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Foreword

The complex process of the structure elucidation of natural products
continues to be one of the most intensely practiced areas of scientific
activity. Whether the chemical entity originates as a result of chemical (total)
synthesis or represents a purified or semi-purified isolate from natural
sources, a correct structural verification, including precise stereochemical
analysis, remains of critical scientific concern. The effective use of con-
temporary and evolving nuclear magnetic resonance (NMR) methodologies
represents the central tool for the complete establishment of chemical
structure. Volume 2 of the series Modern NMR Approaches to the Structure
Elucidation of Natural Products continues in the same spirit as the treatise
that was begun in Volume 1 on contemporary NMR techniques applied to
the natural product structural elucidation process.

Volume 2 is composed of 14 chapters and, like Volume 1, is divided
into two parts. Following a brief introductory section, which includes a
discussion of the overall organization and philosophy of Volume 2, Part 1 of
Volume 2 consists of six chapters. These include a detailed account of the
respective NMR topics superimposed on the overall theme of these chapters,
which emphasizes the successful experimental implementation of the NMR
experiments being discussed. Chapter 1 is a concisely written contemporary
overview of the nuclear Overhauser effect (nOe) from both a theoretical and
an experimental perspective, including descriptions of the two-dimensional
NOESY and ROESY experiments. These are traditionally employed for
establishing spatial relationships within the proton spin systems via through-
space dipolar interactions. In addition, there is an introduction to the
implementation of a new technique—NMR analysis of molecular flexibility in
solution or NAMFIS—and its roll in natural product structure elucidation. The
experiments discussed in Chapter 1 and their role in elucidating the correct
structure and stereochemistry of natural products cannot be overstated.
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vi Foreword

Chapter 2 consists of a discussion of the determination of both the relative
(J-based) and absolute stereochemistry of natural products and the NMR
experiments used for obtaining this important structural information,
including the use of the Mosher ester methodology. Chapter 2 also includes a
brief treatment of a cutting-edge advance afforded by a newly developed
technique for applying residual chemical shift anisotropy (RCSA) for stereo-
chemical assignment. Going forward, it is quite likely that RCSA measure-
ments will be regularly combined with nOe/rOe (Chapter 1) and residual
dipolar coupling (RDC) measurements (Chapter 4). Chapter 3 describes the
applications of '>N-NMR spectroscopy in natural product structure eluci-
dation, includes a discussion of the basic experimental parameters associated
with "N-NMR data acquisition and details the experimental implementation
of "’N-NMR in the determination of natural product structures. The import-
ance of being able to incorporate results derived from '>N-NMR into the
structural elucidation process greatly increases the prospects of arriving at a
correct structure. Chapter 4 introduces the theory and applications of RDC,
which may be viewed as an extension of or a complimentary technique to the
nOe determination (Chapter 1), and its role in natural product structural
elucidation is also discussed. Also included are details regarding the experi-
mental implementation of RDC, including sample preparation, data inter-
pretation and a section on the caveats associated with RDC. This will be an
important NMR technique in application for small molecule natural products.
The use of RDC is also discussed in Chapters 2 and 8. Chapter 5 is an overview
of contemporary high-resolution mass spectrometry and its role in natural
product structural elucidation. This chapter highlights the fact that, while
NMR techniques tend to dominate much of the natural product structure
elucidation process, when taken together with the requisite structural infor-
mation derived from mass spectrometry, the combination provides a powerful
one-two punch for producing correct structure determination. It is for this
reason that such a chapter is included here. The contents of Chapter 6 focus
on recent and future developments in NMR methodologies, with numerous
examples illustrating experimental results in terms of structure. Furthermore,
this chapter describes completely new NMR experiments, which may ultim-
ately have a significant impact on the structural elucidation process. This
chapter is well written and serves to illustrate cutting-edge NMR techniques
that will evolve into the mainstream of the structural elucidation process.
Part 2 of Volume 2 consists of eight chapters. The recurring theme here
that is superimposed on the material in Part 2 is the application of com-
bined NMR techniques, which is illustrated with appropriate examples. This
constitutes a powerful way of introducing useful strategies for achieving
success in the structure elucidation process to the spectroscopist or natural
product chemist. The chapters contain useful examples and specific case
studies for some of the more important natural product classes. Chapter 7 is
a well-written chapter and discusses the practical applications of NMR
experiments with examples of structure elucidation drawn from the terpene
class of natural products (monoterpenes, sesquiterpenes and higher
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terpenes). While these structures may not appear to be very complex on the
surface, they nevertheless pose their own set of problems and challenges.
Chapter 8 describes NMR experiments that are applied to the structure de-
termination of steroids, one of the most studied (by NMR) classes of natural
products. Some specific experiments with examples are discussed, including
structural details involving '?’F-NMR. Chapters 9 and 10 detail NMR experi-
ments that pertain to the structure determination of alkaloids. The strategies
employed for structure elucidation are approached in a systematic manner
and are illustrated with good examples. "’N-NMR is of considerable utility
for providing unambiguous structures of nitrogen-containing natural
products. Chapters 11 and 12 provide additional case studies of selected
molecules derived from marine natural products and antimicrobial areas,
respectively. Because of the structural complexity of many of these mol-
ecules, different experimental strategies may be required for full structure
elucidation. Each structure may require a unique set of experiments and, in
this regard, one size does not fit all! Chapter 13 contains examples of the
saponins, which are complex triterpene glycosides. These examples contain
considerable structural complexity in that, since they are glycosides, it is
necessary to determine the structure of both the aglycone component and
also to determine the structural nature of the carbohydrate component of
the saponin. Each of these two structural components may require different
and unique strategies in order to assess their respective structures and,
correspondingly, different NMR experiments for the determination of each
structural component within the same molecule may be necessary. This is
especially true since the carbohydrate component is usually a complex
polysaccharide, typically containing more than one sugar moiety with
differing branch points for the sugar residues. Chapter 14 is a summary
perspective on both volumes and discusses the future directions of natural
product structure elucidation activity.

The collective contents of the two-volume series Modern NMR Approaches
to the Structure Elucidation of Natural Products present very useful and
practical information for the practicing NMR spectroscopist and natural
product chemist to implement in their own laboratories. All of the chapters
are well written by respected experts in the field. The considerable volume of
experimental detail contained in the chapters, together with structure elu-
cidation strategies, when implemented, is certain to contribute to an overall
improvement in the speed and accuracy of natural product structures being
elucidated.

David C. Lankin
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CHAPTER 1

Application of the Nuclear
Overhauser Effect to the
Structural Elucidation of
Natural Products

R. R. GIL** AND A. NAVARRO-VAZQUEZ*"

#Carnegie Mellon University, Department of Chemistry, 4400 Fifth Avenue,
Pittsburgh, PA 15213-3890, USA; " Institute of Organic Chemistry and
Institute for Biological Interfaces Karlsruhe, Institute of Technology (KIT),
Fritz-Haber-Weg 6, 76131 Karlsruhe, Germany

*Email: rgil@andrew.cmu.edu; armando.deus@gmail.com

1.1 The Historical Origin of the Term
“Nuclear Overhauser Effect”

Albert W. Overhauser, while holding a postdoctoral position at the Depart-
ment of Physics of the University of Illinois at Urbana (IL), theoretically
proposed in 1953 that if the electron spin resonance of the conduction
electrons in metals is saturated, the nuclei of the metal will be polarized to
the same degree they would be if their gyromagnetic ratio were that of the
electron spin.' The nuclear spins would exhibit an enhanced polarization by
a factor of ~1000. Such a significant degree of polarization of the metal
nuclei predicted by Overhauser was soon after experimentally demonstrated
by Carver and Slichter in a sample of metallic lithium.? This is the concept
that led to a new field of study known as dynamic nuclear polarization
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(DNP),>* in which the electron spin polarization is transferred to nuclei in
order to significantly improve their sensitivity. Although not the topic of this
chapter, it is important to highlight that DNP is slowly becoming a very
powerful tool in the structure analysis of molecules in high-resolution, solid-
state nuclear magnetic resonance (NMR) spectroscopy,”® and led Professor
Overhauser to receive the 1994 National Medal of Science.

Note, however, that the nuclear Overhauser effect (nOe), which is the
nuclear-nuclear analog of the original electronic Overhauser effect, was
first observed by I. Solomon in 1955.” Following the studies on nuclear spin
relaxation previously published by Bloembergen, Purcell, and Pound on a
single-spin system, Solomon published a seminal article entitled “Relax-
ation Processes in a System of Two Spins”’. He experimentally observed that
the longitudinal magnetization of a dipolar-coupled pair of ‘“unlike” spins
(different resonance frequencies) does not show simple exponential decay
as in the case of a single-spin system. The experiments were done in an
anhydrous sample of hydrofluoric acid. Upon saturation (steady-state
Overhauser effect) or inversion (transient Overhauser effect) of the 'H
resonance, a maximum increase of ~30% of the '°F signal was observed.
The same effect was observed on the proton signal when the "°F resonance
was excited in a similar way. Although not explicitly stated in Solomon’s
paper, this was the first reported experimental observation of the Over-
hauser effect between nuclei, and the experiment was later called the
“nuclear Overhauser effect” and gave origin to the nOe or NOE acronym.
This acronym can also be found in the literature standing for ‘“nuclear
Overhauser enhancement” due to the fact that the experiment produces
enhancements of the NMR signals. We particularly prefer to use the term
“effect”’. Solomon also set the theoretical basis of the NOE. He describes in
his paper a set of modified Bloch equations that gives the correct equation
of motion of the macroscopic magnetic moments for a system of two spins
under the influence of dipole-dipole interaction. These equations are
known today as the Solomon equations; the diagrams representing the
Zeeman levels for a two-spin system are correspondingly known as the
Solomon diagrams. Later in the chapter, we will come back to these
equations and diagrams.

Intramolecular as well as intermolecular proton-proton NOEs were
first reported by Reinhold Kaiser in 1963° and 1965, respectively.” In the
former article, Kaiser reported how the Overhauser effect can be used to
determine the relative sign of J coupling constants, and to assign spectral
lines to transitions between energy levels in trans-crotonaldehyde and m-
dinitrobenzene. In the second article, Kaiser reported the intermolecular
NOE in the liquid state between the protons of chloroform and cyclohexane.

Anet and Bourn introduced the first application of the NOE to the
configurational and conformational analysis of small organic molecules in a
seminal paper published in 1965.'° In this ground-breaking paper, they ob-
served NOE enhancements when irradiating a sample of 3-methyl-but-2-enoic
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Figure 1.1 First reported intramolecular NOEs by Anet and Bourn."’

Ginkgolide C

Figure 1.2 First intramolecular NOEs in a natural product. This is the ginkgolide C
reported in 1967 by Nakanishi and colleagues."*

acid (1) and dimethylformamide (2), as well as in the half-cage acetate 3
(Figure 1.1). Prior to this article, the assignment of proton resonances in
high-resolution spectra was performed on the basis of chemical shifts and
J couplings. Shortly thereafter, Nakanishi applied intramolecular NOE
analysis to the structural determination of the ginkgolides, a series of
polyhydroxylated terpenoids. Irradiation of the ginkgolide C t-butyl group
resulted in clear intensity enhancements that allowed the determination of
the configuration of the related stereogenic centers (Figure 1.2)."' In the
following year, the application of the NOE to taxane derivatives was also
reported from the group of Nakanishi.'> With the addition of the NOE to the
arsenal of analytical tools, it quickly became evident to chemists that NMR
would become one of the most powerful tools for the structural analysis of
molecules of any size. The application of the NOE in structural biology is
outside the scope of this chapter, and most of the theoretical and practical
aspects of the NOE in organic molecules have been covered in the mono-
graph of Neuhaus and Williamson,"’ as well as other reviews.'*"’ It is the
purpose of this chapter to illustrate the use of not-so-common techniques,
mainly involving quantitative aspects of the NOE for the determination of
configuration and conformation in organic molecules. It will be assumed in
our discussions that concepts such as chemical shift, J coupling, and NMR
pulses, as well as the fundamentals of the T; and T, relaxation processes, are
known by the reader.
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1.2 The Theory Behind the NOE

In spite of the impressive technological advances that involve very high
magnetic fields, cryoprobes, and digital consoles, among others, compared
to other spectroscopic techniques, NMR is a horribly insensitive technique
due to the very low energy difference between the spin energy states. For
protons, the energy difference between the o (m=+1/2) and p (m=—1/2)
states at 500 MHz (magnetic field of 11.75 Tesla) is merely 3.32x10 > Joules,
leading to a Boltzmann population distribution of N,/Ng=1.000080 (i.e. only
80 out of a million spins in excess at the o lower-energy state). That is why any
ingenious experiments that help to significantly increase this population
difference are always very welcome, and the Overhauser effect is also used for
this purpose, apart from being a powerful technique in structural analysis.

