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Preface

The catalysis of organic reactions by metals still constitutes one of the most
useful and powerful tools in organic synthesis. Although asymmetric synthe-
sis is sometimes viewed as a subdiscipline of organic chemistry, actually this
topical field transcends any narrow classification and pervades essentially
all chemistry. Of the methods available for preparing chiral compounds,
catalytic asymmetric synthesis has attracted most attention. In particu-
lar, asymmetric transition-metal catalysis has emerged as a powerful tool
to perform reactions in a highly enantioselective fashion over the past few
decades. Efforts to develop new asymmetric transformations have focused
preponderantly on the use of a few metals, such as titanium, copper, ruthe-
nium, rhodium, palladium, iridium, and more recently gold. However, by
the very fact of the lower costs of nickel catalysts in comparison with other
transition metals, enantioselective nickel-catalysed transformations have
received a continuous ever-growing attention during recent decades that
has led to exciting and fruitful research. This interest might also be related
to the fact that nickel complexes are of high abundance, exhibit a remark-
ably diverse chemical reactivity, and constitute one of the most useful Lewis
acids in asymmetric catalysis. However, it must be noted that nickel has long
been viewed as just a low-cost replacement catalyst for palladium for cross-
coupling reactions as a group 10 metal like palladium. Actually, the use of
nickel in organometallic chemistry precedes many other examples of transi-
tion metal catalysis.

Nickel was first isolated and classified as a chemical element in 1751 by
Cronstedt. In 1898, Mond discovered tetracarbonylnickel [Ni(CO),], a highly
toxic liquid at room temperature, which decomposes back to nickel and car-
bon monoxide on heating. This behaviour was exploited in Mond’s process
for purifying nickel. Later in 1912, Sabatier reported the first hydrogenation
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viii Preface

of ethylene using nickel, for which he was awarded the 1912 Nobel Prize in
Chemistry. Starting from the 1970s, nickel found extensive use for cross-
coupling reactions. Moreover, many nickel complexes have long been con-
sidered as privileged catalysts for reactions of alkenes and alkynes. Nickel
readily donates d-electrons to m-acceptors, so alkene bonding is generally
strong. In this context, reactions of alkenes and alkynes, such as allylations,
reductive couplings, oligomerisations, and cycloisomerisations, have also
been widely investigated.

Among important work, Wilke reported in 1988 seminal contributions to
the structure and reactivity of nickel complexes, including the synthesis of
Ni(cod),, and its investigation in alkene oligomerisation reactions. Ever since,
the remarkable properties of nickel, such as facile oxidative addition, ready
access to multiple oxidation states, and facile activation and transformation
of molecules that are chemically less reactive, have allowed the development
of a broad range of innovative transformations for which other metals are
inefficient and which have been long considered exceptionally challeng-
ing. Indeed, since nickel is a relatively electropositive late transition metal,
oxidative addition, which results in loss of electron density around nickel,
tends to occur quite readily. This facile oxidative addition allows for exam-
ple the use of cross-coupling electrophiles that would be considerably less
reactive under palladium catalysis such as phenols. Another key advantage
of nickel is its large variability of electronic states [Ni(0)/Ni(1)/Ni(t1)/Ni(111)].
Like palladium, for which most reactions are based on Pd(0)/Pd(11) catalytic
cycles, Ni(0)/Ni(11) catalytic cycles are widely spread, but the easy accessibility
of Ni(1) and Ni(111) oxidation states allows different modes of reactivity and
mechanisms to occur. As a result, many transformations are based on Ni(1)/
Ni(111), Ni(0)/Ni(11)/Ni(1), or even cycles in which nickel remains in the Ni(1)
state for the entire catalytic cycle.

Nickel has a small atomic radius, and Ni-ligand bond lengths are often
relatively short, producing solid and dense complexes. Nickel(11) forms com-
pounds with all common anions, i.e. sulfide, sulfate, carbonate, hydroxide,
carboxylates, and halides. Common salts of nickel, such as the chloride,
nitrate, and sulfate, dissolve in water to give green solutions containing the
metal aqua complex [Ni(H,0)¢]*". The four halides form nickel complexes
featuring octahedral Ni centres. Tetracoordinate nickel(11) complexes exist
both in tetrahedral and square planar geometries. Another important advan-
tage of nickel is related to its cost, which is roughly 2000 times lower than
palladium and 10000 times lower than platinum on a mole-for-mole basis.

In the past decade, chemists have taken advantage of all of the properties
of nickel to develop novel powerful transformations, as demonstrated in this
book. Its goal is to provide a comprehensive overview of the major devel-
opments in enantioselective nickel-catalysed transformations reported since
the beginning of 2004, since this area was previously reviewed in 2005 by
Hayashi and Shintani in a book chapter dealing with asymmetric synthesis
based on the use of organonickel chemistry. This present book demonstrates
the impressive amount of enantioselective synthetic uses that have been
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found for novel and already known nickel chiral catalysts in the last 10 years,
from basic organic transformations, such as cycloadditions, conjugate addi-
tions, cross-couplings, hydrovinylations, hydrocyanations, a-functionalisa-
tion/arylation reactions of carbonyl compounds, additions of organometallic
reagents to aldehydes, aldol- and Mannich-type reactions, and hydrogena-
tions, to completely novel methodologies including domino reactions, for
example.

The book is divided into 10 main chapters, according to the different types
of reactions catalysed by chiral nickel catalysts, such as enantioselective cyc-
loaddition reactions for the first chapter, enantioselective conjugate addi-
tions for the second chapter, enantioselective cross-coupling reactions for
the third chapter, enantioselective domino, multicomponent, and tandem
reactions for the fourth chapter, enantioselective hydrovinylation, hydro-
phosphination, hydrocyanation, and hydroalkynylation reactions for the
fifth chapter, enantioselective a-functionalisation and a-arylation/alkylation
reactions of carbonyl compounds for the sixth chapter, enantioselective addi-
tions of organometallic reagents to aldehydes for the seventh chapter, enan-
tioselective aldol-type and Mannich-type reactions for the eighth chapter,
enantioselective hydrogenation reactions for the ninth chapter, and enan-
tioselective miscellaneous reactions for the tenth chapter. A final eleventh
chapter includes the general conclusions.

Hélene Pellissier
Aix Marseille Université, France
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CHAPTER 1

Enantioselective Nickel-
Catalysed Cycloaddition
Reactions

1.1 Introduction

Reactions which form multiple bonds, rings, and stereocentres are particu-
larly important tools for the efficient assembly of complex molecular struc-
tures.! Of the many families of reactions discovered over the past century,
cycloaddition reactions hold a prominent place in the arsenal of synthetic
methods currently available to organic chemists, and research activity in this
field shows no signs of abatement.”> Among the metals used to catalyse cyc-
loadditions,’® nickel has been found competent to promote enantioselectively
the formation of carbo- and heterocycles of various ring sizes.

