate additions

. HO.
- I HO
HeoC1d =9
H o 9
T \/V\/\/\/\/\j/oo
Installed via an allylic 145 ° 2
alkylation . =S-0 0
Ac, sulfoglycolipid ! OH
cesulfoglycolipid | o i

PhyP, PPh,

.0
2 140

(R.R)-(+)-Taniaphos






OEBPS/images/c09scy001.jpg
bn

-PMP Me,N -PMP
| MeO’
2

A
+ MeLi PRy Me

Ph

Toluene
1.2.6 equiv: 98%, 75% ee
0.05 equiv: 96%, 40% ee

Et_Et

OMe
L o0
N +BU

4
ph/\)‘ + Meli
5

Toluene

6
41.0 equiv: 96%, 91% ee
0.2 equiv: 81%, 82% ee





OEBPS/images/c11scy030.jpg
o o 132a or 132b (20 mol%)
N - CUOTH-1/2CHs (5 mol%)
B
N
130

o 9 -
3, HNTYY z NH
2
R A N PN
HN" O N~ o7 NH
131
Yield 69-99% CFy FiC CF,

ee up to 93% 1324 139h





OEBPS/images/c14scy027.jpg
153 (11 mol%)
CuCl (10 mol%)

154 (5.5 mol%)
CuCl (5.0 mol%)

/== 150 By(pin), (1.1 equiv)
(pin)B 1.5 equiv NaO*Bu (30 mol%)
)\/\ NaOMe (1.5 equiv) MeOH (2 equiv)
p-tol OPO(OE), THF, 1t, 24 h pol THF, 1t, 6 h o
149 151 5 pol
cl

83%, >98% Sy2',
84% ee

MesN & NMes
154

B(pin) 1,0, (3 equiv) o
NaOH (3 equiv) ﬁ
2 THF,0°C,08h L4 g
155 152
78% over
Two steps
Three steps as
reported H
by
Morken [54]

pol
148
«-Cuparenone





OEBPS/images/c09scy002.jpg
Q
mé_ ph HN” P\’PPhh
Toluene Ph™ “Et
9

7 1.0 equiv: 89%, 90% ee
0.1 equiv: 12%, 75% ee






OEBPS/images/c14scy028.jpg
(CuOTT),-CgHg (5 mol%)
©\/ _ ent9@Gmon) ©\/ VC 125steps b
N
O M T oM, 0 on

Br
156 '507 ‘53
76% Sabinene
b:/=82:18,90% ee
(CUOTH),CoHg (5 mol%) Four steps o.
#9 (6 mol%) fp—
NN+ _ end b moe) . ©:
B
g DCM, 80 °C, on
159 Br BnN
Br 160
71% 161
92% oo

:1=77:23,94%
b 3, 94% ee Martinelline alkaloids

chromene derivative core





OEBPS/images/c14scy021.jpg
120 (35 mol%)

117 (10 mol%)
(CuOTH),CeHg (5 mol%) Y\M'/S\@ o
Me,Zn (6 equiv) 119 oM

o
e
st~ oPoeY, PR —— . B0 N g
+BuO’ - THF, 30 °C, 48 h +BuO THF, 40 °C, 24 h *
118 I 121 one
. . MesN._ NMes
821825201 1, s 40%,90% ee,3: 1 E: Z
80%, 90% ee =Ru;
~
t Yol BBr,, DCM
OFPr ~78°C 522°C
120
o
HO' N e
OH

115
(R)-(-)-Elenic acid
85%





OEBPS/images/c14scy022.jpg
OPO(OEY),

A 124
N
SMSZ%@\
(FBU)Al OAI(i-Bu),
123

(notisolated)

125 (1 mol%)
CuCl,2H,0 (2 mol%)

THF,

15°C, 12h

76%, >98% Sy2',
>98% E, 97% ee

Three steps






OEBPS/images/c14scy023.jpg
Br (1) n-BulLi, THF, =78 °C, 1 h;
Et,AICI, pentane, =78 °C — t, 12 h; %

OPO(OEt), Q
\(\/\(\/ 127
OMe 129 (1.0 equiv) OH

128 130 (0.5 mol%) R-(-)-Sporochnol
CuCl,-2H,0 (1 mol%), THF, =30 °C, 1 h >98% conversion,
(2) MeMgl, 180 °C, 10 min, neat 76% overall yield,

>98% S\2, er="78.5:21.5





OEBPS/images/c14scy024.jpg
NS 130 (7.5 mol%) X X
I CuCly2H,0 (15 mol%) o

Et o Et MegAl (4 equiv) Et "0 Et . o Et .
- . P
(0E:0P0. I A _opooe, T 8016 )\Kvka M
132
133
%, 5989, 134
27%, >98% de, 8% 61%, 598% ee
98% ee
” Two steps
o OoH O
14 steps 0
P, Ho.C . E[)Hj\)ka
Me :
138 137 Bt e 136
Obtained via ring- \ wo steps
opening metathesis
Et
o.