Another consequence of such a low resonance energy is the very weak
interaction of the nuclear spins with their surrounding medium, leading
sometimes to considerably longer relaxation times. As stated by Abragam, the
probability W per unit time of the nuclear spin-1/2 transition from the f into the
o state through spontaneous emission of a photon appears to be a negligible
phenomenon. For a 'H spin resonating at 500 MHz, Wwould be ~ 10 **s™'. In
addition, Abragam also showed that the transition probability for an induced
emission or absorption under the effects of a radiation field involving photons
would also be very small (Wa10~'° s~ "), concluding that the coupling with the
radiation field is “hopelessly inadequate’ as a viable relaxation mechanism.
Hence, what would be a viable relaxation mechanism for nuclear spins?

In fact, since the only property of spin-1/2 nuclei that depends on orien-
tation is their magnetic moment, transitions between nuclear spins can only
be induced by magnetic fields. Let us first analyze the effect of a radio-
frequency (rf) pulse on the macroscopic magnetization (M,) of a sample
of spin-1/2 exposed to a magnetic field By. At thermal equilibrium, the
Boltzmann distribution will produce a population excess in the o state for
nuclei with a positive gyromagnetic ratio, as is the case for protons. The sum
of the projections of the individual spins’ magnetic moments onto the z-axis
will build the macroscopic magnetization M,. As we know from basic NMR
concepts, no net magnetization is observed in the x, y-plane due to the
random nature of the phase of the individual magnetic moments precessing
around the axis of the applied magnetic field B,. Since M, is a macroscopic
property, like temperature, it can be rotated at our whim around the rf field
B, applied on the x-axis. Rotation at our whim means that we can take M,
from +z to +y (90° rotation). We can stop here, or we can continue to —z
(180° rotation), or we can even continue to a total rotation of 360° and bring
M, back to +z as it was before we turned the rf on. If we pay attention to what
happens to the populations as we rotate M,, we will see that at a 90° or 270°
rotation, the populations are equalized (Ng = N,) since there is no longer net
magnetization in the z-axis; at 180°, the populations are inverted (Ng>N.,);
and after a total rotation of 360°, the populations are back in thermal
equilibrium. This simple example experimentally demonstrates that a
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fluctuating magnetic field can stimulate the absorption of energy not only by
the spins, but also by their relaxation. It is important to keep in mind that
these processes only take place if the magnetic field oscillates at the same
frequency as the spins.

In a real sample, the spins are not alone. They are surrounded by other
spins from the same molecule, by solvent molecules, by impurities, and even
by dissolved oxygen gas. These surroundings are known as the “lattice”,
a term originating from the early studies of relaxation in solids, where the
surroundings were a real solid lattice, and we can say that the spins are
coupled and in equilibrium with this lattice. If the spins are driven out of
equilibrium by excitation with rf power, once the rf power is turned off, they
return to equilibrium by interacting with the lattice. As a result of the
Brownian motions in the lattice, molecules randomly reorient in liquid so-
lution, producing fluctuating magnetic fields. These oscillating magnetic
fields are not coherent along the whole volume of the sample. Each spin in
the sample is affected in a different way as a result of the random nature of
the reorientation. However, the frequency of these fluctuating fields will
depend on the correlation time (z.) of the molecules. The correlation time is
defined as the time it takes a molecule to reorient 1 radian. The inverse of
the correlation time (1/7.) represents the rotational molecular frequency ()
in radians per second (rad s~ ). The lattice is composed of a continuum of
energy levels with a distribution of frequencies described by a function
known as the spectral density, J(w). This spectral density function depends
on the molecular correlation time, which in turn depends on the sample
temperature and viscosity. Spins return to equilibrium vie a dynamic
interaction with microscopic magnetic fields that randomly turn on and off
along the volume of the sample with different intensities and directions. The
projections of these magnetic fields along the z-axis (parallel to B,) will add
or subtract to B, introducing acceleration or deceleration of the spins’
precession angular speeds that lead to random changes in their phases. This
contribution does not involve energy exchange with the lattice (adiabatic),
since no change in the population distribution takes place. This process only
affects the loss of transverse magnetization (M, and M,) by dephasing the
spins contributing to the coherences created in the x, y-plane after a rf pulse
is applied.

On the other hand, the components perpendicular to B, will in fact pro-
duce an effect that is equivalent to that produced by the rf field B; by in-
ducing transitions between spin energy levels (non-adiabatic) in both
directions (¢—f and B—a), leading to longitudinal relaxation. By longi-
tudinal we refer to changes in the intensity of the magnetization in the z-axis
(M). These random perpendicular fields also contribute to transverse re-
laxation. It is important to highlight that these transitions will only happen
if these random fields oscillate at the corresponding nuclei Larmor fre-
quencies. During the longitudinal relaxation process, the populations will
change until they reach a Boltzmann distribution as predicted by the tem-
perature of the lattice (i.e. the populations will continue to change until the
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spins reach thermal equilibrium with the lattice). Note that it is assumed
that the lattice is always in thermal equilibrium with itself and that its
specific heat is infinite.

It is experimentally found that the loss of transverse magnetization as well
as the return of the populations follow first-order kinetics (eqn (1.1) and
(1.2)). Two first-order rate constants are involved in the relaxation process.
These are the longitudinal relaxation or spin-lattice rate constant R,, gov-
erning the recovery of the equilibrium magnetization M, and the transverse,
or spin-spin relaxation rate constant R,, which dictates the disappearance of
observable transverse magnetization. These rate constants will have the as-
sociated relaxation times Ty = 1/R; and T, = 1/R,:

dm. it

dtz = — Ri[M,(t) — My] = M,(t) — My = (M5! — p0) et/ (1.1)
dM,, (¢ .
7(3 O__ RyMyy () = Mgy (£) = Myt et/ T2 (1.2)

Why does spin relaxation follow an exponential decay law? In principle,
2

other temporal dependencies—for instance, a Gaussian decay e 7:—could

be imaginable. Following an exponential dependence implies that the time

evolution of magnetization depends only on its particular value at a given

M Minitial ¢
time ¢, as can be seen on the time derivative dtxy =— J;i e T:, However,
2

other possible forms for magnetization evolution as for instance a Gaussian-
like dependence will not fulfill this condition and will therefore imply a
memory of the system. We want to thank Stan Sykora for making us aware of
this issue.

If a strong rf is applied, as in the spin-lock conditions applied in the ROE
experiments, the transverse magnetization is not exactly governed by the T,
time, but is instead governed by the T;, relaxation time.

As noted above, all magnetic field oscillations that can cause a transition
between energy levels can be a source of relaxation. Besides the external
field, all active nuclei in a molecule, or the surrounding solvent, unpaired
electrons in the molecule or external agents (trace metal ions, oxygen, etc.)
are capable of promoting relaxation since the Brownian motion of molecules
and solvents changes the relative orientation of the molecular spins (note,
however, that spins themselves are locked in the direction of the strong
external field). We list here the sources for spin relaxation experienced by
molecules in solution:

e Dipolar relaxation: the source of the NOE and the most effective source
of relaxation in solution.

e Chemical shift anisotropy (CSA) relaxation. The chemical shielding is a
tensorial orientation-dependent property. Therefore, the effective field
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Bess experienced by a particular nucleus depends on molecular re-
orientation. For instance, the carbon nuclei in benzene are more
shielded when the Cg axis is collinear with the external field than in the
case of a perpendicular orientation. Just as with dipolar coupling, the
anisotropy effects vanish in isotropic conditions, but they are still a
source of relaxation. However, CSA relaxation is only relevant for nuclei
with large chemical shielding tensor anisotropies and at high fields,
and it is therefore not so relevant to "H NOE experiments.

e Scalar coupling relaxation: contrary to the case of dipolar relaxation,
J-coupling values are not affected by rotational motions, but only
internal motions, so they are consequently a much poorer source of
relaxation than the dipolar coupling. In the case of weak coupling, only
the z-component of the local field is affected, producing only transverse
relaxation. This is, however, not true in the case of strong coupling, and
scalar relaxation may contribute to negative enhancements.

e Paramagnetic relaxation: similar in nature to dipolar relaxation, relax-
ation caused by interaction with magnetic moments of unpaired elec-
trons is extremely effective due to the high gyromagnetic ratio of the
electron being nearly three orders of magnitude larger than that of the
proton (y./yn=—657.42). Even small traces of paramagnetic agents
may cause very effective relaxation of the nuclear spins.

The dipolar interaction between spin-active nuclei is governed by the
distance separating the nuclei and the orientation of the internuclear vector
with respect to the strong external field:

3Ly ysh 1
Dis = —Lﬁf cos’ 0 — = (1.3)
812R;, 3

This direct interaction may have a magnitude of thousands of Hz, as can
be observed in solid-state samples. However, under isotropic molecular
tumbling conditions, as is commonly the case in liquid-state samples, the
equally probable orientations of the internuclear vector in all directions will
cause the angular term in eqn (1.3) to vanish (see Chapter 4 on residual
dipolar couplings [RDCs]). However, although the D;; does not show as an
observable splitting of spectral lines, the magnetic field oscillation caused by
reorientation of the internuclear vector may still cause transitions between
spin states. This dipole-dipole relaxation acting on systems driven out of
thermal equilibrium is the source of the NOE.

The nOe 15 can be defined as the fractional enhancement of the NMR
signal integral of nucleus I when the magnetization of nucleus S is moved
out of equilibrium either by saturation or inversion; if spin I is close in space
to S, both nuclei will be involved in a significant dipole-dipole interaction.
The perturbation on spin S will be transmitted to spin I, therefore modifying
the intensity, measured as the value of the corresponding integral, of its
NMR signal, with I’ and Ij, being the integral values of the NMR signal for
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nucleus I under perturbed and unperturbed conditions, respectively. If the
intensity increases with the perturbation, then the NOE is defined as positive,
and is conversely defined as negative in the case of a decrease in intensity:

1 1

I
Nrgsy =100 X 7}(1) ¢ (1.4)

For an NOE enhancement to be observed, the internuclear vector (7;5) has
to be reoriented in solution at a rate within the range of the resonance
frequencies of the spins I and S, which can be bonded or non-bonded, and
may belong to the same or to a different molecule. Note that this reorien-
tation may be caused both by global molecular tumbling and intramolecular
conformational changes.

In isotropic solutions, the dipolar coupling is manifested not as an
observable splitting of the transition lines, but rather as NOE due to the
dipole-dipole relaxation. The fact that the dipolar coupling (D) between two
nuclei vanishes due to isotropic molecular tumbling in solution is the reason
why the NOE is observed. If the molecule does not tumble (solid state), then
the dipolar couplings have a finite value that depends on the internuclear
distance and on the angle of the internuclear vector with respect to the axis
of the external magnetic field, but the NOE disappears. It is the oscillating
nature of the dipole-dipole interaction that produces an efficient cross-
relaxation process between the interacting nuclei, giving rise to the NOE. In
normal standard liquid NMR conditions (isotropic tumbling), both par-
ameters (the NOE and the dipolar coupling, D) cannot be observed simul-
taneously. However, if the sample is exposed to an anisotropic environment
such as liquid crystals, liquid crystalline solutions, or stretched polymer gels,
fractions of the dipolar coupling (known as RDC, see Chapter 4) and NOE are
simultaneously observable in solution. If the degree of alignment in the
anisotropic media is weak (~0.01-0.10%), then 99.90-99.99% of the mol-
ecules are still tumbling isotropically, thereby producing very homogenous
NMR spectra with enough molecular tumbling to display a NOE.

It is beyond the scope of this chapter to treat the theoretical aspects of the
nOe in detail. However, without being redundant, it is germane to briefly
consider a few key equations, as well as several other basic concepts, in order
to better understand the Overhauser effect and provide the reader who has
an interest in natural product structure elucidation with an appropriate level
of understanding to use these experiments in their research.

The energy level diagram for a system of two dipolar-coupled nuclei I and
S is shown in Figure 1.3. We may distinguish in this scheme three types of
transitions between energy levels: first, single-quantum transitions Wsq,
where either the spin I or spin S state is changed; second, zero-quantum
or flip-flop transitions off < Bo; and finally, the double-quantum oo« 3f3
Wpq transitions. Whereas rf irradiation may cause only single-quantum
transitions, giving rise to observable spectral lines, relaxation may take place
through any of the three mechanisms.
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Figure 1.3 Energy levels for a system of two coupled spins.