1.2 1,3-Dipolar Cycloadditions

Heterocyclic compounds, which represent almost two-thirds of all known
organic compounds, include some of the most significant for human beings.
It is not surprising, therefore, that this class of compound has received spe-
cial attention by chemists to provide selective synthetic access to the enor-
mous variety of structural features typical of this class. The 1,3-dipolar
cycloaddition, also known as the Huisgen cycloaddition,* is a classic reac-
tion in organic chemistry consisting of the reaction of a dipolarophile with a
1,3-dipolar compound that allows the production of various five-membered
heterocycles. This reaction represents one of the most productive fields
of modern synthetic organic chemistry. Most dipolarophiles are alkenes,
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2 Chapter 1

alkynes, or molecules possessing related heteroatom functional groups
such as carbonyls and nitriles. The 1,3-dipoles can be basically divided into
two different types: (1) the allyl anion type such as nitrones, azomethine
ylides, and nitro compounds, bearing a nitrogen atom in the middle of the
dipole, and carbonyl ylides and carbonyl imines, bearing an oxygen atom
in the middle of the dipole, and (2) the linear propargyl/allenyl anion type
such as nitrile oxides, nitrilimines, nitrile ylides, diazoalkanes, and azides.
Two n-electrons of the dipolarophile and four electrons of the dipolar com-
pound participate in a concerted, pericyclic shift. The addition is stereocon-
servative (suprafacial), and the reaction is therefore a [2, + 4,] cycloaddition
(Scheme 1.1).

However, the dipole might be stabilised by the adjacent central hetero-
atom X (nitrogen, oxygen, or sulfur) through resonance, and a non-concerted
reaction pathway might also occur. Consequently, in some cases, the original
stereochemistry of the alkene is not necessarily conserved, as depicted in
Scheme 1.2.

The transition state of the concerted 1,3-dipolar cycloaddition reaction
is controlled by the frontier molecular orbitals of the substrates. Hence,
the reaction of dipoles with dipolarophiles involves either a LUMO-dipole/
HOMO-dipolarophile reaction or a HOMO-dipole/LUMO-dipolarophile
interaction, depending on the nature of the dipole and the dipolarophile.

Scheme 1.1 General concerted 1,3-dipolar cycloaddition.

R?2 v
==\ * pe xRN ——

R! +

R? R’ R? R

Ry RE R xRS
R? R’
- %
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Scheme 1.2 Non-concerted 1,3-dipolar cycloaddition.
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In some cases, when the frontier molecular orbital energies of the dipole
and the dipolarophile are very similar, a combination of both modes of inter-
actions can occur. These interactions can also be referred to as either exo
or endo, where the endo transition state is stabilised by small secondary
n-orbital interactions or via an exo transition state lacking such a stabilisa-
tion. However, steric effects can also be important factors for the endo/exo
selectivity and override the secondary orbital interactions.” Depending on
the substitution pattern in the reacting partners, the stereochemical out-
come of the process gives rise to either endo or exo cycloadducts. Moreover,
the presence of a metal, such as a Lewis acid, in 1,3-dipolar cycloaddition
reactions can alter both the orbital coefficients of the reacting atoms and the
energy of the frontier orbitals of both the 1,3-dipole and the dipolarophile,
depending on the electronic properties of these reagents or the Lewis acid.
In particular, the coordination of a Lewis acid to one of the two partners
of the cycloaddition is of fundamental importance for asymmetric 1,3-dipo-
lar cycloadditions, since the metal can catalyse the reaction.® Furthermore,
the Lewis acid may also have influence on the selectivity of the cycloaddi-
tion reaction, since the regio-, diastereo-, and enantioselectivity can all be
controlled by the presence of a metal-ligand complex. Thus, up to four ste-
reocentres can be introduced in a stereoselective manner in only one single
step. In recent years, asymmetric 1,3-dipolar cycloadditions have become
one of the most powerful tools for the construction of enantiomerically pure
five-membered heterocycles.” In particular, the asymmetric 1,3-dipolar cyc-
loaddition reaction of nitrones with dipolarophiles, such as alkenes, has
received considerable attention over the past 20 years.”®®

Regio- and stereoselective nitrone cycloaddition, followed by reduction of
the N-O bond to produce both an amino and a hydroxyl function, allows
the synthesis of many products of potential interest. One of the reasons for
the success of the synthetic applications of nitrones is that, contrary to the
majority of the other 1,3-dipoles, most nitrones are stable compounds that
do not require in situ formation. Another synthetic utility of this reaction is
the variety of attractive nitrogenated compounds which are available from
the thus-formed isoxazolidines. In particular, these products can be easily
reduced under mild conditions to give the corresponding chiral 1,3-amino
alcohols. The absolute majority of the 1,3-dipolar cycloaddition reactions are
diastereoselective and involve chiral alkenes or nitrones. However, the cata-
lytic enantioselective 1,3-dipolar cycloaddition reaction of nitrones has gone
through rapid developments during the last 15 years.” In particular, metal-
catalysed asymmetric 1,3-dipolar cycloadditions have only recently become
an important research field.”**'* The efficiency of chiral catalysts relies
not only on the capability of the enantiopure catalyst to help discriminate
between the two n-faces of the dipolarophile, but also on its ability to control
both the exo/endo selectivity and the regiochemistry as well as the yield. When
coordinating to the dipole or the dipolarophile, the Lewis acid catalysts lower
the energy difference between the LUMO-HOMO of the reacting species. The
result is that the LUMO energy of one of the reacting species is lowered. This
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decreases the energy gap between the HOMO and the LUMO of the dipole and
the dipolarophile, leading to increased reactivity. Effective catalysis by the use
of a wide variety of chiral Lewis acid catalysts, including nickel complexes,
has been reported for nitrone cycloaddition reactions using both electron-
deficient and electron-rich alkene dipolarophiles. Early in 1997, Kanemasa
et al. reported enantioselective 1,3-dipolar cycloadditions of nitrones with
3-crotonoyloxazolidin-2-one catalysed at room temperature by 10 mol% of
Kanemasa’s chiral ligand (R,R)-DBFOX-Ph,"" which provided excellent yields
(up to 100%) and high endo selectivities (up to >98% de), along with uni-
formly excellent enantioselectivities (up to >99% ee).'> Later, comparable
excellent results were described by Iwasa et al. by using chiral PYBOX ligands
at 20 mol% of catalyst loading." Inspired by their early work,'> Kanemasa
et al. reported in 2004 the enantioselective 1,3-dipolar cycloaddition of diphe-
nyl nitrone with a-alkyl- and a-arylacroleins catalysed by a chiral nickel com-
plex generated in situ from (R,R)-DBFOX-Ph and Ni(ClO,),-6H,0." The reaction
afforded the corresponding chiral isoxazolidine-5-carbaldehydes, which were
further submitted to reduction by treatment with NaBH, to give the corre-
sponding alcohols in good to quantitative yields, moderate to excellent dias-
tereoselectivities of up to >99% de, and good to excellent enantioselectivities
of up to 98% ee, as shown in Scheme 1.3. The authors compared the reactivity
of this chiral nickel catalyst to that of the corresponding zinc(11) complex and
found that the latter provided even higher enantioselectivities of up to >99% ee.