Et 131 Et
(+)-Baconipyrone C





OEBPS/images/c14scy020.jpg
Formal synthesis of ar-tumerone and 8-deoxyanisatin

MegAl (2 equiv)
Cu(OTH), (5 mol%) 0 10 steps as
\3 107 (10 mol%) NaOMe (2 equiv) e POrIe0 By Loh [40a)
THE, 1, 20 Q THF/MeOH, 0°C, 1h P
Me 108 Me
87%, 97% ee quant.
l Five steps o
o Eight steps as reported °
y by Kende [40b]
107 Me 103
Ar = 3,5-(CFy),CeHs (+)-arTumerone 109 OB

104
8-Deoxyanisatin

Formal total synthesis of frondosin B
Me;Al (2 equiv) Eight steps as .
Cu(OAc), (10 mol%) : oM reportedby
_AMaomoRy) H \ Two steps Trauner (411 0, O
QJNLQ THF,0°C >, 2h M O o
112

105
82%, 94% ee Frondosin B






OEBPS/images/c07scy027.jpg
1 CuFe,0,, PMHS T

AR cat. (S)-BINAP, toluene, rt AR

Foadicc i caliien

(82%) 99% 66 (66%) 80% e (68%) 72% o6 (73%) 89% ee





OEBPS/images/c11scy039.jpg
K

- NS (1) Cu(OAc),
(2) SmsO(0I-Pr)y; _ Heterobimetallic
OH HO: 4-MeO-phenol u-oxo-oligomer
OH HO
176
_Boc Cu/SmAT76
’ (1-10 mol%) 54-99% yield
B + RPCHNO,  4:MeO-phenol (10 molt) syn: anti=
i THE 13:110>20: 1
NO,  66-99% ee
174 175 177

R'= Aryl, heteroaryl, alkyl
R? = CH,, CH,CH.,, BnOCH.,,





OEBPS/images/c14fgy001.jpg
& 38

HO\H/\/\/\/\/\/\/\/\/\/\/\/\/\/ Mycocerosic acid

o
39
Phthioceranic acid ~ HO'
OH N
=
o
HO o OU‘,O\A/kA/k/\)\/\/'\/\/k/\/\/\
HO 4
S0 40

B-D-Mannosyl phosphomycoketide

U § R

o Ll

Mycolipenic acid

(-)-Rasfonin
OH w“
Phthiocerol dimycocerosate A (PDIM A)






OEBPS/images/c07scy025.jpg
Ar

OH

©/b

(75%) 96% ee

o
)j\R

+

PhSiH,

OH

O

(73%) 88% ee

Nano-CuO, (S)-BINAP

Toluene, -20 °C

OH

SO

(91%) 76% o6

OH
Ar” "R

OH

Me0/©/'\

(79%) 83% ee





OEBPS/images/c07scy026.jpg
Cu-Al hydrotalcite OR

Ar)J\R PMHS, cat. (S)-BINAP AT R
Toluene, 1t

(86%) 97% ee  (75%) 86% e (58%) 87% ee  (62%) 62% e (65%) 94% ee





OEBPS/images/c08scy030.jpg
(11 mol%)

Cu(OT) (10 mol%)
PhI=NTS (1.5 equiv)
CH,Cly, 78 °C

Me
e





OEBPS/images/c07scy023.jpg
47

cat. L*CuH, DEMS

EL,0,-25°C

48 (77%) 97% ee

49 (2S)-Isoaminile





OEBPS/images/c07scy024.jpg
(1) Add 1o H,0

(2) Ultrasonication
Cu(NOs), + Charcoal ———————~  Cu/C (copper-in-charcoal)
(3) Distill off H,0

(4) Dry





OEBPS/images/c07scy021.jpg
O OH R R OH
O
R/%HLR’ — R/\H*\H A ~ Ar SR
L"CuH Ry LouH )\H\
"