Consider now what happens through a thermally equilibrated system
upon selective irradiation of the spin S (Figure 1.4). Irradiation will cause
equalization of the o and B states of spin S through the single-quantum
transition processes. If relaxation is not taken into account, we would see
how the signal from the S spin disappears while the total intensity of the I
signal, defined by its integral, remains the same. However, relaxation-in-
duced non-radiative double-quantum and zero-quantum transition pro-
cesses are operative. If double-quantum transitions are much more efficient
than the zero-quantum transition process (Wpq > Wzq), the population of
the oo state will grow at the expense of the Bf state in an attempt to restore
the Boltzmann relationship (2AN). Therefore, the differences between the
energy levels for single-quantum transitions of spin I will grow by a factor A,
increasing the intensity of the I signal. Conversely, if the zero-quantum
transition is more efficient than the double-quantum transition, then the
population will flow from the of to the o state. This will therefore decrease
the population difference by a A factor and the integrated intensity of signal
I'would decrease proportionally. Thus, we will have positive NOE (intensity
increases) when double-quantum relaxation predominates over the zero-
quantum process, but a negative NOE if the situation is reversed.

Inclusion of all processes in Figure 1.4 in the Solomon equations leads
to eqn (1.5). The term g;5 represents the difference between the double-
quantum and zero-quantum relaxation rates and it will govern the sign of
the NOE. p;s is the total dipolar longitudinal relaxation rate constant
experienced by spin I, due to the presence of spin S. Note that according to
this expression, if the magnetogyric ratios of the coupled nuclei have the
same sign, as in homonuclear experiments or 'H-'°C experiments, then the
intensity of the signal is increased (positive NOE), but is reversed if the sign
of the nuclei is different. This is an important issue in broadband
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Figure 1.4 Population changes in energy levels of a two-coupled spin system in-
duced by single-, double-, and zero-quantum mechanisms.

decoupling, and while irradiation of 'H increases the sensitivity of the *C-
detected experiments, it will cause a decrease in '°N experiments:

0oy = 18 | oo = Wag ]:/S[“’S] (1.5)
18} V1 [Wzq + 2Wsq + Wpq V1 LPis

Note, however, that spin I can relax through other mechanisms such as
CSA or scalar couplings or, in a very effective way, through nucleus-electron
relaxation due to the presence of paramagnetic substances (e.g. oxygen) in
the sample. All of these additional relaxation sources may cause decreases in
the NOE enhancement or even cause it to vanish. These additional relaxation
pathways can be included in eqn (1.6) by replacing the purely dipolar re-
laxation rate p;5 by an effective rate p¥, which includes all of the additional
relaxation effects on spin I:

PE=pis+ Pr{ext} (1.6)

The Wpq, Wsq, and Wy, rate constants correspond to transitions with very
different associated frequencies. If we consider a pair of proton nuclei in a
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500 MHz spectrum separated by 1 ppm, the Wpq transition (w;+ ws) will be
of 500500 MHz + 500000 MHz=1000500 MHz, whereas it will be only
500 Hz for the zero-quantum transition Wyq (w; — ws). Therefore, they will be
induced by fields oscillating at very different frequencies (i.e. by molecular
motions of very different speeds), and these frequencies will depend on the
particular dynamics of the internuclear vectors in the molecule. As a first
approximation, we may consider our molecule as a solid body where all of
the internuclear vectors are fixed with respect to a rigidly attached molecular
frame. The random nature of the molecular motion does not allow the
quantification of a rotational speed of this solid body, but we may still define
an average rotational speed in terms of the so-called rotational correlation
function, 7.. If we consider a vector r connecting two points of the body, it is
clear that the coordinates of this vector, with respect to the external la-
boratory frame, will change during the period of time 7. The average speed at
which this vector changes its orientation in space can be defined through a
time correlation function g(t):

g(t)=7F)r(t+ 1) (1.7)

This rotational correlation function takes the exponential form given in
eqn (1.8) where 1. is the rotational correlation time, defined as the time
constant for the exponential decay of the correlation function:

glt)=c = (1.8)

In our solid body approximations, t. will be the same for all of the
internuclear vectors considered; note, however, that the presence of internal
motion movements may cause this approximation to break down, and very
different correlation times may be observed for different parts of the mol-
ecule. As a very general rule of thumb, the rotational correlation time for
small molecules in organic solvents is given by the expression:

T.=10""> MW (1.9)

where MW is the molecular weight of the given molecule in mass atomic
units. Note, however, that 7. is proportional to the viscosity of the solvent
and decreases with increasing temperature.

The long 7. of a slowly tumbling molecule will be associated with oscil-
lating fields of low frequency, and a short 7. will conversely be associated
with high-frequency oscillating fields. The available power (i.e. how much
energy can be retrieved by the lattice at a given frequency) can be quantified
by just applying a Fourier transform to the rotational correlation function.
This Fourier transform of the exponential correlation function is a
Lorentzian function, known as the spectral density function J(w):

Te

= 1.10
1+ w?1? ( )

J(w)
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When 7. shortens, the spectral density function becomes broader and
contributions from higher frequencies become important, as shown in
Figure 1.5. The rates for the single-, zero-, and double-quantum processes
can be cast now in terms of the spectral density function. For a dipolar-

coupled spin pair, the rate constants W are given by the
expressions:

Wog o yiy: 127,
T 142 (0 + )
W, VI3 27,
LT g4 2(w; — )’
2.,,2
) 3T
Wsq V1Vs c

r 1+ 2wy

following

(1.11)

(1.12)

(1.13)

Inserting these equations into eqn (1.5), the theoretical stationary NOE for

a homonuclear system is given by:

5+ w*12 — Aoty

= 1.14
Tmax = 767 9302 + 2372 + 4wt} (1-14)
‘. Tc=30ns
- .
;’ -
_____ Twe=3ns -
Tc = 300 ps ."-...._ h_‘- i T
10’ 10® 10° 10%°

w(rad/s)

Figure 1.5 Spectral density functions for different rotational correlation times z..
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Plotting eqn (1.14) as a function of 7. indicates that the NOE will be
positive at short correlation times, a typical condition of small organic
molecules. Around the cross-point, wt.~1.12 and the NOE falls rapidly until
it reaches a maximum negative —100% enhancement. At higher fields, the
null condition will be reached at lower 7. values (Figure 1.6). Therefore, it
could be the case that NOE experiments perform better at lower fields, as
some complex organic molecules may enter the negative region in high-field
instruments.

1.3 Multispin Systems

Things become more complicated, but also more interesting, in the case of a
system with more than two coupled dipolar spins. In general, the presence of
other X spins close to the observed nucleus I acts as an additional source of
leakage, causing a reduction of the observed NOE. For a multispin system,
the observed enhancement of 7 upon § irradiation is given by:

1’ — 2 fx St

X

3 s

rs’ T
X

ﬁ{S}:nmax (1'15)

Looking at the numerator of eqn (1.15), one can see that the enhancement
of spin I depends on the enhancements of the surrounding spins X suffer
upon S irradiation. If we just irradiate spin A (Figure 1.7), the perturbation
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R _ 500 MHz T
600 MHz ———--
1000 MHz -~ ----
0
w
S sof 1
x
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Figure 1.6 NOE intensity versus . at different field strengths.
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Figure 1.7 Multispin NOE. Bottom: standard 'H spectrum; middle: "H spectrum
after irradiation of nucleus A; top: difference spectrum.

created in the populations of B will be transmitted to the population of C,
disturbing its signal intensity. In the region of a positive NOE, when double-
quantum cross-relaxation predominates, this disturbance can be observed
as a negative NOE. Note, however, that in the region of negative NOE, all
observed NOEs, either direct or indirect, are of negative sign.

In systems with many spins, the indirect effects may complicate the
quantification of the values and a full treatment of the multispin Solomon
equations could be needed. However, note that although in a stationary state
experiment, the final enhancements are independent of the time, the in-
direct NOEs need much longer times to reach the stationary state. Thus, the
use of non-stationary kinetic NOE experiments will allow easier quantifi-
cation of the NOE.

1.4 The Kinetic NOE

We will see in this section that quantitative analysis of the NOE can be fa-
cilitated by the use of kinetic NOE experiments rather than stationary-state
experiments. The most simple way to perform kinetic NOE measurements is
to use the truncated NOE experiment (TOE), where the selective irradiation
times are kept below the saturation values."®

For a multi-system, the Solomon equation takes the form:

dr
d—tz =—Ri(l, = I{) — 015(S: — $2) = > _ orx(X; — X7) (1.16)


http://dx.doi.org/10.1039/9781849734684-00001

Published on 12 December 2016 on http://pubs.rsc.org | doi:10.1039/9781849734684-00001

View Online

Application of the Nuclear Overhauser Effect 17

When spin S is selectively irradiated, at the initial time ¢ =0, the equation
reduces to:

dr,
— = 075S° 1.17
de|,_, =S (1.17)

Therefore, the initial increase of the I, population depends linearly only on
the cross-relaxation with spin S. This is the basis of the initial rate ap-
proximation. However, at longer times, the relaxation of spin 7 with spins
other than S becomes more important. Since for a rigid molecule we can
define a global correlation time for the different spins, the NOE enhance-
ments will be directly proportional to the r;5® distances. Hence, if a valid
NOE within the initial rate approximation is measured between two probe
nuclei with a well-known distance, it is possible to determine an unknown
I-S distance:

ﬁ{S} = CrITS'6Tm1

oY) = Croten, (1.18)

where C is a proportionality constant depending on the Larmor frequency
and on the rotational correlation time. Therefore:

o= (45

The initial rate approximation is the basis of most of the NOE-based
conformational analysis that is used due to its simplicity. Note that, similar
to the stationary NOE, the TOE is a difference experiment, and therefore has
associated with it all of the practical problems inherent to difference
spectroscopy.

Most of the modern applications of NOE are based on the use of transient
NOE techniques. In the 1D transient NOE or 1D-NOESY experiments, the
spin S is driven out of equilibrium by selective inversion. After that, a mixing
time period t,, is allowed to elapse before the application of the observation
pulse and acquisition.

1.5 Transient NOE

Since the system is not saturated in the NOESY experiment, the magnet-
ization enhancement on spin I depends now on the relaxation rate of the
inverted spin S, denoted as Rs. Near the extreme narrowing limit, this rate is
competitive with the cross-relaxation term and the maximum positive en-
hancement that can be obtained in a transient experiment is only 38.5%. In
the wt.> 1 region, enhancement it is still around 100% as cross-relaxation is
the most efficient process. Transient NOE measurements can be performed
in a 2D fashion in the extremely popular NOESY experiments. In NOESY,
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the inversion pulse is split into two 90° pulses and a ¢; chemical shift evo-
lution is inserted between them (Figure 1.8). After the second 90° pulse, z-
magnetization is created for all spins, depending on their respective
chemical shifts. During the mixing time t,,, cross-relaxation effects will give
rise to NOE enhancements. Note, however, that several artifacts may arise in
this experiment. If a scalar coupling exists between the spins, then zero-,
single-, and double-quantum coherences evolve during the experiment. Also,
axial peaks may arise due to spin relaxation during the ¢; period. These ar-
tifacts can be removed using an eight-step phase cycle. Since cross-peaks
may have either negative or positive signs with respect to the diagonal, the
NOESY spectra should be acquired in phase-sensitive mode using TPPI,
States, or States-TPPI protocols.

The advent of pulsed field gradients (PFGs)'’ allowed purging of un-
desired coherences in a reduced number of scans. By inserting a weak gra-
dient during the whole mixing time 7,,, the number of scans can be reduced
to just two (Figure 1.9). Alternatively, a 180° pulse can be flanked by two
strong PFGs to suppress the evolution of coherences during the PFG period,
with the purpose of the 180° pulse being to refocus the evolution of co-
herences taking place during the gradient period. Echo-antiecho phase-
sensitive NOESY spectra can be recorded by the insertion of a PFG during the
evolution period."®

1.6 ROE and ROESY

When molecules reach a motion regime in which the resonance frequency
(wo) is in the order of the inverse of their molecular correlation time
(wote=1.12), the NOE enhancement is null and/or very weak. This is a
situation that is observed for molecules in a range of molecular weights,
reported by some authors to be 1000-2000 or 1000-3000, but a recent review
article by Breton and Reynolds'® mentioned that it can start from molecular
weights of ~700. The molecular weight at which the NOE enhancement in
small molecules starts to decrease depends on many factors, such as mo-
lecular shape (affecting its tumbling rate), solvent viscosity, temperature,
and spectrometer frequency. However, it is a situation that has to be judged
by the chemist experimentally. Many natural compounds fall into this

t T

Figure 1.8 2D phase-sensitive NOESY pulse sequence.
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Figure 1.9 2D gradient-selected NOESY pulse sequences.
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category, particularly glycosides with several sugar units, peptides, macro-
cyclic natural compounds, dimers of diterpenes, triterpens, steroids, or large
alkaloids.