e ®

o) o o)
[ |
D
Ph Ph

. . (RR)-DBFOX/Ph (10 moi%)
R.__CHO Ph<y-©

\ﬂ/ . l Ni(CIO4)»(H20)g (10 mol"/i)

Ph 4AMS
CH2C|2, rt

then NaBH,4

R = Me: 73%, de > 99%, ee = 96%
R = Et: 98%, de = 96%, ee = 77%

R =H: 75%, de = 48%, ee = 98%

R =Ph: > 99%, de > 99%, ee = 80%

Scheme 1.3 Cycloaddition of diphenyl nitrone with o,B-unsaturated aldehydes.
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In 2005, Desimoni and Faita investigated the enantioselective 1,3-dipolar
cycloaddition of the same nitrone with an acryloyloxazolidinone catalysed
by a combination of nickel perchlorate and chiral bisoxazoline ligands to
give the corresponding chiral isoxazolidine-4-oxazolidin-2-one as a mixture
of endo and exo diastereomers."”” When the reaction was performed with 10
mol% of ligand 1, it provided the endo diastereomer as the major product
with a moderate enantioselectivity of 42% ee, whereas the minor exo diaste-
reomer was obtained in a higher enantioselectivity of 85% ee (Scheme 1.4).
On the other hand, using trans-diphenyl-substituted bisoxazoline 2 as chiral
ligand reversed the diastereoselectivity of the reaction, since the exo-isox-
azolidine-4-oxazolidin-2-one was obtained as the major product with good
diastereoselectivity of 80% de and excellent enantioselectivity of 99% ee. In
both cases the yields of the processes were quantitative. The shift towards
exo selectivity observed when 2 was the chiral ligand was explained by the
authors by considering the steric interactions between the phenyl groups,
one on the C-5 position of the ligand and one on the nitrogen atom of the
nitrone, in the endo transition state. The nitrone exo approach did not suffer
from this unfavourable contribution, and the exo product was the preferred

1 (R = H) (10 mol%)

o o or 2 (R =Ph) (10 mol%)
\)\ )J\ . Ph\,fl/o’ Ni(CIO4), (10 mol%)
S N (0] | -

\/ kph 4A MS
CH,Cl,, -20 °C
(0] o)
Ph < N s Ph < N e
. 0] . o)
Ph ’N% Ph N%
K/O k/o
endo exo
> 99% vyield

with ligand 1 (R = H):

endo/exo = 72:28, ee (endo) = 42%, ee (exo) = 85%
with ligand 2 (R = Ph):

endo/exo = 10:90, ee (endo) = 75%, ee (exo0) = 99%

Scheme 1.4 Cycloaddition of diphenyl nitrone with an acryloyloxazolidinone.
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stereoisomer. In this study the authors also investigated other metals, such
as cobalt, zinc, and magnesium, in combination with the same two chiral
ligands. As for the nickel catalyst derived from ligand 1, endo selectivity
(endo:exo of up to 70:30) was observed in the case of using the magnesium
complex of ligand 1 along with enantioselectivity of up to 70% ee. On the
other hand, the use of cobalt and zinc catalysts of the same chiral ligand
provided good levels of exo enantioselectivity (exo:endo = 76:24 for cobalt,
and exo:endo = 73:27 for zinc) with an enantioselectivity of up to 84% ee in
both cases of metals. Concerning the involvement of ligand 2, complexes of
magnesium and cobalt favoured, like nickel, the formation of the exo cyc-
loadducts in diastereoselectivities of 48 and 68% de and enantioselectivities
of 94 and 92% ee, respectively (vs. 80% de and 99% ee with nickel), while the
zinc complex of ligand 2 favoured the formation of the endo cycloadduct in
70% de and 90% ee.

Extremely high exo selectivity combined with high enantioselectivity was
reached by Suga et al. in the enantioselective nickel-catalysed 1,3-dipolar
cycloaddition of various nitrones with 3-(alk-2-enoyl)thiazolidine-2-thiones
by using chiral binaphthyldiimine ligands.'® Among a range of this type of
ligand, the authors selected (R)-BINIM-DCOH as the optimal one, providing
the corresponding exo cycloadducts in generally good yields, with enantiose-
lectivities of up to 95% ee and with exo: endo ratios of up to >99:1, as shown
in Scheme 1.5. This methodology offered remarkable exo selectivity associ-
ated with high enantioselectivity for a number of nitrones, in contrast to pre-
viously reported methodologies using other chiral Lewis acids. Furthermore,
the in situ generated catalyst was used at a catalyst loading as low as 5 mol%.

Later, Feng et al. employed alkylidenemalonates as dipolarophiles in an
enantioselective 1,3-dipolar cycloaddition with nitrones to give the corre-
sponding chiral multisubstituted isoxazolidines.!” The process was induced
by a chiral nickel catalyst generated in situ from Ni(ClO,),-6H,O and chiral
N,N'-dioxide 3 employed at low catalyst loading (5.5 mol%), which provided
the cycloadducts in good yields (up to 99%) and with both high diastereo- and
enantioselectivities of up to >98% de and 99% ee, respectively (Scheme 1.6).
The scope of the reaction was broad, and it was insensitive to air or moisture.
To explain the results, the authors proposed the transition state depicted in
Scheme 1.6 in which the tetradentate ligand and the bidentate alkylidene-
malonate coordinated with nickel(11) and formed an octahedral geometry.
Then, the dipole could only attack at the Si face because Re face attack was
unfavourable due to the steric hindrance between the tert-butyl group and
the C-phenyl group of the nitrone. In this study the authors investigated the
efficiency of other metals, such as magnesium and cobalt, before selecting
nickel. Indeed, magnesium chiral catalysts provided moderate enantioselec-
tivity (<58% ee) combined with both excellent yield (98%) and exo: endo ratio
(94:6), whereas cobalt chiral catalysts proved to be less efficient (22% yield),
less diastereoselective (exo:endo = 58:42), as well as less enantioselective
(81% ee) than the corresponding nickel complexes (91% yield, exo:endo =
93:7,92% ee).
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(R)-BINIM-DCOH
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R'=R? = Ph, R® = Me: 70%, exo/endo = 99:1,
ee (endo) = 90%