OEBPS/images/c07scy022.jpg
R” cat. (DTBM-SEGPHOS)CuH R =z R” R R”
DEMS, Et,0, -25 °C R R O
4 42 (1,2-adduct) 43 (1,4-adduct)
OH
Et OH
RIS A : N
= OH
ey
R=pBr  77:23 12:1,4 1 4499 ce; from Z-enone  45; 97% ee; from E-enone
%6%ee |
p-OMe  76:24 12:14 | oH OH
or%ee |
; NN NGty
m-CFy  79:21 12:14 | \_g
o2%ee
82:18 12:14 46;38:62 12:1.4
94% ee 97% ee





OEBPS/images/c08scy024.jpg
$TE

L

32 (15 mol%), CuOT (10 mol%)

Toluene, rt

Mes0,S H
69%., 97% ee





OEBPS/images/c09scy018.jpg
OO P(4-MeCgHy),
P(4-MeCgHs),
CJ e

Ts HN
"f )\ 64-CuCIO, 5 mol%
J. Ph PHCF, Et0,C Ph
6

70 71 95%, 99% ee





OEBPS/images/c11scy043.jpg
OEt ¢ 5 Geu ROH
A-H + )H( to By N)}roa
to1 ) CulOTH, (10 mol%)
or0<Clon
126=R=H 193
192=R=CF,
H . "
N
NMe, Me

Up to 95% ee Up to 94% ee. Up to 93% ee





OEBPS/images/c08scy025.jpg
COxt-Bu

32 (15 mol%), CuOTf (10 mol%)

Toluene, t, 4 h

1BDPS0.

o
+BUO,C H
84%. 95% ee





OEBPS/images/c09scy019.jpg
R=0CyHy B

72.CuF 10 mol%
A

LiOiPr, +-BuOH Me
Toluene 75

76-97%, 81-93% ee

Ph, 8-MeCgHj, 4-MeOCgH,, 2-naphthyl, 3-MeOCgH,, 3-FCgH,, 4-CICgH,





OEBPS/images/c11scy042.jpg
188 Cu(OTI),

HJH(NHPh + MeNO, (10 moi%) ON~ OH . _ N o -
Ie EtgN (20 mol%) R — R
MeCN, 0°C. 24 h o
187 169 189 190
R = Aromatic 93% yield

or aliphatic 90% ee





OEBPS/images/c08scy026.jpg
oA
7.CuPFg (1 mol%) Cg Q
L L R
I CH;Cl, refiux
T

o
o
Me e
o o Me
H
S o
43%, 87% ee 82%, 90% ee o

66%, dr: 69 : 31 (cis/trans)
85% oe (rans)





OEBPS/images/c09scy016.jpg
Z ) OO o‘ )—Me

L
o o
o O e
N Et NH
31*.CuTc 10 mol% :
Et,Z Z
Ph:?)LPh +EtZn Tolene Ph

63
CuTC, copper thiophene-2-carboxylate  90%, 80% ee





OEBPS/images/c11scy045.jpg
197
R=TsorNs

I

Bn n
Cu(OT), (10 mol%s)

CH,Cl,,20°C

NHR
Sy
N
H
199

47-94% yield
81-96% ee





OEBPS/images/c08scy027.jpg
cl cl
Cgo\ 2C
(11 mol%)
Cu(OTH (10 mol %)
PhI=NTS (1.5 equiv) NTs
CHClp, 78 °C

70%, 87% ee





OEBPS/images/c09scy017.jpg
OO P(4-MeCqHy)
P(4-MeCqHy)
C0 s

Ts 64.Cu(l) 5 mol% B
N/ -Cul mol%
I+ AM Geacnon E'OQC)\/\

Toluene or CH,Cl,
£O,C 69

66 67 M = SiEty 67: 88%, 72% ee
68 M = SnBu, 68- 91% 83% o6






OEBPS/images/c11scy044.jpg
HO_ CFs

o 195 (1.1 x mol%)
N CuX; (xmol%) “CO,E
@:} : CFJACOQE! Skl S \ 4
N Solvent, 78 °C, 4 AMS N
H

194 192 196

195a: R = p-TolSO, (x=5)
S, J‘ Solvent = CH,Cl,, 95% yield, 95% ee (R)

Ph
195b: R = p-NO,C,H,CO (x= 10)
oluene, 99% yield, 90% ee (S)

Phebim b Solvent





OEBPS/images/c08scy020.jpg
HOMe,C e,0H

o
RVA (3 mol%) Al
v - .
CICH,CHCI, 1t R
o CE
o
o o o i
ﬁ i < i T 58%, 94% ee
50%, 75% e 58%,85%ce  78%,83%ee o