Since this undesired phenomenon occurs at m,7.~1.12, one of the ex-
perimental alternatives is to manipulate w,t. to move it away from the null
NOE enhancement point. Around the null point, for a given molecule
(constant value of 1), the NOE enhancement (1) shows a sharp change as a
function of the spectrometer frequency (w,). For example, a null NOE at
500 MHz can be turned into an enhancement of +0.10 at 400 MHz and +0.22
at 300 MHz, or —0.10 at 600 MHz and —0.18 at 700 MHz. However, not every
laboratory around the world has the luxury of having many NMR spec-
trometers to manipulate the NOE enhancement as a function of the spec-
trometer frequency. Nevertheless, for a given spectrometer, it is also possible
to manipulate the molecular tumbling rate or correlation time (z.), which
strongly depends on the solvent viscosity. Since temperature affects viscosity,
changes in temperature and/or in the type of solvent will also help to move
the experimental conditions away for the null NOE point. These were the
only options available to chemists until 1984, when Bothner-By and col-
leagues introduced a rotating frame NOE experiment that was published
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with the name CAMELSPIN (Cross-relaxation Appropriate for Mini-
molecules EmulLated by SPIN-locking) and was later renamed to rotating
frame Overhauser enhancement spectroscopy (ROESY).?° In the rotating
frame NOE experiment, the cross-relaxation process occurs under the effect
of a spin-lock, and the NOE enhancements (also referred to as ROE) are
always positive, regardless of the tumbling rate of the molecules. There is
not such an NOE null point at w,t.~1.12. In addition, direct NOE
enhancements have opposite signs to those from spin diffusion, saturation
transfer, and exchange for all molecules (small and large).

Similarly to most NMR experiments, the rotating frame NOE can be per-
formed as a selective 1D (selective ROE) or as a 2D (ROESY) experiment. In
Figure 1.10, the basic ROESY pulse sequence is shown. Although the ex-
periment does not show an NOE null point as a function of the molecular
tumbling rate, leading to a significant advantage over traditional NOE, the
ROE experiment presents a series of experimental complications. Since the
experiment involves a spin-lock that is not as strong as the one used by
TOCSY, in-phase TOCSY transfer peaks are observed and they are not dis-
tinguishable from real ROE peaks. In addition, these TOCSY transfers also
lead to TOCSY-ROE transfers of magnetization, which give origin to “false”
cross-correlation peaks for protons that are far from each other.>" The spin-
lock is not uniform over the whole proton chemical shift range, leading to
non-uniform enhancement and making the experiment not recommendable
for quantitative purposes. Finally, anti-phase COSY-like peaks between
J-coupled spins are also observed, but their intensity is very weak. Further
modifications to minimize these unwanted experimental complications
were reported. Hwang and Shaka introduced a variant of the experiment that
minimizes the TOCSY contributions.”” Its name is transverse ROESY
(T-ROESY or Tr-ROESY), and the mixing period consists of a train of 180°
with alternate phase (180_,,180.,). The pulses are given with no time
between them. We strongly recommend this version of ROESY, which sig-
nificantly reduces the unwanted TOCSY and false ROE peaks. The only
shortcoming of this experiment is that the intensities of the cross-peaks
are smaller than in the original ROESY experiment. From a conceptual
standpoint, NOE and ROE experiments are based on the same physical
phenomenon and provide the same structural information. Due to the fact
that ROE experiments present so many experimental complications, it is

1

Tm
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Figure 1.10 2D-ROESY basic pulse sequence.
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important to be aware of these interferences when the experiment is used.
A series a potential cross-peaks not related to the purpose of the experiment
(no ROE peaks) may be observed and can mislead the users regarding their
structural problem. Therefore, we strongly recommend not using the ROE
experiments if there is no need for them. We fully agree with the following
statement from Timothy Claridge, which clearly summarizes the problem:**

“In view of the various complicating factors associated with the ROESY ex-
periment, it is perhaps prudent to avoid using the technique whenever pos-
sible, and instead select a steady-state or conventional transient experiment
as first choice.”

We have performed a full-text search of the entire online collection of the
Journal of Natural Products using the keyword “roesy” and we found 1156
articles. Surprisingly, more that 90% of these articles report the use of
ROESY for molecules that do not really need it! And those that use it do not
even mention or justify the reasons why. It seems that many natural prod-
ucts chemists use ROESY by tradition without being aware of the differences
with regards to a NOESY experiment. If signal overlapping or sensitivity does
not become a critical issue, the use of relatively low-field spectrometers
(~300-400 MHz) may be considered in order to avoid the use of the ROESY
experiment. As a final note, ROE builds twice as fast as NOE, hence shorter
mixing time values are recommended (300-400 ms).

1.7 Scalar Couplings—Zero-quantum Filters

If scalar coupling is present between protons, the corresponding term will
evolve during the mixing time as a sum of zero- and double-quantum co-
herences, which will be manifested as antiphase peaks in the 1D- or 2D-
NOESY/ROESY spectrum. Although the double-quantum component may be
filtered by phase cycling or application of a PFG during the mixing time, this
is not possible in the case of the zero-quantum component, as it has the
same coherence order as the observed longitudinal magnetization. This
zero-quantum component will evolve during the mixing time as the differ-
ence Qyq between the offsets of the scalar coupled nuclei, giving a peak of
intensity Iq:

QZQ:QI_QS (1.20)

Izq=c0s(Qzq7) (1.21)

Although the total integral of these antiphase peaks will be zero, they may
obscure the presence of a true NOE correlation, making the observation of
weak correlations difficult and the quantification of the integrals inaccur-
ate. A simple procedure for minimization of the zero-quantum peaks in
NOESY experiments is to introduce a small random variation of the mixing
time, or either to randomly move the placement of a © pulse in the middle
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of the mixing time, between each ¢; increment. The magnitude of the true
NOE peak will be minimally affected, especially at long mixing times,
whereas the phase of the ZQ peak will differ from experiment to experiment
and most of the signal will cancel out. Note that the degree of variation At
should cover at least one cycle of the zero-quantum coherence, which
makes the elimination of ZQ peaks between protons that are very close in
chemical shift more difficult to accomplish (see Figure 1.11). However, this
procedure introduces some degree of ¢; noise into the spectrum since the
ZQ peak is spread out along the F; dimension after Fourier transformation.
These effects can be clearly shown in the NOESY 2D spectrum of a synthetic
isoquinoline derivative, recorded with a 500 ms mixing time delay
(Figure 1.12), which clearly shows zero-quantum correlations between vi-
cinal and germinal protons. The introduction of a 30 ms random variation
between either scans or experiments effectively removes the zero-
quantum peaks.

A 3D-based approach was proposed to suppress ZQC coherence without
introducing additional ¢; noise by smearing out the ZQC peak over the third
dimension. Clean NOESY spectra are obtained with this methodology, al-
though at the cost of somewhat reduced sensitivity.>* Based on previous

vl v
100 200 300 400 500 600 700 800

toniz(m28)

Figure 1.11 Time evolution of zero-quantum coherence versus NOE buildup during
mixing time. The NOE buildup (continuous line) curve is simulated for
a t; =1 s value and a cross-relaxation rate ¢ =10 Hz. The offset differ-
ences between the two scalarly coupled protons were set to 100 Hz
(dashed line) and 14 Hz (dotted line).
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Figure 1.12 500 ms mixing time 2D-NOESY (A) and the same spectra recorded with
a 30 ms random variation delay ZQC filter (B).

-

A
Y

T |

G D
Gt Gus
Figure 1.13 Pulse sequence for the Thrippleton-Keeler ZQC filter.

work, Howe presented a ZQ filter based on spin-echo evolution inside a
z-filter element. A 180° pulse is placed inside the z-filter block and moved
through it in ¢; increments. As ZQ is refocused at 2T-t;, the ZQ will evolve
during a ¢; time. Typically, 12 increments were needed for a clean elimin-
ation of the ZQ peak.>

In 2003, Thrippleton and Keeler*® proposed a ZQC filter based on gener-
ating a phase difference between the ZQC magnetizations for different
positions of the NMR tube by simultaneous application of a PFG on the
z-axis and a swept-frequency 180° pulse (Figure 1.13).

If 77 is the duration of the gradient/swept-frequency pair, a particular
point on the tube will experience the 180° pulse at a time at xt; where
0<x<1. Thus, ZQC is refocused over a time 215 but still evolves for the
remaining (1 — 2x)tstime. As x is a function of the position in the tube, the
ZQ contribution is effectively dephased over the sample, leading to ZQ
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signal attenuation in a single scan. The attenuation A suffered for a I, peak
between I and J spins is:
. sin QZQTf

A=Y 1.22
Qnots (1.22)

Typically, 1 is in the range of ~30-50 ms. Although this can become
problematic for studies where very short mixing times are needed, it is
perfectly acceptable for standard small-molecule NOESY experiments.
Note, however, that for coupled spins with closely similar chemical shifts,
longer 1, delays may be necessary. As an alternative, Keeler and Shaka
later proposed the use of not one, but a cascade of z-filters, which leads to
improved signal suppression.”’

1.8 NOE Experiments for the Structural Elucidation
of Dimeric Compounds

Dimeric natural products are frequently encountered in nature. Greer and
coworkers analyzed a large database of literature entries and estimated that
nearly 7% of the papers reported full bilaterally symmetric dimeric struc-
tures.”®*° NOE experiments in dimeric compounds are difficult to interpret.
First, NOEs between equivalent protons are in principle hidden, and second,
ambiguities between intra- and inter-monomer correlations can also be pre-
sent. A way to circumvent the first problem is to exploit the asymmetry found
in the "C isotopomers, as only one of the two equivalent carbons attached to
the proton nuclei of interest will be a >C nucleus, while the other will be
attached to '>C. Thus, the '*C filtering of the NOESY experiment, through an
HSQC or HMQC step, may allow for differentiation of the two nuclei.* Editing
can be done either prior to the NOE block, as in the case of a HSQC-NOESY,*"
or after, as in the NOESY-HSQC or NOESY-HMQC experiments.** If there is an
NOE between chemically equivalent protons, the use of F,- or F;-coupled
HSQC experiments allows the observation of a diagonal peak on the >C
isotopomer between the two halves of the doublet split by '/ (Figure 1.14).

In the 800 ms HSQC-NOESY spectrum of carbazol (Figure 1.15),
the NOESY peak between the equivalent protons 4 and 4’, as well as the

1J-CH (]

13C 13C
CA B ®
1H 1H

Figure 1.14 Carbon-edited NOESY experiments.
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Figure 1.16 HSQC-NOESY-relative NOE intensities in a dimeric amide.

cross-peak between 3 and 4, and 3’ and 4’ can be seen. Note that the rest of
the cross-peaks between close protons are not observed in this spectrum,
likely due to different correlation times about the molecular axes.

The intensity of the cross-peaks is, in principle, the same if the carbon
editing is done either before (HSQC-NOESY) or after (NOESY-HSQC) the
NOESY block. However, experimental intensities may differ due to relaxation
effects. Gschwind et al.®* analyzed the effect of diffusion in the gradient-
selected HSQC-NOESY and NOESY-HSQC experiments. In the first experi-
ment, the mixing time is placed in the middle of the gradient refocusing,
whereas in HSQC-NOESY, refocusing of gradients is separated by short
delays. Hence, diffusion may severely decrease signal intensity in the HSQC-
NOESY experiment, especially if very long mixing times are employed.
Theoretically estimated attenuation factors range from 0.8 at a 0.5 s mixing
time to 0.25 for a 3 s mixing time.

With respect to the practical application of these techniques, it should be
noted that these are rather insensitive experiments, typically requiring
samples in a 0.1-1 M concentration range using standard 5 mm probes, and
therefore are only helpful for synthetic compounds where typically larger
amounts of sample are available. However, the large boost in sensitivity pro-
vided by 3 or 1.7 mm cryoprobes may certainly make this experiment feasible
for natural compound elucidation. As an example of this, Buevich et al
applied HSQC-NOESY experiments, along with J-coupling analysis of *C
satellites, to the determination of the conformation in a dimeric benzamide.**
The relative intensity of the cross-peak between the equivalent methine
protons (Figure 1.16) showed a preference for a gauche rather than an anti-
conformation of the dimer, in agreement with a J-coupling of ~4 Hz between
these protons observed through the '°C satellites. Generation of artificial
HSQC-NOESY data sets, obtained through covariance processing of individual
HSQC and NOESY spectra,®® can be useful in structural elucidation, but since
the generated spectra does not contain any information present in the parent
spectra, they will not show cross-peaks between equivalent protons.