= p-Tol, R2 = Ph, R® = Me: 78%, exo/endo = 93:7
ee (endo) = 88%

= p-MeOCgH,, R? = Ph, R® = Me: 36%, exo/endo > 99:1,

ee (endo) > 90%

R" = p-CICgH,4, R? = Ph, R® = Me: 98%, exo/endo > 99:1,
ee (endo) = 95%

R' = p-BrCgH,, R? = Ph, R® = Me: 90%, exo/endo = 98:2,
ee (endo) = 92%

R' = Ph, R? = p-Tol, R® = Me: 78%, exo/endo > 99:1,

ee (endo) = 93%

R' = Ph, R? = p-CIC¢H4, R® = Me: 85%, exo/endo > 99:1,
ee (endo) = 95%

R'=Bn, R? = Ph, R® = Me: 60%, exo/endo = 93:7,

ee (endo) = 90%

R' = R3 = Me, R? = Ph: 68%, exo/endo = 86:14,

ee (endo) = 85%

R"=Bn, R2 = Et, R® = Me: 42%, exo/endo = 90:10,

ee (endo) = 82%

R'=R? = Ph, R® = Et: 74%, exo/endo = 97:3,

ee (endo) = 91%

R" = Ph, R? = p-CICgH,4, R® = Et: 64%, exo/endo = 94:6,
ee (endo) = 92%

R'=R2 = Ph, R® = n-Pr: 75%, exo/endo > 99:1, ee (endo) =
R" = p-CICgH4, RZ = Ph, R® = n-Pr: 75%, exo/endo > 99:1,
ee (endo) = 93%

R'=R?=R? = Ph: 59%, exo/endo > 99:1, ee (endo) = 87%

Scheme 1.5 Cycloaddition of nitrones with 3-(alk-2-enoyl)thiazolidine-2-thiones.
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o o EBU 3(55mo%)  tBU
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4 4 >
R*0 OR* + l
- CH.Cly, -30 °C
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R%.. O R
R*0,C
RO, R

R'=R?=R®=Ph, R* = Et: 94%, de = 86%, ee = 99%
R'=R?=R®=Ph, R* = Me: 89%, de = 92%, ee = 97%
R'=R?=R®=Ph, R* = i-Pr: 86%, de = 94%, ee = 99%
R'=R?=R®=Ph, R* = t-Bu: 72%, de = 98%, ee = 99%
R'=R?=R®=Ph, R* = Bn: 83%, de = 98%, ee = 95%

R'=R2 = Ph, R® = p-NO,CgH,, R* = Et: 99%, de = 98%, ee = 96%
R'=R?=Ph, R® = p-BrCgHs4, R* = Et: 91%, de = 96%, ee = 97%
R'=R? = Ph, R® = m-CICgH,, R* = Et: 86%, de = 90%, ee = 99%
R'=R2 = Ph, R® = p-CICgH4, R* = Et: 94%, de = 94%, ee = 98%
R'=R?=Ph, R® = p-Tol, R* = Et: 80%, de = 80%, ee = 99%
R'=R?=Ph, R® = Cy, R* = Et: 84%, de = 74%, ee = 83%
R'=R®=Ph, R? = Me, R* = Et: 54%, de > 98%, ee = 94%

R' = 0-NO,CgH4, R? = R® = Ph, R* = Et: 80%, de = 98%, ee = 99%
R' = p-FCgH4, R? = R® = Ph, R* = Et: 96%, de = 94%, ee = 98%
R' = 2-Naph, R? = R® = Ph, R* = Et: 85%, de = 94%, ee = 99%

proposed transition state:

with R' = R2 = Ph /@
Si-face -o\ﬁ

attack |
Re -face R3
l attack
4§_< favourable
| OA g

HN 0“’}“3
repulswe - o HN
unfavourable N*«O 7<

Scheme 1.6 Cycloaddition of nitrones with alkylidenemalonates.
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Nitrile oxides are also commonly used as dipoles in 1,3-dipolar cycloaddi-
tions. They are reactive, relatively unstable, linear molecules, which may be
generated from nitro compounds by treatment with aromatic isocyanates,
or from aldoximes by halogenation followed by in situ dehydrohalogenation
using a base. It is important to note that nitrile oxides are prone to dime-
risation or polymerisation, especially upon heating. In order to avoid the
dimerisation process, nitrile oxides are usually generated in situ. Only a few
examples of cycloadditions between nitrile oxides and alkenes mediated by
chiral Lewis acids have been reported. In 1996, Ukaji et al. described the first
example occurring between nitrile oxides and allylic alcohols using chiral
zinc catalysts.'® However, highly enantioselective chiral Lewis acid-catalysed
asymmetric cycloadditions between nitrile oxides and electron-deficient
alkenes did not appear until 2004 with work published by Sibi et al.'® This
dealt with the cycloaddition of mesitylenenitrile oxide with 2-crotonoylpyra-
zolidinones in the presence of a chiral Lewis acid prepared from magnesium
iodide and INDABOX as a chiral ligand. The corresponding pyrazolidinones
were obtained in good yields (41-98%) and with high regioselectivity (up to
99:1 ratio) and enantioselectivity of up to 99% ee. Later, Suga et al. developed
asymmetric 1,3-dipolar cycloadditions of 2-crotonoyl- and 2-acryloylpyr-
azolidinones with nitrile oxides generated in situ from the corresponding
hydroximoyl chlorides in the presence of nickel complexes of chiral binaph-
thyldiimine (BINIM) derivatives as Lewis acid catalysts (Scheme 1.7).*° The
best results in terms of enantioselectivity (up to 95% ee) were reached by
using (R)-BINIM-4-(3,5-xylyl)-2QN as chiral ligand in a catalyst loading of
10-30 mol%. The reactions of both 2-crotonoyl- and 2-acryloylpyrazolidi-
nones with a range of alkyl as well as aromatic nitrile oxides afforded the
corresponding highly functionalised chiral cycloadducts with good regiose-
lectivity (4/5 > 98:2 in all cases of substrates studied), along with good to
high enantioselectivities for the major 4-R*-substituted regioisomers 4 which
were isolated in excellent yields (up to quantitative) most of the time.

Feng et al. have also shown that nitrile oxides undergo cycloaddition enan-
tioselectively to other types of dipolarophiles, such as 3-arylideneoxindoles,
to provide the corresponding chiral spiro[isoxazoline-3,3'-oxindoles] (Scheme
1.8).>' Among a series of variously substituted N,N'-dioxide chiral ligands
investigated, ligand 6, with sterically hindered amide moieties derived from
2,6-diisopropylaniline, was selected as the most efficient to induce the reac-
tion, which afforded the C-adduct 7 as the major regioisomer along with the
O-adduct 8 as the minor one, often obtained as a trace amount. In spite of
moderate yields, the products were obtained in excellent regio-, diastereo-,
and enantioselectivities of up to 99:1 (7/8), >98% de, and >99% ee. In this
study, nickel was selected as the most efficient metal compared with mag-
nesium or zinc, which both provided lower enantioselectivities (<5% ee) in
spite of good yields (50-54%) and high diastereoselectivities of up to 94% de.

In addition, Sibi et al. have developed the enantioselective nickel-
catalysed 1,3-dipolar cycloaddition of mesitylenenitrile oxide with an a,B-disub-
stituted acrylamide to give completely regioselectively the corresponding
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(R)-BINIM-4(3,5-Xylyl)-2QN

X = 3,5-Xylyl

>

o)
N)J\ 0 (10-30 mol%)
R2™ X l\\l Ni(ClO4)2(H20)s (10-30 mol%)
+ N
Bn” 4A MS

CH,Cly, r.t.