(5 mol% of catalyst)





OEBPS/images/c11scy047.jpg
9 o 5 o H
OSiMe, [ o
" CO,Me!
o0 ome + = Cu(SbFy), (10 mol%) rBuS)I\/k( LT
{ A St-Bu CH,Cl,, 78 °C. Up t0 99% ee COMe | s %
202 . HEIP - HE= #Bu
R = Alkyl or aryl
o o OSiMe, 5 o o R o
3
Cu(SbFe)z (10 mol%) U
O)LNJV\W .= u(SbFo)s ( ) OXNWSH‘:M
(-] L CH,Cl,, 78°C - i
204 140 =R =H e 206
205 = R? = Me (Eor 2) Upto 99 : 1 syn:anti

Up to 99% ee





OEBPS/images/c08scy021.jpg
TESO

Nz

X Me

Me

TMSO! 20 /NOTMS

29 (15 mol%), CuOTf, 5 mol%

CHCl,,0“Ctort

70%, 92% ee





OEBPS/images/c11scy046.jpg
i [} s o o ®/
N
o NMR‘ + @\OSM OJLN
\/ o S Cu(OTi), (5 mol%) \_/ 5.
200 156 HFIP, CH,Cl, 201

89% yield, 95% ee
anti:syn = 8.






OEBPS/images/c08scy022.jpg
30 (2mol%)

CH,Cl,,0°C,3h

Me! Me
77%, 90% ee





OEBPS/images/c11scy049.jpg
N =20 cwsnmzuo mol%) e 21
TBS, Ve
o o T wArahvs
CH,Cl,. ~78 °C, 3 day

OBn TR Yied(%) ee (%)
I R Yield (%) ee(%)
g R Yied(%) ee(%)

Ph 75 a1

210 8u 62 »

cy 79 81





OEBPS/images/c14fgy002.jpg
Asymmetric copper
catalyzed conjugate addition

Asymmelric copper
catalyzed Mukaiyama aldol

220

OH  phytophthora
mating hormone





OEBPS/images/c08scy023.jpg
pr Pr

3 R2
31 (15 mol%), CuOTf (10 mol%) R
Toluene, rtor 50 °C R
& sOzMes
Me Br oTr
Me
“Me
& sOaMes & sOzMes & sOaMes & sOzMes

90%, 98% ee 63%, 98% ee 84%, 92% ee 98%, 91% ee





OEBPS/images/c11scy048.jpg
MeOQCj/\
N
MeO,C

207

o
N

R+

R
o

o
6
OSiMe, R)k NH O
st Cu(OTI), (10 moi%) MeO,C. -
GH,Cl,toluene, MeO,C
140 HFIP (2 equiv)
-30°C

R Yield (%) ee (%)
Ph 96 89
Bu 97 83
CFy, 74 54





OEBPS/images/c14fgy003.jpg
OR O

<l <es
QL) *
O MeO’ 0" "OMe

O MeOOMe OH
Me’ I I '

OMe OH O

OH O

359 360 361 362 363
(+)-Calphostin D (+)-Phleichrome (4)-Cercosporin Nigerone (S)-Bisoraniidiol





OEBPS/images/c09scy010.jpg
OO o )—Me

) ‘Me
0 Y”
J
HN 314 mol%
Cu(OTf), 2 mol%
R|)\Ts +Rpzn  Cu(OT), 2mol
30 THF

R
32

R'

81-99%, 45-99% ee
= Ph, 4-CICgHj, 4-BrCqH,, 3-MeOCgH,, 2-naphthyl
4-MeOCeH,, 2-MeOCqH,, 2-BnOCqH,, 4-MeCqH, 3-MeCqH,

PhC,H,, n-hexyl, c-hexyl
R = Et Bu, i-Pr





OEBPS/images/c14scy018.jpg
(1) 67 (2.5 mol%)
CuCl,2 H,0 (5 mol%)

(/Bu),Al
o 98 Sitte, (2 ©9u)
ij\ THF, 0 °C, 15 min
(2) AC;0,0°C > t,24h N\
- SiMe,

97
80% vinyl addition,
67%, 96% ee

Two steps
MeO. l
OH
I
96

Riccardiphenol B

Ar = 2,6-(Et),CeHs





OEBPS/images/c09scy011.jpg
OO o, )-Me
o QT SO

J ]
HN) 3110 mol% HNJ 0 -‘Me

Cufacac), 5 mol% OO P
Ph)so\Ts *Megl T L Ph)\Me

THF 32 33
70%, 86% ee





OEBPS/images/c14scy019.jpg
(1) MezAl (1.4 equiv)
100 (4 mol%)

CuTC (2 mol%)
_E40,-30°C54°C
T omsa
THF,0°C >, 8h OTMS

39%‘ 93% ee

Four steps

99
(+)-Taxadienone






OEBPS/images/c08scy028.jpg
S/ 3 \:)
O PR (6 moioz) Ph
A~ OPh .