1.9 Fully Quantitative NOE in Small Molecules

Traditionally, organic chemists have employed NOE in a qualitative way
where the observation of an NOE correlation simply informs that the two
nuclei of interest must be close enough to give an appreciable dipolar
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interaction, and the quantitative or semi-quantitative use of NOE experi-
ments is relatively scarce.

Very recently, the Butts group has tried to bring NOE in small molecules
to a fully quantitative level (FQ-NOE).*® Their proposal involves the use
of techniques that are already known for ameliorating the quantification
of NOEs in biopolymers. The proposed methodology involves several pro-
cedures that can be summarized in two principal points:

1. Use of 1D-NOESY DPFGSE experiment rather than 2D-NOESY experi-
ments, as they provide more reliable integrals.

2. Calibration of integral areas against irradiated peak areas. This pro-
cedure extends the linear behavior of the NOE. After acquisition of the
experiments, the integral of the irradiated proton is set to an arbitrary
fixed number and all correlation integrals are further related to this
integral for each experiment.

Interproton distances are then computed according to:

—6
s T (1.23)
Nref Tref

The r.e¢ value is then taken from an internuclear pair that is minimally
affected by conformational mobility as a methylene pair or two ortho aro-
matic protons. Thus, once this reference distance is determined, either from
tables or a molecular modeling structure, all interproton distances can be
obtained if the corresponding cross-relaxation peaks are observed. A very
complete set of 1D-NOESY data was obtained for strychnine, where the
average absolute error between interproton distances was below 5% as
compared to high-quality DFT and X-ray structures.

However, the use of 2D-NOESY experiments degrades the quality of the fit,
especially if short d1 relaxation delays are used; relaxation delays up to ~5 s
are necessary in order to improve the quality of the data. However, long delays
between transients greatly increases the necessary acquisition time without
achieving the accuracy of the 1D procedure. Other sources of error in the 2D-
NOESY experiments arise from ¢; noise, which makes the extraction of data
very dependent on processing procedures. One could, in principle, argue that
many of the sources of ¢; noise (e.g. temperature variation) are still present in
the 1D experiment in the form of spectral noise; however, the short acqui-
sition time of the 1D experiment lowers the impact of error sources.

Butts and coworkers also observed that degassing the sample did not
improve the accuracy of the NOE-determined distances. This is due to a very
similar impact of paramagnetic relaxation on the intensity of all observed
correlations. Even the presence of oxygen shortens the ¢; relaxation time,
allowing the safe use of short d1 delays in the 1D-NOESY experiments.

The accuracy in the experimentally determined interproton distances
allowed the authors to experimentally prove the existence of a minor second
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conformation of strychnine. They observed a much larger deviation for the
protons H;;s and H,zp as the NOE-determined distance, 3.49 A, compared
poorly to DFT and X-ray distances 4.10 A and 4.12 A, respectively
(Figure 1.17). Further, molecular modeling studies suggested that this effect
can be explained by the contribution of a second conformation of strych-
nine, arising from pseudo-rotation of the C,,-C,; bond, with a low popu-
lation that should lie 9.4 k] mol " over the basal form according to ab initio
studies. In this higher-energy conformation, the H;;p-H,3 distance is
shortened to 2.11 A according to a computation that, according to
Boltzmann-computed populations, corresponds to an average distance of
3.60 A, very close to the 3.49 A of the NOESY-determined distance. This
neatly shows how the highly non-linear nature of the NOE can be exploited
for unraveling low-population conformations that can be very difficult to
detect using more linear techniques such as scalar coupling analysis or
even RDCs.

The use of quantitative NOESY or ROESY may extend the applicability of
NOE experiments to natural products with many stereogenic quaternary
centers where no obvious NOE or *J analysis is possible. By making use of
FQ-NOE and "’C DFT chemical shift predictions,”””® Butts and Bifulco de-
termined the relative configuration of conicasterol F,** a new compound
isolated from a Theonella marine sponge. 2D-NMR determined the structure
to be either the cis-diepoxide or the ¢rans form (Figure 1.18).

A series of 1D- and 2D-ROESY 300 ms mixing time experiments were
conducted and 18 internuclear proton distances determined. The distance
between the geminal vinylic protons was taken as a reference. 3D structures
were generated at DFT level for the two possible configurations of con-
icasterol F. The fit between the structures and the data set was expressed in
terms of the maximum absolute error (MAE; eqn (1.24)).

1 |r{{OE_réalc|
MAE = — E 100 X ————— (1.24)
n rt
1 calc

The differences between the ROE-determined and the DFT-computed
proton-proton lengths were determined. MAEs of 2.6 and 5.9 were obtained
for the trans and cis configurations of conicasterol F, respectively. This result
was in agreement with >C chemical shift DFT GIAO/MPWPW91/6-31G*
predictions, which furnished MAE deviations of 0.8 and 3.7 for the ¢rans and
cis forms, respectively.

FQ-NOE and quantum mechanical °C chemical shift predictions were
also applied to the determination of the relative configuration in plaki-
lactones G (4) and H (5) (Figure 1.19)."° Upon an exhaustive force-field
conformational search, structures were refined at the DFT level and **C
shifts computed at the DFT-GIAO level. Boltzmann populations were com-
puted according to the relative energies. The computed Boltzmann popu-
lations were then employed to get averaged (r °) distances and chemical

113
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Figure 1.17 Structure of strychnine and DFT geometries for the two lowest-energy conformations. Distances in A for the Hy;p-Hasp pair
are shown in the figure.
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Conicasterol F

Figure 1.18 FQ-NOE determined configuration of conicasterol F and the rejected
diastereoisomer.

Plakilactone G (4) Plakilactone H (5)

Figure 1.19 Configuration of plakilactones G and H as determined by combined FQ-
NOE and DFT chemical shift prediction analysis.

shifts. Both methodologies agreed in the configurational assignment for
plakilactone G (5). The determination of configuration in the diol 4 was
more cumbersome. As a first step, 4 was determined to possess a 7,8-erythro
relative configuration by chemical derivatization to the 7,8-O-isopropilidene
compound and chemical shift analysis of the acetonide methyl groups.*'
Whereas ambiguities arose when determining the relative configuration of
the two remaining centers when using the FQ-NOE or chemical shift **C
prediction methodologies, the combination of these two methods provided
results with higher confidence. Chemical derivatization of the diol moiety in
4 following the Riguera double derivatization method** afforded the abso-
lute configuration of the molecule.

1.10 NOE Deconvolution—NAMFIS

The analysis of NOE experiments in the presence of molecular flexibility is a
challenging problem since the very nature of the dipolar relaxation relies on
the relative movement of nuclear spins. The analysis of molecular flexibility
depends strongly on the ratio between the conformational exchange rates
and the global molecular tumbling correlation times, tc. In general, NOEs
can be only linearly averaged when the conformational exchange rates are
lower than NOE buildup rates. In this case, the observed NOE enhancement
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is a simple linear combination of the enhancements for every single
contribution:

N
Nobs = Zwini (1.25)
1

where 5, are the individual enhancements and w; are the corresponding
normalized populations. However, only very slow conformational processes
such as peptide bond rotations lie in this regime.

Most of the interesting conformational movement types involve rotation
around one or more single bonds. These processes generally have low acti-
vation barriers and correspondingly high conformational exchange rates. In
these cases, conformational exchange is faster than NOE buildup, but still
slower than global molecular tumbling. This involves the averaging of auto-
and cross-relaxation rates, which are therefore given by:

{pr) = Z wip; (1.26)

(o) = Z wiay (1.27)

and result in a (r°) averaging of the internuclear distances over the different
conformations.

Finally, some molecular conformational movements with very low bar-
riers, such as methyl group rotation, take place at a rate that is even higher
than overall tumbling and, in this case, the correlation function is a complex
function of spherical harmonics and internuclear distances. Analytical ex-
pressions for NOE enhancement between a single proton and a rotating
methyl group,*® as well as for intra-methyl relaxation,** are available and
have been implemented in the FIRM program.*’

From this point forward, we will focus on the case of medium-rate (r °)
averaged processes where relaxation contributions from different conform-
ations need to be taken into account and NOE enhancements explained
(deconvoluted) in terms of a discrete conformational distribution. In this
respect, different proposals can be found in the NMR literature, such as
MEDUSA,*® CPA,"” or PEPFLEX-IL*®

Forster proposed a full-relaxation matrix deconvolution approach.*® As-
suming a jump-model where the conformational averaging can be described by
acombination of discrete geometries, the averaged relaxation matrix is given by:

N
=Y wTl, (1.28)
i=1

where w; are the weights of each population. In this procedure, the effects of
spin diffusion are taken into account through the use of relaxation matrix
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Figure 1.20 Full relaxation matrix NOE deconvoluted populations for O-methyl-o-1-
iduronate sodium salt.

computations. Populations are computed by applying a non-linear fitting
scheme to the experimentally determined NOESY volumes, similar to the
Levenberg-Marquardt procedure.”®” The authors applied the developed
algorithms to the conformational analysis of the O-methyl-a-i-iduronate
sodium salt using data from a 3 s mixing time NOESY experiment. Three
static conformations (Figure 1.20) consisting of two chair forms, 'C, and *Cy,
and one skew form, %Sy, were employed in the analysis. The computed
populations were in good agreement with those obtained from J-coupling
analysis of full MD trajectories using the Haasnoot-Altona equation.>* Note,
however, that this procedure has rarely been further used for quantitative
analysis, and the general viability of this approach still needs to be con-
firmed, although very recently new software packages have appeared that
make use of full relaxation matrix approaches.”

The most widely used approach in conformational analysis of small or-
ganic molecules has been the NMR analysis of molecular flexibility in so-
lution (NAMFIS) methodology developed from Cicero, Barbato, and Bazzo.>*
As a proof of concept, they analyzed the conformation of a cyclic peptide in
which previous conformational clustering was done using the MEDUSA
procedure. The NAMFIS approach is based on several steps. First, a con-
formational ensemble should be built using an appropriate force-field and a
stochastic conformational search procedure. Since force-field-computed
relative energies may have a significant error, care should be taken in order
not to lose any structure that is significantly represented in the experimental
ensemble. A recommended procedure would be to keep all conformations
below AE~3 kcalmol ' (~1% Boltzmann population at 298 K). However,
depending on the force-field chosen and the functionality present in the
molecule, the necessary energy threshold can be increased to safer limits in
the range of 10-12 kecal mol .

The key of the NAMFIS method lies in summing up all of the available
NMR restraints in a single penalty function P as shown in eqn (1.29). These
restraints include not only NOE-estimated distances, but also *Jau scalar
couplings. The penalty function is then built as a sum of square differences:

i _dl'

1 ] ’ 1< |/ ! le — : ’
_ = calc expt - calc expt
P=~ E [dl. ] +3 E [i ] (1.29)

err i=1 err
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The d'-calculated distances correspond to 7 ° averages of the internuclear
distances of individual geometries as obtained from molecular modeling; in
other terms:

N 1/6
4w = [Z w,-ri_6] (1.30)

i=1

The *J.uc values are obtained using the simple three-term Karplus
equation:

Jeale =A c0s> 0+ B cos 0+ C (1.31)

or the more complex Haasnoot-Altona equation,>” which takes into account
the electronegativity of the substituents, as well as their relative orientations.
Many molecular modeling packages implement routines for the compu-
tation of these couplings from a given 3D structure.

It should be noted that the merit function in NAMFIS weights every NOE
and *J contribution according to their associated error. The use of NOE er-
rors shown in Table 1.1 and a 1.5 Hz general error for *Jyy couplings,
computed with the Haasnoot-Altona equation, was recommended.>> Once
eqn (1.29) is set up, the populations are determined by a linearly constrained
non-linear least-squares optimization procedure.

NAMFIS is intended to overcome a general problem with modern com-
putational methods: although they can provide sufficiently accurate geom-
etries, prediction of relative energies in solution can only be considered as a
semi-quantitative procedure. Therefore, in the original NAMFIS implemen-
tation, computed relative energies are used only to define the threshold for
conformer selection.

NAMTFIS has been used profusely for the determination of conformational
space in tubulin ligands of a macrocyclic nature, such as taxol and its de-
rivatives, discodermolide, laulidamide, and epothilone A (Figure 1.21).