1 N 1 N
R~# "o R~~~ "o
R2 “=0 O:{ R2
+
Bn— N—N /N
Bn—N
4 5
major minor
regioisomer regioisomer

4/5 > 98:2

R' = Ph, R? = Me: 94%, ee = 95%

R' = p-MeOCgH,, R? = Me: 97%, ee = 92%
R' = p-CICgH4, R? = Me: 93%, ee = 91%
R' = 0-CICgH,4, R? = Me: > 99%, ee = 90%
R' = j-Bu, R? = Me: 99%, ee = 87%

R' = t-Bu, R2 = Me: 94%, ee = 77%
R'=Ph, R? = H: 93%, ee = 93%

R' = p-MeOCgH,, R? = H: 67%, ee = 90%
R' = p-CICgH4, R? = H: > 99%, ee = 84%
R'=i-Bu, R2=H: 91%, ee = 91%

R' = n-Bu, R% = H: 73%, ee = 87%

R' = t-Bu, R% = H: 92%, ee = 86%

Scheme 1.7 Cycloaddition of nitrile

2-acryloylpyrazolidinones.

oxides with

2-crotonoyl-
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R! = p-FCgH4, R2 = H, R® = Ph: 45%, 7/8 = 98:2, ee (7) > 99%

R' =2,6-Cl,CgH3, R? = H, R® = Ph: 53%, 7/8 > 99:1, ee (7) = 99%
R' = m-BrCgHg4, R? = H, R® = Ph: 65%, 7/8 = 68:32, ee (7) = 99%
R' = p-CF3CgH4, R? = H, R® = Ph: 32%, 7/8 = 99:1, ee (7) > 99%
R' = 2-Naph, R? = H, R® = Ph: 40%, 7/8 = 71:29, ee (7) = 93%
R'=R3%=Ph, R2=F: 35%, 7/8 = 98:2, ee (7) > 99%

R'=R3 = Ph, R2 = MeO: 38%, 7/8 = 94:6, ee (7) = 97%

R'=Ph, R? = H, R% = p-FCgH,4: 60%, 7/8 = 96:4, ee (7) = 97%
R"=Ph, R? = H, R® = m-CICgH,: 44%, 7/8 > 99:1, ee (7) = 87%
R"=Ph, R? = H, R® = m-BrCgHy: 46%, 7/8 = 95:5, ee (7) = 99%
R'=Ph, R? = H, R® = p-Tol: 40%, 7/8 = 96:4, ee (7) = 99%
R'=Ph, R? = H, R® = p-MeOCgH,: 43%, 7/8 = 90:10, ee (7) = 95%

Scheme 1.8 Cycloaddition of nitrile oxides with 3-arylideneoxindoles.

C-cycloadduct in which the carbon terminus of the dipole added to the B-carbon
of the acceptor.”? When the process was catalysed by a combination of nickel
perchlorate with chiral bisoxazoline ligand 9, the product was obtained in
almost quantitative yield and with moderate enantioselectivity of 77% ee,
as shown in Scheme 1.9. The authors showed that the enantioselectivity of
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Scheme 1.9 Cycloaddition of mesitylenenitrile oxide with an a,B-disubstituted
acrylamide.

the reaction could be slightly increased up to 82% ee, albeit with lower yield
(51%), by using a magnesium Lewis acid generated in situ from Mg(ClO,),
and INDABOX as a chiral ligand employed at 30 mol% of catalyst loading
in dichloromethane at room temperature. It must be noted that this work
was inspired by previously reported excellent results obtained by the same
authors for the same reactions using a copper catalyst of ligand 9 under the
same reaction conditions.* Indeed, using the catalyst generated in situ from
this ligand and Cu(OTf), at 30 mol% allowed a range of cycloadducts to be
achieved in 50-89% yield, 62-98% de, and 86-98% ee.

Pyrrolidines are important structural units in organic chemistry and are
frequently found in primary and secondary metabolites, as well as in other
biomolecules and synthetic pharmaceuticals.** Therefore, significant effort
has been devoted to the efficient asymmetric synthesis of functionalised and
substituted pyrrolidines. In this context, azomethine ylides have become in
recent years one of the most investigated classes of 1,3-dipoles and, based
on their cycloaddition chemistry, various methods for the synthesis of pyr-
rolidine derivatives have been developed.”> Azomethine ylides are planar
1,3-dipoles composed of one nitrogen and two terminal sp® carbon atoms.
Their cycloadditions to alkenic dipolarophiles provide a direct and general
method for the synthesis of pyrrolidine derivatives. Although there are exam-
ples of stable, isolable azomethine ylides, they are normally generated in situ
and trapped by almost any multiple C-C or C-X (X = heteroatom) bond. A
number of methods have been developed for their generation, including the
ring opening of aziridines, the desilylation of various silylamino derivatives,
the decarboxylation condensation of amino acids, the 1,2-prototropy/metal-
lo-azomethine ylides of amino acid-derived imines, and the deprotonation
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of iminium salts. Advances in this area, over the last few decades, have made
cycloaddition reactions of azomethine ylides a powerful synthetic tool, exten-
sively used in the synthesis of natural products as well as other biologically
interesting compounds.?® However, it must be recognised that such reac-
tions catalysed by chiral nickel catalysts are still in their infancy, especially
those involving azomethine ylides as dipoles. In 2008, Shi et al. employed
chiral binaphthyldiimine ligand 10 to induce the cycloaddition of azome-
thine ylides, generated in situ from the corresponding imino esters, with
N-arylmaleimides to give the corresponding endo cycloadducts in moderate
to good yields and with good to high enantioselectivities of up to 95% ee,
as shown in Scheme 1.10.”” Previous to these results, several groups had
investigated these reactions by using other chiral metal catalysts. Among
the best results are those reported by Carretero et al. in 2005, which were
based on the use of chiral phosphine-copper complexes, providing up to
97% yield, >96% de, and >99% ee.”® Comparable excellent results were also
described by Kobayashi et al. in 2007 by using a calcium complex of a chi-
ral bisoxazoline (up to 99% yield, >96% de, and 99% ee).*® Excellent results
were also reported by Najera et al. with a silver catalyst derived from BINAP
(up to 90% yield, >96% de, and >99% ee).’® On the other hand, the use of

0 10 (5.5 mol%) \F
COgMe Ni(C|O4)2-(H20)6 5 mol%)
+ N—Ar? >
1A
Ar N DIPEA (10 mol%)
o) 4AMS
CH,Cly, 15 °C
Ar2 Ar' = p-CICgH,4, Ar? = Ph: 84%, ee = 82%
,11 Ar' = p-BrCgHy, Ar? = Ph: 86%, ee = 89%
o} o} Ar' = p-MeOCgHj, Ar? = Ph: 52%, ee = 72%

Ar' = 0-CICgHy4, Ar? = Ph: 92%, ee = 91%

Ar' = Ar? = Ph: 81%, ee = 87%
Ar' CO,Me  Ar' = 1-Naph, Ar? = Ph: 90%, ee = 95%
Ar' = 1-Naph, Ar? = m-CICgHy4: 73%, ee = 84%
Ar' = 1-Naph, Ar? = p-MeOCgH,4: 82%, ee = 90%

Iz

Scheme 1.10 Cycloaddition of azomethine ylides derived from imino esters with
N-arylmaleimides.
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zinc complexes of chiral bisoxazolines by Jergensen et al. in 2002 provided
slightly lower yields and enantioselectivities (up to 80% yield and 88% ee),
along with excellent diastereoselectivities (up to >96% de).*!