O Cu(OT-0.5PhH (5 mol%)
o Phi=NTs (2 equiv) H COPh

AMS. Cole. 1t 76%, 95% ee






OEBPS/images/c09scy014.jpg
(1) Copper-catalyzed Et EtQ

5-AT addition
Ph/\/\N B e T m—— Phe "o + Ph/\/\N
54 (3) NaBH, 55 56
R
R
o PPhe
PPh,
a0 e NHBoc
R =2,4,6-MECgH,CH,  57-Cu(MeCN),BF, 5 mol%
17-Cu(OTf), 5 mol% MS 4 A
Ar = 4-MeCgH, Ar = 2,4,6--PrCgH,CH,
55 40%, 16% ee 55 80%, 80% ee

56 32%, 83% ee 56 0%

Av





OEBPS/images/c14scy014.jpg
/k/\/MgEr N

° (1.2 equiv) . o

CuBr82 (2 mol%) PSS
S
s, SERETT -

1 CH,Cl, 70 °C, 16 h
81 83

34%, 86% ee,
94% regioselectivity

Three steps






OEBPS/images/c08scy029.jpg
L*Cu™ X

AN PhI=NTS
Ts

Rt
[L*Cu—NTSs]* X—





OEBPS/images/c09scy015.jpg
LUV

of‘Q Me
P-N
><o “ 0 Me

2 2 2
P Pif by . e
58 10 mol%
R"\)l\coza +ELZN  cy(OTi), 5 mol% H'J\/\COQEI + R‘Mcozsz
Et
59 60 61
R = 4-MeCgH, In toluene 90:3 , 82% ee
A2 = 4-NO CeH, INTHF 47 :31, 60% ee






OEBPS/images/c14scy015.jpg
OMe O

(1) CICOBn (4 equiv)
ﬁj THF, 0 °C, 30 min ﬁ‘j\/\
N7 then Cu(OTf), (5 mol%), N
g5 86 (10mol%), n-PrZn (25 equiv) L .
(2) aqueous HCI 1M O~ OBn

84
65%, 88% ee

Two steps according
to comins [31]

OSN
N
Hz c1©

87
(R)-Coniine HCI salt






OEBPS/images/c09scy012.jpg
N -Is ~Is

Ligand HN
| Cu(OT),
Ph) +EteZn Ph)\ Et
10 Toluene 11

Me
® e
3 e 9 I)ﬁp
Vo PPhy

sed B
Ph, P PPh
Y35 ° 36

52%‘ 2% ee 60%, 27% ee 36%, 3% ee

Lgand 1N

| Cu(oT),
ph) FELZN Ph)\
37 Toluene 38

OO PPh, OXO
PPh, \—S
O o
Ph,P PPh,
35

34
75%,39% ee  81%,13% ee 38%, 0% ee ~90%, 0% ee

OO O, >-Me OMS Mé,pn <‘:j,Ph
OO e PPh,

31 M 42 43
61%, 5% ee  >95%, 5% ee  High conversion, 0% ee






OEBPS/images/c11scy041.jpg
184/Cu(OAc), OH

o R ield (%) ee (%)
MeNO, __(5moi%) :
R)kH = —on RN Ph 75 9
4-Pyridyl 96 95
183 169 185 ey ss o
A tBu_ ot %

(t{m« HN- CuORd,






OEBPS/images/c14scy016.jpg
Q o

90 (4 mol%) )
Cu(0Tf), (3 mol%)
E,0, -30 °C, 30 min

80

91 89
fResi 72%, 86% ee

17 steps as reported
by Wilams (3]