NAMEFIS analysis can be performed using scalar couplings other than *Jyy;.
Monteagudo and coworkers®® analyzed the conformation of a doxorubicin
disaccharide (Figure 1.22) by combination of NOE-derived distances and
three-bond proton-carbon *Jcy couplings. The proton-carbon couplings
were calculated by using a tailored Karplus relationship.®’

Table 1.1 Recommended error thresholds for the
NAMFIS NOE deconvolution protocol.

Error (A) NOE distances (A)
+0.1 x<2.5

+0.2 2.5<5x<3.0

+0.3 3.0<x<3.5

+0.4 3.5<5x<6.0
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O OH O

Discodermolide Epothilone A

Figure 1.21 Tubulin ligands analyzed with the NAMFIS protocol.

Me O
o OH
Me [e)
OH NH;CI

Figure 1.22 Doxorubicin disaccharide.

A graphical frontend for the NAMFIS program has been made available
in the Janocchio software package.”® Another NAMFIS-like implementation
is the DISCON program.®® As an additional advantage over the original
NAMFIS implementation, DISCON employs a clustering algorithm, based on
experimental NOE and scalar coupling data, prior to the NMR data decon-
volution step, in this way avoiding the presence of many nearly degenerate
solutions of the population determination problem. DISCON was success-
fully employed in the conformational analysis of (+4)-spogistantin-1
(Figure 1.23)°" and its analogs®' using a combination of long-range NOEs,
retrieved from a 600 ms NOESY experiment, and *Jy;; couplings.
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Figure 1.23 (+)-Spoginstantin-1.

Figure 1.24 Fibrosterol sulfate A.

Griesinger and coworkers employed NOESY-determined distances, in
combination with RDCs, for the complete determination of the configur-
ation at the C20,C25,C24’ positions of fibrosterol sulfate A, a polysulfated
steroid isolated from the sponge Lissodendoryx fibrosa.®> The authors em-
ployed a RDC-based approach where, previous to the RDC fitting step, the
conformational space of the molecule was determined by using NOESY-
based distances, as well as *Joy and *Jyy couplings, as time-averaged re-
straints during a MD run.®*®* RDC fitting provided strong evidence for the
C20,C25,C24’-(SSS) configuration shown in Figure 1.24.

1.11 Conclusions

The NOE family of experiments is still nowadays essential for the configur-
ational/conformational analysis of natural products. The use of PFG-based
pulse sequences provides cleaner spectra in a reduced number of scans and
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they should be the option of choice. *C-filtered experiments, such as HSQC-
NOESY, may be crucial for the analysis of dimeric structures. By using
carefully tailored experimental conditions, the NOE can be brought to a
nearly quantitative level, allowing the determination of internuclear dis-
tances with high accuracy. In combination with other observables such as
scalar couplings, NOE-obtained distances can be employed in NAMFIS and
related conformational deconvolution techniques to ascertain the con-
formational state in solution of highly flexible molecules.
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2.1 Assigning Relative Configuration

Most natural products are chiral molecules, so the ability to fully assign
the relative and absolute configurations of these secondary metabolites is
fundamental to natural product structure elucidation. Knowledge of their
3D structure is also key to understanding how these compounds can interact
with their biological targets and is essential if they are going to be produced
via total synthesis. Nuclear magnetic resonance (NMR) is one of the
primary spectroanalytical techniques employed to define both the relative
and absolute configurations of non-crystalline organic molecules, and recent
technological advances allow complete NMR characterization of low-
microgram quantities of material."* The most common approaches for
assigning relative configurations are based on the angular dependence of
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homonuclear and heteronuclear scalar coupling constants (J), distance con-
straints from nuclear Overhauser effects (NOEs), empirical NMR database
comparisons, density functional theory (DFT) computation-based methods,
residual dipolar couplings (RDCs),”* and residual chemical shift anisotropy
(RCSA)*>"® measurements. None of these techniques have universal appli-
cation to the vast array of molecular scaffolds and functional groups found in
natural products. The development of a successful strategy to assign the
relative configuration of a complex metabolite often requires an integrated
application of multiple approaches. New natural products provide unique
structure elucidation challenges, and this is particularly true with regard to
defining the configuration of stereogenic centers. An extensive review of NMR-
based techniques for determining relative stereochemistry was provided by
Bifulco and coworkers in 2007,” and a more recent review by Molinski and
Morinaka included numerous examples highlighting the application of these
techniques to structurally diverse compounds.*®

2.1.1 Coupling Constants and NOEs

The size of vicinal proton-proton couplings (*/yy) is predictable and can pro-
vide valuable information about the relative spatial orientation of the two
protons. The Karplus relationship shows that values of *J;; are dependent on
the dihedral angle (¢) between vicinal protons, with maximal couplings for 180°
(anti) and 0° (eclipsed) angles, and minimal coupling (near zero) for protons
that are oriented 90° from each other.'* Approximate coupling values for un-
strained hydrocarbon systems are illustrated in Figure 2.1. The coupling values
predicted by the Karplus curve can be impacted by electronegative substituents
such as oxygen, as well as by ring constraints, but it has generally proven re-
liable and is the basis for conformational analysis of many cyclic systems.
For many conformationally rigid ring systems, analysis of vicinal '"H-'H
coupling constants and NOE interactions can reveal the relative

Karplus Equation

A & Bk

4 ¢=0° ¢=60° ¢ =90° =180°
3y=7-11Hz  %J=2-5Hz %J=0-2Hz ﬂ.r 8-14 Hz

0 T T T T T 1
o] 30 60 90 120 150 180
A ¢

Figure 2.1 (A) The Karplus equation shows that the sizes of vicinal "H~"H coupling
constants are a function of the dihedral angle (¢) between the two
protons. (B) Newman projections and coupling values of vicinal protons
that are eclipsed (¢ =0°), staggered by 60°, offset by 90°, and in an anti
(¢ =180°) orientation.
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configurations of their stereogenic centers. This is especially true with six-
membered rings, which are some of the most common structural motifs
found in natural products. Six-membered alkyl rings such as cyclohexane
generally adopt a low-energy chair conformation and the relationship
of vicinal protons can often be inferred from characteristic coupling values.
In a chair conformation, 1,2-diaxial protons have large couplings
(Jaa=9-12 Hz), while axial-equatorial and equatorial-equatorial couplings
are much smaller (/.. and J.. = 3-4 Hz) (Figure 2.2A). Identifying axial-axial
couplings in these systems is straightforward, but the near identity of J,. and
Jee means that couplings to equatorial protons do not provide useful
information for defining the configuration of neighboring protons. In six-
membered cyclic compounds with electronegative substituents such as
pyranose sugars, J values are reduced, with typical J,, values between 7 and
10 Hz. When adjacent protons are both axial, analysis of their coupling
constants is sufficient to assign their relative orientation, but when only small
vicinal couplings are observed, diagnostic NOE correlations can be useful.
A NOE between protons in a 1,3 relationship is indicative of whether they are
both axial. NOEs between vicinal protons can also be informative. An equa-
torial proton can correlate with adjacent axial and equatorial protons, while

A
Jac (axial-equitorial) = 3-4 Hz
Jag (axial-axial) = 9-12 Hz
Jpe (equitorial-equitorial) = 3-4 Hz
Jod (equitorial-axial) = 3-4 Hz
. Hax
Heq |
o
Hax
cyclohexene cyclohexanone E Hy
H Jap> T Hz
Hy © Jag > 7 Hz
Jpe <4 Hz
H, Jog =7 Hz
cyclopentane

Figure 2.2 (A) Chair conformation of cyclohexane with typical ranges for vicinal
"H-'"H coupling constants. (B) Characteristic NOEs in cyclohexanes.
(C) Half-chair conformation of cyclohexene and chair conformation
of cyclohexanone. (D) Assignment of the relative configuration
of C-2, C-4, and C-5 in the §-lactone derivative of enigmazole A."* The
d-lactone adopts a half-chair conformation and key NOEs established
that H-2, the C-4 methyl group, and the C-5 methylene substituent were
all on the same face of the ring. (E) Envelope conformation of cyclopen-
tane with typical vicinal "H-"H couplings.
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an axial proton only has NOE interactions with adjacent equatorial protons
(Figure 2.2B). If 1,4 NOEs are observed in a compound, then the cyclohexane
ring exists in a boat conformation and the use of vicinal couplings to define
the stereochemistry of the ring is precluded. The characteristic size of the *Jy
values and the patterns of NOE correlations described above for cyclohexane
rings are also observed with cyclohexanones in the chair conformation and for
cyclohexenes that adopt the favorable half-chair conformation (Figure 2.2C).
For other six-membered ring systems that occur in natural products, *J;;; and
NOEs can be diagnostic if prior studies have carefully defined the properties
and conformation that the ring adopts. For example, a previous comprehen-
sive study of &-lactone rings by Brandiinge et al.'” allowed for configurational
assignment based on NOE interactions of a key é-lactone derivative in the
structural elucidation of enigmazole A (Figure 2.2D)."

Conformational analysis of cyclopentanes is more complicated because
the energy difference between the various envelope and twist forms tends to
be small, so numerous conformations may be possible for a given structure.
For conformationally flexible systems, the measured spin-spin coupling
constants are a weighted average from all of the major conformers. Typical
vicinal coupling values for a cyclopentane ring in the envelope conformation
are illustrated in Figure 2.2E. However, interconversion between different
envelope and twist forms of a five-membered ring, along with the effects that
different substituents have on *J; values in these systems, can cause wide
deviations from these typical values. A recent approach for assigning the
relative configuration of five-membered oxolane rings was described by
Napolitano et al. that utilizes a combination of *Jyy and **Jcy coupling
values."* The authors proposed that this methodology can be applied to a
wide range of carbocyclic and heterocyclic five-membered ring systems, so it
could have wide application in natural product studies.

Cyclobutane rings are generally even flatter than cyclopentanes; however,
the steric effects of ring substituents or a trans ring fusion can cause strong
puckering of the four-membered ring. For relatively flat cyclobutanes, cis
coupling (6-10 Hz) is generally larger than trans (2-7 Hz), but when the ring
is sufficiently puckered, then trans coupling can become larger than cis.
Due to this type of conformational ambiguity and the effects that different
substituents have on %/ values in these ring systems, the size of vicinal
couplings alone is generally unreliable for making stereochemical assign-
ments for cyclopentanes and cyclobutanes. For four- and five-membered
rings, the NOEs between adjacent cis and ¢rans protons are often similar in
magnitude, but the observation of NOE correlations between 1,3-cis protons
can help define the relative configuration of the ring at these positions.
The dihedral angles in cyclopropanes and three-membered ring heterocycles
are rigidly fixed by the ring system geometry. For cyclopropanes, *Js
(7-10 Hz) is always larger than *J..s (2-6 Hz), so the magnitude of these
vicinal coupling constants can be used for configurational assignments. The
same relative relationship is true for three-membered heterocyclic rings, but
the range of observed couplings is smaller due to electronegative effects of
the heteroatom. For epoxides, *J.s~4-5 Hz and *Juyansx2-3 Hz, while
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aziridines have couplings of *J.isx6-7 Hz and *Jyans ~3-4 Hz. Additional
information on the NMR characteristics of a variety of three- to six-

membered heterocyclic compounds has been described by Pinto et al.™

2.1.2 Acetonides

The relative configuration of 1,3-diols can be assigned by a '*C-acetonide
method originally described by the Rychnovsky laboratory.'®!” Formation of
an acetonide derivative by reacting a 1,3-diol with 2,2-dimethoxypropane
provides a six-membered dioxane ring with a gem-dimethyl group. Charac-
teristic ">C chemical shifts of these two acetal methyls are indicative of the
relative stereochemistry of the diol. The 1,3-dioxane ring for acetonides
derived from syn-1,3-diols exists as a well-defined chair conformation with
the bulky alkyl substituents oriented in equatorial positions (Figure 2.3). In
this acetonide conformation, the **C chemical shift of the axial methyl group
is approximately 19 ppm, while the chemical shift of the equatorial methyl is
approximately 30 ppm. In contrast, anti-1,3-diol acetonides adopt a twist-
boat conformation in which the methyl groups are magnetically equivalent
and they both resonate at approximately 25 ppm. The acetal carbons also
provide diagnostic chemical shifts of 6o~ 98.1 and 100.6 for the syn (chair)
and anti (twist-boat) diol acetonides, respectively.'® These characteristic **C
chemical shifts of the acetal methyl groups and acetal carbons in 1,3-diol

H f‘CH3 =19
B R2  pmp
Y\r 4\ CH3 equitorial methyl
OH OH =30
syn diol chalr conformatlon

OH OH

R4 \]/\/ R2 DMP e OK CH3  both methyls
£ —> . " ‘0" " CHj 8c~25
N
anti diol twist-boat conformation

Figure 2.3 Acetonide formation by treating 1,3-diols with 2,2-dimethoxypropane
(DMP) provides a six-membered dioxane ring. The acetonide generated
from a syn diol adopts a chair conformation where the "*C chemical shift
of the axial methyl group (8¢~ 19) is characteristically lower than the
equatorial methyl (8c~30) and both oxymethine protons have NOE
interactions (black arrows) with the axial methyl protons and not the
equatorial methyl. The acetonide from an anti diol adopts a twist-boat
conformation in which both methyls are magnetically equivalent with
similar chemical shifts (6c&25). Each oxymethine proton has a NOE
interaction with only one methyl group, which is distinct from the
methyl that the other oxymethine has a NOE with.
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enigmazole A (1)

Figure 2.4 Assignment of the relative configurations at C-15 and C-17 of enigmazole
A (1)." Hydrolysis of the macrolide ring in 1 gave a linear product with
hydroxyl groups at C-15 and C-17. Treatment of this diol with 2,2-
dimethoxypropane provided a six-membered 1,3-dioxane ring that was
in a chair conformation. One acetonide methyl had a chemical shift that
was indicative of an equatorial orientation (3¢ =30.2) and showed no
NOEs with the oxymethine protons, while the other methyl had a
chemical shift that was indicative of an axial orientation (8¢ =19.8)
and it showed NOEs with both oxymethine protons. This established the
relative configurations at C-15 and C-17 as syn.

acetonides uniquely identify the relative configuration of the diol starting
material as syn or anti. This method can also be applied to larger alternating
(1,3,5...)-polyol chains by preparing two different polyacetonide derivatives
that are frameshifted relative to each other.