In the same context, azomethine ylides derived from imino esters were
reacted by Arai and Awata with methyleneindolinones in the presence of an
in situ generated chiral nickel catalyst derived from their original chiral imid-
azoline-aminophenol ligand 11.* Remarkably, the process afforded the cor-
responding chiral spiro[pyrrolidine-3,3'-oxindoles] in excellent yields and exo
selectivities, as well as enantioselectivities in almost all cases of substrates
studied, as summarised in Scheme 1.11. Since the spiro-oxindole skeleton is

Ph Ph
_N__N
Ts OH
1 Br
R N
1 / /k
X Ph
o Br
X2 N 11 (11 mol%)
Ni(OAc),:(H20)4 (10 mol%)
+ TEA (10 mol%)
CO,t-Bu MeOH, 0 or -10° C
N
R27 SN

X'=X2=H, R'=R?=Ph: 98%, de > 98%, ee = 98%

X'=X2=H, R'=p-BrCgH4, R? = Ph: 92%, de > 98%, ee = 97%
X'=X2=H, R' = 0-BrCgHy, R? = Ph: 90%, de > 98%, ee = 99%
X'=Cl, X2 =H, R'"=R?=Ph: 95%, de = 90%, ee = 94%

X'=H, X?=Cl, R"=R?=Ph: 96%, de = 94%, ee = 94%
X'=X2=H, R'=Bz, RZ = Ph: > 99%, de = 70%, ee = 98%
X'=X2=H, R'=Ph, R? = 0-BrCgH,: 84%, de = 94%, ee = 99%
X'=X2=H, R'=Ph, R? = m-CICgH4: 93%, de > 98%, ee = 97%
X'=H, X2 =Cl, R' =R? = p-CICgH4: 91%, de = 96%, ee = 96%
X'=X2=H, R'=CO,Et, R? = CH,t-Bu: > 99%, de = 76%, ee = 92%
X'=X2=H, R'=CO,Et, R? = CHC(Me),: > 99%, de = 58%, ee = 71%

Scheme 1.11 Cycloaddition of azomethine ylides derived from imino esters with
methyleneindolinones.
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found in many natural biologically active alkaloids, these products represent
potent pharmaceutical candidates. These reactions were previously investi-
gated by Waldmann et al. by using chiral copper catalysts derived from ferro-
cenyl PN-ligands.* The formed pyrrolidines were obtained in 80-97% yields
and with enantioselectivities of 85-96% ee.

Catalytic asymmetric cycloadditions of azomethine imines are still
rarely studied, but among them are a few examples involving chiral nickel
catalysts. In 2007, Suga et al. developed the first example providing high
levels of asymmetric induction (up to 96% ee) along with high diastereose-
lectivity (up to >98% de) in asymmetric 1,3-dipolar cycloadditions between
fused azomethine imines and 3-acryloyloxazolidin-2-one (Scheme 1.12).*
These processes employed a chiral BINIM/Ni(11) complex as chiral catalyst
and afforded the corresponding chiral highly functionalised pyrazolidines

0 (0]
\)J\NJ\O
\ / BINIM-4Me-2QN (10 mol%)
Ni(ClO4)2:(H20) (10 mol%)

o

+ ) 4A MS
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N*’N-
m o)
R
N/N
K N[’\O
R b
o o)

R = p-Tol: 99%, de = 82%, ee = 93%

R = p-CICgH,4: > 99%, de = 82%, ee = 95%
R = 0-CICgH,4: 63%, de > 98%, ee = 93%
R = p-BrCgHy4: 95%, de = 86%, ee = 94%
R = 2-Naph: > 99%, de = 86%, ee = 96%
R = 2-furyl: 83%, de = 28%, ee = 95%

R = Cy: 41%, de = 64%, ee = 74%

Scheme 1.12 Cycloaddition of azomethine imines with 3-acryloyloxazolidin-2-ones.
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in good to quantitative yields, moderate to high diastereoselectivities, and
generally high enantioselectivities, except in the case of the alkylimine
(R = Cy). Among a range of BINIM ligands the authors selected BINIM-
4Me-2QN as the optimal one when used in CHCI; as solvent. This novel
methodology allowed a new route to medicinally important pyrazolidines
to be achieved.

Later, Feng et al. successfully developed the first asymmetric 1,3-dipolar
cycloaddition of azomethine imines with alkylidenemalonates by using an
in situ generated nickel catalyst from chiral N,N'-dioxide 12 (Scheme 1.13).*®
Both aromatic- and aliphatic-substituted alkylidenemalonates were found
suitable for the reaction, allowing the synthesis of a range of chiral trans-
pyrazolone derivatives to be achieved in good to excellent yields (up to 99%)
and with high to excellent enantioselectivities of up to 97% ee. It must be
noted that in all cases of substrates studied the trans diastereomers were
exclusively formed according to an endo approach. In this study the authors
selected nickel as the most efficient source of metal among scandium,
magnesium, and cobalt salts. Indeed, only traces of racemic cycloadducts
were obtained by using a combination of Sc(OTf), with a chiral N,N'-oxide,
while the corresponding chiral complexes derived from Mg(ClO,), and

0 12 (10 mol%)
o) o}
~ Ni(ClO4)2(H20)s (12 mol%)
R20 OR? N >
+ N
1 l CH,Cl,, 30 °C
R
Ph
R' = Ph, R2 = Et: 94%, ee = 93%
R'=Ph, RZ = Me: 72%, ee = 90%

N R'=Ph, R? = j-Pr: 79%, ee = 94%

N COR?  R'=Pph R?=Bn:93%, ee=89%

,ll COR? R: = m-BrCgH., 52 = Et: 99%, ee = 94%
R' = p-FCgHy4, R? = Et: 80%, ee = 93%

Ph R' = m-PhOCgH,, R? = Et: 93%, ee = 97%

R' = 2-Naph, R? = Et: 90%, ee = 92%

R' = 3-thienyl, R? = Et: 78%, ee = 97%

R'=Cy, R? = Et: 58%, ee =87%

R'=i-Pr, R? = Et: 81%, ee = 84%

de = 100%

Scheme 1.13 Cycloaddition of azomethine imines with alkylidenemalonates.
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Co(ClO,),-6H,0 afforded the products in both low yields (32-37%) and enan-
tioselectivities (13-16% ee) [vs. 80% yield and 93% ee with Ni(ClO,),-6H,0].