H
%

Spirovibsanin A






OEBPS/images/c09scy013.jpg
N ~Is s

Ligand
Bl copper
EtiZn oo,
Ar +E A E
m Toluene 5

. QOTE S
o N-PMe, Ko PPhe
%ok b Z

h ““NHEt =

46 12 mol% 47 6 mol% 48 6 mol% 49 4 mol%
Cu(OT), 10 mol% CuCIO, 3 mol% CuBF,3mol%  Cu(OTf), 3 mol%
37-62%, 53-82% ee 69-92%, 50-74% ee 81-96%, 80-93% ee 81-96%, 80-93% ee

0
-PePh Ugand N

Ph
)' + Etyzn SPPEL
Toluene AT’ E‘

OO N-p(OPh), PPh,

NMe,
oo Bl
= "¢
52 15 mol% 53 6 mol%

Cu(OTH), 10mol%  Cu(OTf), 12 mol%
75-87%, 90-98% ee  76—-95%, 84-95% ee





OEBPS/images/c11scy040.jpg
180 (10 mo%)

OH
(CLOThCH, o
i-PrzNEt (5 mol%) R )\/ NO,  44-99% yield

MeNO, 85-98% ee
169 557G, 4 A S, THF -
o)
NTNAC oH =M
SN Rzkcooa 99% yield, 98% ee
a6 O NO, R?=nPr

182 79% yield, 99% ee





OEBPS/images/c14scy017.jpg
93 (20 mol%) o, Ohe
(CuOT),:C,H, (19 mol%)
Me,Zn (26 equiv)

Toluene, 0°C,20h OMOM

N~ 0Bz
9%
90% combined yield,
dr=5:1

11 steps

(+)-Daphmanidin E





OEBPS/images/c14scy010.jpg
(1) 33 (6 mol%)
CuBr-SMe;, (5 mol%)
o MeMgBr (1.2 equiv) OH

MTBE, 75 °C, Np, 16 h
©/\)LSM9 (2) Hexanal (2 equiv), ~75 °C, 1 min A
50 (3) KaCO3, MeOH, 1, 3 COMe
60
72% (over three steps)

dr=>20:1
95% ee

Three steps

Phaseolinic acid





OEBPS/images/c14scy011.jpg
(1) 63 (2.5 mol%)
(CuOTH),:C;Hg (1 mol%)
Me,Zn (3 equiv), PhCHO, toluene, o

- Osikt
~15°C,24h Five steps g ' _
(2) Toluene, K,CO,, 120 °C, 2 h .y, - H
. 65
64 >98% ee, 1:1dr
86 % (two steps)
>99:1er
67 (3.75 mol%)
o Cu(OTf), (7.5 mol%) OSiEt (1) n-BuLi, THF, 22 °C . OSiEt
MesAl (3 equiv) (2) BEt5 (3 equiv), 78 °C P>
= E4SIOTf (4 equiv added w = 0B o - OSsiEty
after 36 h) e
66 THF, -78°C, 4 h H
68 65
72%, 84% ee 75%, >95% anti,

1.5:1 dr (C1-C2)

1 l Nine steps

Ar=2,6-(Et),CeHs

Clavirolide C





OEBPS/images/c14scy012.jpg
72 (10 mol%])

O ™Y atcemn 0 Y o
@jo Me,Al (2 equiv) ij\oj/" THF/H,0
Et,0,-30°C, 18 h
kil 73
81%, 95% ee

Axane core structure





OEBPS/images/c14scy013.jpg
MegAl (2 equiv) o

Cu(OTh, (5 mol%)
ﬁ 76 (10 mol%) d
n~ Toluene, E4O (10 mol%) -60°C, 16h N
. Boc
Boc 78
77

73%, 96% ee

Three steps






OEBPS/images/c12scy030.jpg
Singlet
(25)

Barrierless
conversion of
(25) direct to

(28) also possible

N
NN
el 7
N
Triplet
(26)

R

1.99A

N
< .\gu/N\s//o
27N
N/ \O/ A

Triplet
(27)

W j‘ﬁﬂf\

R

r

Triplet
to singlet

conversion
—

Or simplified

N=
Ar

analogs thereof

N, Y
( NN
N/ \0// \Ar





OEBPS/images/c12scy031.jpg
k3
\

(o}

€
SO

Y=o

Ar OOBut

®(\E>
[(RYery CD @ {BUOH o
N (L) Cu 'O\I;O L [cu(0,CAn],

(29) Al
1 | 30)






OEBPS/images/unfgy001.jpg
2000 |

1500

1000 |

500 ¢

'70-'75

'75-'80

—
'80-'85

'85-'90

'90-'95

'95-'00

'00-'05

'05-'12