Diagnostic NOEs between the dioxane ring oxymethine protons and the
acetonide methyl groups can also be used to assign the configuration
of the diol starting material. In the chair conformation of the syn diol
acetonide, both oxymethine protons have NOEs with the axial methyl due to
their 1,3-diaxial orientation with this group, and they have no NOEs with the
equatorial methyl. In the twist-boat conformation of the anti-diol acetonide,
one oxymethine proton has a NOE with one acetonide methyl, while the other
oxymethine proton will correlate with the other methyl group (Figure 2.3). The
ability to utilize these characteristic NOEs for configurational assignments can
be helpful for mass-limited samples, as these measurements generally require
a smaller sample size and less instrument time than is needed to get appro-
priate "*C NMR data. Application of the acetonide method for assigning the
configuration of a 1,3-diol is illustrated in Figure 2.4.

2.1.3 J-Based Analysis—The Murata Method

The relative configuration of adjacent chiral centers in acyclic compounds is
defined as threo (syn) when the highest-priority substituent at each center
projects on the same side of the plane that is defined by a zigzag projection
of the main carbon chain. When the substituents project on opposite
sides of the plane, the relative configuration is erythro (anti). For adjacent
methine carbons, there are three possible staggered rotamers for a threo
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configuration and three rotamers for an erythro configuration, as illustrated
by the Newman projections in Figure 2.5A. In these projections, the methine
protons have an anti orientation when they are opposite from each other and
their dihedral angle is approximately 180°. Protons with adjacent orien-
tations have a dihedral angle of approximately 60° and are defined as gauche.
Following the Karplus relationship, scalar coupling between two anti protons
is characteristically large (8-12 Hz), while coupling between gauche protons
is smaller (2-5 Hz). If the compound of interest adopts one main conformer
(>85% of the total), then the size of the coupling constant between the
adjacent methine protons is indicative of their relative orientations. In a
similar manner, the magnitude of vicinal "H-">C couplings (}Jcy) is also
dihedral angle dependent, and the size of this long-range heteronuclear
coupling is characteristic of an anti (large, 6-8 Hz) or gauche (small, 1-3 Hz)
orientation between the proton and vicinal carbon (Figure 2.5B).

A ground-breaking method first described by Murata and coworkers util-
izes these characteristic vicinal '"H-"H and '"H-">C couplings, along with *Jcy
values and NOE or ROE interactions to establish the relative configuration of
adjacent stereogenic methines.'® The application of this J-based method in
the structural elucidation of natural products involves conceptually breaking
the structure into a series of fragments and then assigning the relative
configurations of the stereogenic centers within these fragments. Appro-
priate homonuclear (*/;;;) and heteronuclear (*?/¢y) coupling constants, as
well as NOE interactions, are determined for each fragment, and these are
then compared to predicted values. As illustrated in Figure 2.5C, threo and
erythro diastereomers each have three different staggered rotamers and the
theoretical distribution of small and large scalar coupling values can be used
to distinguish which rotamer is present in a given system. The four possible
gauche orientations all provide a unique pattern of small and large coup-
lings, and thus the configuration and rotamer can be identified in this
manner. The two anti rotamers generate the same coupling pattern, which is
distinct from all of the gauche rotamers, but this analysis alone cannot
distinguish between the threo and erythro diastereomers. In this case,
characteristic NOEs can often be used to make the assignment. When the
chiral methine protons in the threo diastereomer are anti, then the C; and
C, groups are gauche and NOE interactions between their respective protons
(H; and H,) should be possible (Figure 2.5C). In the erythro diastereomer, C,
and C, are anti, so no NOE is measured between these groups, but NOEs
between C;-Y (H; and Hy) and C,-X (H, and Hyx) may be observed if X and Y
are protonated. Diagnostic NOEs can be used to assign the configuration of
the two different anti rotamers, and they can help verify the identity of
gauche rotamers assigned solely on the basis of homonuclear and hetero-
nuclear coupling constant analysis.

When X or Y is an electronegative oxygen substituent (OH or OR), the
geminal C-H couplings (*Jcy) can also be employed in stereochemical
assignments. The ’Jcy values are generally negative and their absolute
magnitude does not show a C-H dihedral angle dependence, because the
proton and carbon do not constitute a dihedral angle. However, the
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Figure 2.5
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(A) The six staggered rotamers of 2,3-substituted threo and erythro diaster-
eomers. (B) Vicinal (*/) "H-"H and "H-"°C coupling constants for anti and

auche orientations. J values adapted from Matsumori et al.’ (C) Relative
e and *Jcy coupling values for the rotamers of 2,3-substituted methine
diastereomers when X and Y are alkyl groups. Adapted and used with
permission from: Handbook of Marine Natural Products, vol. 1, Springer,
London, 2012, pp. 547-570. Copyright 2012, Springer.
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magnitude of *Jcy is related to the dihedral angle between the proton and
the oxygen substituent on the carbon (Figure 2.6A). When the proton and the
oxygenated group on the geminal carbon are anti, the absolute magnitude of

A monooxygenated system 1,2-dioxygenated system
('H-ORant)  ('H-OR gauche) ("H-OR; anti) ("H-OR; gauche)
2Jcp small 2Jcn large 2Jcy small 2Jcn large
(0 to -2 Hz) (-5 to -7 Hz) (0 to -2 Hz) (-4 to -6 Hz)
B

® &

Figure 2.6 (A) Dihedral angle dependence in both monooxygenated and 2,3-dioxy-
genated systems for the /oy coupling between a proton and an adjacent
coupled carbon that bears an electronegative oxygen substituent, where
R=H or alkyl. (B) */cy coupling patterns for the six rotamers of
monooxygenated 2,3-methine diastereomers.

Adapted and used with permission from: Handbook of Marine Natural
Products, vol. 1, Springer, London, 2012, pp. 547-570. Copyright 2012,
Springer.
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*Jen is small (0 to —2 Hz). When the proton and oxygenated group are
gauche, then the magnitude of *J¢y is larger (—5 to —7 Hz). A similar pattern
of anti (small) and gauche (large) *Jcy values is also observed with chiral 1,2-
dioxygenated systems (Figure 2.6B). The distribution of large and small ;4
and *Jcy couplings in these oxygenated systems is the same as those for
alkyl-substituted 1,2-methines, but the magnitude of these three-bond
vicinal couplings may be reduced. To assign the threo or erythro configuration
of 1,2-monooxygenated or 1,2-dioxygenated systems, the pattern of the *Jcy
couplings is used in conjunction with NOE measurements and */ mono-
nuclear and heteronuclear couplings. In spite of the additional insights
provided by *Jcy data, J couplings alone are unable to differentiate between
threo and erythro diastereomers when the methine protons are anti in these
oxygenated systems. Assignment of the relative configuration in this situation
requires the observation of diagnostic NOE interactions.

The J-based configurational method can also be employed in structural
fragments with 1,3-stereogenic methines that are separated by a methylene
group. To successfully employ this technique, the diastereotopic methylene
protons must be sufficiently resolved to allow their stereospecific assign-
ment relative to the adjacent methines. If accurate measurement of the *Jyy;
and *’Jcy coupling constants for these protons is possible, then their threo
or erythro orientations relative to the first methine can be determined from
the unique pattern of J values for the six possible rotamers (Figure 2.7).
Appropriate NOEs may be necessary to make or confirm these assignments.
Once the stereospecific relationship between the individual methylene pro-
tons and the first methine is established, their orientations relative to the
second methine can be defined in a similar manner using their J values. By
analyzing the 1,3-methine system as two overlapping two-carbon fragments,
it is possible to interrelate the orientation of each diastereotopic methylene
proton with each methine proton and thus correlate the relative configur-
ation of the two methines.

It is possible to extend this j-based approach of conceptually breaking
systems into a series of overlapping two-carbon fragments for methine pairs
that are separated by more than one methylene group, but lack of dispersion
of the methylene protons generally prevents its application beyond
1,4-methine pairs. Kobayashi and coworkers made extensive use of J-based

Figure 2.7 Configurational analysis of a 2,4-methine system when X = alkyl or ~-OR
and Y=alkyl. (A) The erythro or threo orientations, relative to H,, of the
diastereotopic methylene protons Hs, and H;p, can be assigned based on
the pattern of their respective "H-"H and "H-"C J values. (B & C) Then, the
configuration of H, relative to Hz, and Hjp, can be established in a similar
manner. This process correlates the stereochemical orientation of both H,
and H, with the two diastereotopic methylene protons, and thus the
relative configurations at C, and C, can be assigned as syn or anti.
Adapted and used with permission from: Handbook of Marine Natural
Products, vol. 1, Springer, London, 2012, pp. 547-570. Copyright 2012,
Springer.
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methodologies in their assighment of the stereochemistry of the theonezo-
lides, a series of complex marine macrolides with 23 chiral centers.*”
They were able to assign the relative configurations of adjacent methines,
1,3-methines, and 1,4-methine pairs based on J values. The application of
this technique to two adjacent stereogenic methines is illustrated in
Figure 2.8 for a portion of the macrolide ring in theonezolide B. Other recent
examples in which J-based techniques were successfully applied include
structural studies of the amino acid-derived alkaloid thelepamide,* cally-
spongiolide, a 14-membered sponge macrolide,”* the linear sugar portion
of the alkaloid hunanamycin A,** the mandelalide family of macrolide
glycosides,”® and the dinoflagellate toxin karlotoxin-2,>® and they were
broadly employed in the structural elucidation of gargantulide A, a complex
marine macrolide with 50 stereogenic methine carbons.>® J-based

40

3J (H-33/H-34) 2.7 Hz
3J (H-33/C-35) 1.3 Hz
3J (H-34/C-40) 5.1 Hz
3J (H-33/C-34) -1.3 Hz

«----» ROESY

B CH3; OSO3H
“51 £ 34 2 32 lz{l

NH CHs
I 40

e avatavy

Figure 2.8 (A) Newman projections of the C-34 to C-33 portion of theonezolide B.
H-33 had a small vicinal coupling to H-34 and a small %] coupling to C-35,
thus it was gauche to both of these substituents. H-33 had a small
%J coupling to C-34, indicating it was anti to the electronegative ~OSO;H
group. H-34 had a large *J coupling to the C-40 methyl, indicating an anti
orientation for these two substituents. These data established that the
methyl substituent on C-33 and the sulfate group on C-34 were syn.
ROESY correlations between H-32 and H-34, H-34 and H-33, H-33
and H-35, and between H-35 and H3;-40 confirmed the syn configuration.
(B) Structural fragment of theonezolide B with a syn relative configur-
ation at C-33 and C-34.
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configurational analysis has proved to be a very powerful tool with wide
applications in organic structural studies. It can provide stereochemical
details for many conformationally flexible systems that are not amenable to
study by other means and it is now routinely utilized in many contemporary
natural product studies.