On the other hand, 1,3-dipolar cycloaddition reactions between dia-
zoalkanes and alkenes form relatively unstable 1-pyrazolines as the initial
cycloadducts that either spontaneously release nitrogen to give the cor-
responding cyclopropanes, or undergo a 1,3-proton migration to give the
thermodynamically more stable 2-pyrazoline derivatives. Diazo substrates,
such as trimethylsilyldiazomethane and diazoacetates, undergo enantiose-
lective diazoalkane cycloadditions in the presence of a chiral Lewis acid to
give 2-pyrazolines with high levels of asymmetric induction. In the case of
trimethylsilyldiazomethane, Kanemasa et al. reported the first successful
examples of enantioselective cycloaddition reactions using 3-(alk-2-enoyl)
oxazolidin-2-ones and (R,R)-DBFOX-Ph-transition metal aqua complexes as
the chiral Lewis acids.’® Comparable high yields of up to 89-93% combined
with excellent enantioselectivities of up to 98-99% ee were reached by using
chiral zinc and magnesium catalysts of the (R,R)-DBFOX-Ph ligand, while the
corresponding nickel catalyst provided slightly lower results with 79% yield
and 93% ee. For the diazoacetates, Maruoka reported on the highly enanti-
oselective 1,3-dipolar cycloadditions using monodentate a-substituted acro-
leins and a chiral titanium BINOLate catalyst, providing up to 82% yield and
94% ee.”” Furthermore, Sibi et al. reported the highly enantioselective synthe-
sis of 2-pyrazolines via magnesium-catalysed cycloadditions of diazo esters
with B-substituted, a-substituted, and a,B-disubstituted o,f-unsaturated pyr-
azolidinone imides using INDABOX as a chiral ligand.’® The products were
obtained in 52-91% yields and remarkably uniform enantioselectivities of
90-99% ee. In 2011, Suga et al. investigated the catalytic activity of chiral
BINIM-derived nickel complexes for enantioselective 1,3-dipolar cycloaddi-
tions between ethyl diazoacetate and 3-acryloyloxazolidin-2-ones as well as
2-acryloylpyrazolidin-3-ones.* Among a range of BINIM ligands investi-
gated, the authors found that (R)-BINIM-4Ph-2QN was the most efficient
to provide the corresponding 2-pyrazolines 13 having a methane carbon
substituted with an oxazolidinonyl group as major products, along with
2-pyrazolines 14 as minor products (Scheme 1.14). Actually, the reaction
formed relatively unstable 1-pyrazolines 15 as the initial cycloadducts, which
spontaneously underwent a 1,3-proton migration to give the thermodynami-
cally more stable 2-pyrazoline derivatives 13 and 14. The major cycloadducts
14 were achieved in high yields and with enantioselectivities of up to 97% ee,
combined with moderate 13/14 ratios.

In 1987, Tsuji reported for the first time the racemic palladium-catalysed
1,3-dipolar cycloaddition of vinylcyclopropanes with aryl isocyanates to give
the corresponding &-lactams.*® In 2008, Johnson et al. developed racemic pal-
ladium-catalysed cycloadditions of vinylcyclopropanes with aldehydes for the
formation of tetrahydrofurans.”’ Inspired by these pioneering results, Kura-
hashi and Matsubara have recently developed nickel-catalysed 1,3-dipolar
cycloaddition of vinylcyclopropanes with imines to give regioselectively the
corresponding substituted pyrrolidine derivatives.** As shown in Scheme 1.15,



18 Chapter 1

(R)-BINIM-4Ph-2QN (10 mol%)
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Scheme 1.14 Cycloaddition of ethyl diazoacetate with 3-acryloyloxazolidin-2-ones
and 2-acryloylpyrazolidin-3-ones.
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Scheme 1.15 Cycloaddition of an imine with a vinylcyclopropane.

performing the reaction in the presence of (R,R)-i-Pr-DUPHOS as a chiral ligand
of Ni(cod), allowed a chiral functionalised pyrrolidine to be produced as a sin-
gle cis diastereomer in good yield (83%) and with moderate enantioselectivity
of 56% ee.

Chiral furan derivatives, including tetrahydrofurans and 2,5-dihydrofurans,
are useful building blocks and are frequently found as important struc-
tural units in many bioactive natural and non-natural products, and which
exhibit a wide range of biological activities.”® 1,3-Dipolar cycloaddition is
one of the best ways to achieve furans. In 2011, Zhang et al. reported the first
racemic version of cycloaddition between epoxides and alkynes which was
catalysed by Sc(OTf),.* More recently, Feng et al. reported the first efficient
asymmetric version of this process.*” This nice reaction evolved through
C-C bond cleavage of oxiranes using an in situ generated chiral nickel cata-
lyst from Ni(ClO,),-6H,0 and chiral N,N'-dioxide 16 (Scheme 1.16). A variety
of chiral 2,5-dihydrofurans were obtained in good to excellent yields (up
to 99%), along with uniformly very high enantioselectivities of up to 95%
ee. In this study the authors compared the efficiency of nickel with other
metals and lanthanides, including ytterbium and gadolinium, and found
that nickel salts were much more enantioselective (77% ee vs. 13-33% ee
with the corresponding Yb and Gd complexes). The substrate scope of the
reaction was found to be broad since a range of substituted oxiranes could
undergo the reaction. Indeed, aromatic epoxides with either electron-
withdrawing or electron-donating substituents on the aromatic ring per-
formed well, affording the corresponding products in both high yields and
enantioselectivities (up to 93% ee). It seemed that epoxides with electron-
donating groups at the meta positions exhibited higher activities (81-99%)
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Scheme 1.16 Cycloaddition of alkynes with epoxides.

than electron-withdrawing groups (57-67%). Moreover, fused-ring and
heteroaromatic substrates were also tolerated in the system, affording the
desired cycloadducts with high yields (81-95%) and excellent enantioselec-
tivities (91-95% ee). In addition, a variety of alkynes were demonstrated to
give comparable results.

1.3 Diels-Alder Cycloadditions

Since its discovery in 1928 by Diels and Alder,*® the Diels-Alder reaction
has become one of the cornerstone reactions in organic chemistry for the
construction of six-membered rings.*” Few reactions can compete with the
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[4 + 2] cycloaddition with respect to the degree of structural complexity
that can be achieved in a single step.*® The high regio- and stereoselectivity
typically displayed by this cycloaddition, the ease of its execution, and the
feature that, during its course, up to four new stereocentres may be created
simultaneously have resulted in innumerable applications of this transfor-
mation in the construction of highly complex targets. Indeed, this reaction
has undergone intensive development, becoming of fundamental impor-
tance for synthetic, physical, and theoretical chemists. Today, this powerful
reaction is one of the most examined and well appreciated reactions, hav-
ing an enormous spectrum of applications in chemistry. In particular, the
Diels-Alder reaction has been found to be an excellent tool to build up chi-
ral cyclic systems.*” The reason for the interest in obtaining optically active
compounds using the Diels-Alder methodology is that these reactions are
normally easy to perform and proceed generally in a highly regio- and dias-
tereoselective manner. Furthermore, the Diels-Alder reaction can give up
to four new chiral centres. Catalytic enantioselective Diels-Alder reactions
can be achieved by various Lewis acid transition metals.”” Among them,
chiral nickel(11) complexes have been used as efficient catalysts based on
various nitrogen-containing chelating ligands. Pioneering remarkable
results in this area were reported by Kanemasa et al. in 1997, who intro-
duced DBFOX-Ph as a novel tridentate ligand providing enantioselectivi-
ties of up to >99% ee along with diastereoselectivities of up to 94% de in
the Diels-Alder reactions of cyclopentadiene with 3-alkenoyloxazolidin-
2-ones (Scheme 1.17).'"°! In this early work the authors selected nickel
from among a range of other metals, including magnesium, manganese,
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Scheme 1.17 Early Diels-Alder cycloaddition of cyclopentadiene with 3-alkenoy-
loxazolidin-2-ones reported by Kanemasa et al. in 1997.
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iron, cobalt, copper, and zinc. While iron, cobalt, copper, zinc, and magne-
sium chiral complexes gave slightly lower enantioselectivities than the cor-
responding nickel catalysts, manganese complexes of DBFOX-Ph provided
low enantioselectivities (<25% ee).

In the following years, a range of other chiral amine ligands have been
successfully applied in combination with nickel to catalyse enantioselec-
tive Diels-Alder reactions. For example, Suga et al. have applied binaph-
thyl-based chiral diimine ligands, such as (R)-BINIM-2QN, to induce the
enantioselective nickel-catalysed Diels-Alder cycloaddition of cyclopenta-
diene with 3-alkenoyloxazolidin-2-ones.>* The corresponding cycloadducts
were achieved in good to quantitative yields, good to complete endo selec-
tivity of up to >98% de, and high enantioselectivities of up to 96% ee, as
shown in Scheme 1.18. In this study the authors compared the reactivity
and selectivity of the chiral nickel catalyst with those of the corresponding
cobalt, zinc, copper, and magnesium complexes of the same ligand under
the same reaction conditions. The analogous cobalt catalyst generated in
situ from (R)-BINIM-2QN and Co(ClO,),-6H,0 provided the corresponding
cycloadducts in excellent yields (up to 98%), and slightly lower diastereo-
and enantioselectivities of up to 90% de (vs. >98% de with nickel) and 90%
ee (vs. 94% ee with nickel), respectively. On the other hand, the zinc catalyst
generated in situ from (R)-BINIM-2QN and Zn(Cl0O,),-6H,0 gave comparable

X

=
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Ni(ClO4)2:(H20)e 0
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R =Ph, X=0,Y =CH,: 96%, endo/exo = 73:27, ee (endo) = 90%

R =COyEt, X=0, Y = CH,: > 99%, endo/exo = 78:22, ee (endo) = 96%

R =H, X=CMe,, Y = NCH,(1-Naph): 73%, endo/exo = 92:8, ee (endo) = 94%

Scheme 1.18 Diels-Alder cycloaddition of cyclopentadiene with 3-alkenoyloxaz-
olodin-2-ones and a 2-acryloylpyrazolidin-3-one.
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yields and diastereoselectivities (up to 97% yield and 90% de), albeit with
lower enantioselectivities of up to 84% ee, while the analogous copper
and magnesium complexes afforded the cycloadducts in low enantioselec-
tivities of 33% and 5% ee, respectively. The substrate scope of the nickel-
catalysed reaction was extended to the reaction of a 2-acryloylpyrazolidin-
3-one with cyclopentadiene, which afforded the corresponding endo cyc-
loadduct in 73% yield, 84% de, and 94% ee (Scheme 1.18).

Recently, Feng et al. developed a useful, mild, and simple asymmetric
Diels-Alder cycloaddition between 3-vinylindoles and methyleneindolinones
for the construction of chiral spiro[carbazole-oxindoles].”> The process,
employing 10 mol% of a catalyst generated in situ from Ni(OTf), and chiral
N,N'-dioxide 17, afforded the corresponding cycloadducts in uniformly excel-
lent yields and enantioselectivities of up to 97% and 98% ee, respectively
(Scheme 1.19). A wide variety of substrates were readily tolerated, generating
exclusively the exo-spiro[carbazole-oxindole] derivatives in >98% de under
mild reaction conditions. In this study the authors showed that poor enanti-
oselectivities (11-20% ee) along with lower yields (17-71%) were obtained by
using the corresponding chiral complexes derived from Sc(OTf);, Yb(OTf),,
or Cu(OTf),.

The aza-Diels-Alder reaction is among the most powerful and conver-
gent strategies for the stereoselective construction of piperidine deriva-
tives. Although in recent years very important progress has been achieved
in the catalytic asymmetric aza-Diels-Alder reaction of dienes with imines,
the complementary alternative involving the asymmetric cycloaddition
between azadienes and alkenes has been hardly studied. Actually, Car-
retero et al. only recently described the first enantioselective aza-Diels-
Alder reaction of 1-azadienes catalysed by a chiral Lewis acid.”* As shown
in Scheme 1.20, this work consisted of the nickel-catalysed highly enan-
tioselective aza-Diels-Alder reaction of N-sulfonyl-1-azadienes with vinyl
ethers under mild reaction conditions. The success of this process relied
on the use of DBFOX-Ph as the chiral ligand and the choice of the N-(quin-
oline-8-sulfonyl) group at the imine nitrogen. This ligand was selected as
the most efficient one among various chiral ligands, including BINAP, BOX,
and PYBOX chiral ligands. The inverse-electron-demand Diels-Alder reac-
tion of a range of N-sulfonyl-1-azadienes with vinyl ethers provided the cor-
responding highly functionalised piperidines in moderate to good yields
(up to 75%), excellent endo selectivities of up to 96% de, and moderate to
high enantioselectivities of up to 92% ee. The study of the substrate scope
showed that aryl substituents of varied electronic and steric nature at the
B-position (R?) were well tolerated, although electron-rich groups led to a
slight decrease in enantioselectivity (77-80% ee). Even the substrate with
a tert-butyl group at R* proved to be suitable (84% ee). In contrast, sub-
stitution compatibility at the iminic carbon (R') proved to be more lim-
ited. While p-substituted aryl groups were compatible, a dramatic drop in
the enantioselectivity was observed with the more sterically demanding
2-naphthyl group (6% ee).
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Scheme 1.19 Diels-Alder cycloaddition of 3-vinylindoles with
methyleneindolinones.
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