2.1.4 Universal Database

Kishi’s group at Harvard advanced the concept and validity of applying a
universal NMR database approach in order to assign the relative configur-
ations of complex polyol structures. It is most applicable for polyketide-type
natural products composed of polyhydroxylated and methylated linear
chains or large flexible macrocycles. Compounds are conceptually broken
down into a series of separate structural “stereoclusters” that ideally are
separated from other functional groups by two or more bridging atoms, such
as methylene carbons. The structural and spectroscopic properties of these
stereoclusters are not impacted by steric and stereoelectronic effects from
the rest of the molecule, but they are directly related to the specific stereo-
chemical arrangement of substituents within the stereocluster. Thus, the 'H
and "*C NMR chemical shift patterns of a stereocluster are dependent on the
configuration of the substituents on the carbon chain and they are unique
from the patterns of the other diastereomers. A variety of different polyol-
containing structural motifs (Figure 2.9) were stereospecifically synthesized

OH OH Me OH OAc OAc
HO Me MeOsC Xy Me AcO OAc
Me Me OH OH OAc
ref. 27 ref. 29 ref. 30
OH OH OH OH OH OH OH
HO Me MO Me HO Ma
OH OH Me
OH OH
HO/\/\)\)\/\Me OAc
HO ™ Me
OH OH Aco/\/\)\(\m\c
HO
= Me Me
ref. 28 ref. 31
OH OH OH OH OH OH OH
HO Me Ho Me 4o Me
OH OH OH OH OH
ref. 32
Me OH Me Me
Me Me HO 2 Me
OH OH OH
ref. 33 ref. 34

Figure 2.9 Structures of the synthetic polyols in Kishi’s universal NMR database.
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to generate all of the diastereomers, and these were characterized by 'H and
3C NMR in order to provide the database.””**

If a conformationally flexible natural product contains a structural
component that is represented in one of the stereocluster libraries, com-
parison of its NMR data with the synthetic diastereomers of that motif can
identify the best match. Comparisons are often done by generating a
histogram of the difference (Ad) in the measured chemical shifts in the
natural product with the chemical shifts of each associated diastereomer.
Close correspondence between the chemical shifts of the natural product
and one of the diastereomers results in a histogram with little deviation.
When the Ad values between the natural product and one of the diaster-
eomers are very small, the resulting histogram has little up or down vari-
ation, and this indicates that the natural product and the corresponding
synthetic compound share the same relative configuration. Comparisons of
3C NMR data are most commonly employed when making these database
determinations, but 'H NMR comparisons can often provide comple-
mentary evidence to resolve or reinforce tentative assignments. Application
of this approach with the terminal fatty acid portion of mycolactone B>’ is
illustrated in Figure 2.10.

A straightforward and widely used application of the universal database
is assigning the relative configuration of polyols based on the *C NMR
chemical shifts of the carbinol carbons. A pattern of characteristic chemical
shifts for alternating polyols was noted by Kishi and colleagues that correl-
ated with the relative stereochemistry of the hydroxyl groups.>® For 1,3,5-triol
moieties in conformationally flexible molecules, the chemical shift of the
central carbon atom (C-3) is dependent on the 1,3-configuration and the
3,5-configuration, but is largely independent of other structural motifs
in a molecule. When the C-1/C-3 and C-3/C-5 configurations are both anti,
the C-3 carbon falls in the range 66.0 £ 0.5 ppm (CD;OD). When the con-
figurations are anti/syn or syn/anti, the chemical shift range is 68.0 4+ 0.5 ppm,
while C-3 in syn/syn configurations resonates at 70.0 £0.5 ppm. A similar
configuration-dependent distribution of chemical shifts is observed when

Figure 2.10 (A) The universal database was used to assign the relative configur-
ations of C-12/, C-13’, and C-15’ in the terminal fatty acid portion of
mycolactone B.* (B) Synthetic diastereomers a-d were compared with
the 'H and "*C NMR data recorded for mycolactone B. (C) Histograms
showing the difference in the 'C chemicals shifts between select
carbons in mycolactone B and the corresponding carbons in diaster-
eomers a-d. The x-axis depicts the carbon number and the y-axis is A9,
defined as 8,-4 — Omycolactone B iN ppm. Diastereomers a and b had very
similar carbon chemical shifts with mycolactone B, while ¢ and d had
significant differences, thus C-13'/C-15’ are syn. (D) Similar comparison
between mycolactone B and diastereomers a-d, but using proton
chemical shift data. Diastereomer a had the greatest similarity,
so the C-12'/C-13'/C-15' relative configuration could be assigned as
syn/syn.


http://dx.doi.org/10.1039/9781849734684-00039

Published on 12 December 2016 on http://pubs.rsc.org | doi:10.1039/9781849734684-00039

View Online

54 Chapter 2

3C NMR spectra are acquired in DMSO-dg, but the chemical shift ranges are
slightly different.>® Thus, anti/anti and syn/syn systems can be directly as-
signed from their characteristic **C chemical shift values. While syn/anti and
anti/syn systems can be distinguished from all anti and all syn, they cannot
be differentiated from each other based solely on '’C data. The same
approach used with 1,3,5-polyols can be applied to larger alternating polyol
moieties by conceptually breaking the larger structure into a series of over-
lapping 1,3,5-polyol segments. The relative configuration of a series of
alternating polyols in the cryptocaryol class of metabolites was assigned in
this manner (Figure 2.11),> and later confirmed by total synthesis.’® Other
polyol systems have also been amenable to this type of approach. Isolated
1,3-diols can be assigned from their ">*C NMR data since the chemical shift of
syn diols (x~71.5 ppm) is approximately 2 ppm downfield from anti diols
(~69.2 ppm).>® Databases were also created for adjacent 1,2,3-triol, 1,2,3,4-
tetraol, and 1,2,3,4,5-pentaol systems that can be used when these moieties
are separated from other structural motifs in a molecule by at least two
bridging (CH,) carbons.>® For extended 1,5-polyols, an empirical stereo-
chemical relationship based on "H NMR data was developed by Miyata and
Matsunaga, since the central (C-3) methylene protons have degenerate
chemical shifts in 1,5-anti diols and nonequivalent chemical shifts in 1,5-syn
diols.””

A OH OH OH OH OH OH
W ¢
syn/syn (= 70 ppm) anti/syn (=~ 68 ppm)
OH OH OH OH OH OH
h)\)h/\;,r »171—/\,/!\/\;;
syn/anti (= 68 ppm) antifanti (~ 66 ppm)

OH 700 702 683
Observed *C

cryptocaryol C (2)

Figure 2.11 (A) Alternating polyols with characteristic ">C NMR chemical shifts
(CD;0D) for the central carbon. (B) Assignment of the relative configur-
ations of C-8, C-10, C-12, C-14, and C-16 in cryptocaryol C (2).>* The
chemical shifts of C-10 and C-12 indicated C-8/C-10/C-12/C-14 were
syn/syn/syn. The chemical shift of C-14 was appropriate for a syn/anti
configuration; therefore, C-14/C-16 were anti.
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Kishi has extended the universal database approach to the assignment of
absolute configurations of alcohols by acquiring the >C NMR spectra of the
natural product and appropriate diastereomeric reference compounds in a
chiral NMR solvent such as (R)- and (S)-N,a-dimethylbenzylamine.*®>°
Empirical rules were proposed to assign the absolute stereochemistry of
saturated secondary alcohols, aryl alcohols, and saturated tertiary alcohols.
In a related effort, his group has also explored the used of chiral lanthanide
shift reagents to predict the absolute stereochemistry of secondary and
tertiary alcohols.***"

2.1.5 Computational Methods

The increased speed and accuracy of NMR chemical shift prediction by
quantum mechanical DFT-based computational methods has made this
approach a valuable tool in organic structural analysis, including appli-
cations in relative stereochemical assignments.”** In natural products
studies, comparison of the experimentally measured "*C NMR chemical
shifts with those calculated for the different potential diastereomers in the
molecule can help to define the correct stereostructure. NMR shielding
tensors and magnetic susceptibilities can be calculated for each theoretical
structure using the DFT gauge-independent atomic orbital (GIAO)*’
method, once the structure has been geometry optimized at the quantum
mechanical level (e.g. using the B3LYP functional/6-31G[d] basis set)** to a
population of low-energy conformers. '>*C NMR chemical shift calculations
are made for each of the conformers and the Boltzmann-averaged chemical
shift can then be calculated for each stereoisomer. The calculated values
are compared with the corresponding chemical shifts in the natural
product and the best fit between the experimental and theoretical datasets
is used to assign the relative configuration. A quantitative probability
analysis protocol between the experimental and computational chemical
shifts, termed DP4, has recently been described by the Goodman group.*®
DP4 probability analysis of individual chemical shift differences was
superior to probabilities based on mean absolute error parameters and
correlation coefficients. It is especially well suited for natural products
studies where one set of experimental data has to be assigned to one of
many possible diastereomers, and the protocol for DP4 calculations is
available online (http://www-jmg.ch.cam.ac.uk/tools/nmr/DP4/). Recent
examples applying these '*C NMR computational methods to elucidate the
relative stereochemistry of natural products include studies of thelep-
amide,”" okadaic acid,*® and guibourtinidol,” while a more comprehensive
coverage of prior applications is provided in the review by Bifulco and
colleagues.*? Stereochemical analyses using computationally derived 'H
chemical shifts, '"H-'"H coupling constants, and 'H-'*C heteronuclear
coupling constants are also possible,” but as yet these techniques have not
found broad application in most natural products laboratories.
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2.1.6 Residual Chemical Shift Anisotropy

NMR analysis of molecules weakly aligned in anisotropic media in order to
assign stereochemical configuration is an area of growing research focus.
Partial molecular alignment in cross-linked polymeric gels that swell in
deuterated solvents reintroduces measurable anisotropic NMR phenomena
such as dipolar couplings and chemical shift anisotropy for molecules in
solution. RDCs are treated in Chapter 4 of this volume and have also been
the subject of several other chapters.”* RDCs are measured as changes in
nuclear spin-spin couplings upon alignment of a molecule in an anisotropic
medium. The same technique used for RDC measurement also makes an-
other residual anisotropic interaction, namely RCSA, observable, at least in
principle. RCSA arises from the anisotropic nature of the chemical shielding
tensor*® and accordingly can provide information on the relative orien-
tations of different such tensors within a molecule. However, the use of
RCSA was largely limited by difficulties inherent in its measurement. Indeed,
until very recently, the application of RCSA to small molecules was the
subject of a scant few reports in the literature,®® in stark contrast to that of
RDC. The major hurdle with RCSA measurement is that changes in isotropic
chemical shifts usually take place due to chemical environmental changes
manifested by most available alignment techniques; these changes coincide
with frequency changes due to RCSA and consequently make extraction of
RCSA data equivocal. However, a very recent report by Griesinger, Liu, and
coworkers® described two approaches to the acquisition of RCSAs for small-
molecule configuration analysis that bypass the aforementioned impedi-
ments. The first method makes use of a two-stage NMR tube composed of
two sections with different inner diameters (IDs): 4.2 and 3.2 mm (or any ID
smaller than 4.2 mm). The wide and narrow sections are used for chemical
shift measurements under “weak’” and ‘“‘strong” alignment conditions, re-
spectively, while changes in isotropic chemical shifts under these conditions
are avoided. This method is related to a previously published rubber-based
gel-stretching apparatus designed for RCSA measurement,**>" but with the
advantages of being more stable and solvent compatible due to the use of
glass material to support stretching. The second method utilizes a gel-
compression device, which offers better sensitivity than the stretching de-
vice, but introduces undesired isotropic chemical shift changes into RCSA
measurement. However, it was shown that such changes can be eliminated
by a highly robust, post-acquisition correction method. It is also worth
noting that the variable-angle spinning method has also been used for RCSA
measurement in the past, but this approach requires special hardware that
is not routinely available.”*"*?

RCSA and RDC have virtually identical realms of application, such as
small-molecule constitution and configuration analysis, but they usually
have complementary information content. In small molecules, the most
readily measurable RDC, namely the one-bond '"H-">C RDC, is often limited
by availability, while the long-range "H-'>C RDC is much more challenging
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to measure.”>** Including "*C RCSA data can greatly increase the diversity of
orientation sampling, because the '>C chemical shielding tensors generally
have principal axes that are not parallel with '"H-">C bonds. Therefore,
combining RDC and RCSA data will provide more robust and reliable
structural diagnosis. Figure 2.12 demonstrates the utility of RCSA in dif-
ferentiating 13 potential diastereomers of strychnine whose structures
were predicted by DFT calculations. The Q-factor indicates the level of
agreement between experimental values and values predicted from a
structural model; a smaller Q-factor indicates better agreement. A low
Q-factor of 0.05 clearly differentiates the correct diastereomer ‘“‘RSSRRS”
from the other candidates, with the second lowest Q-factor of 0.10 being for
“SSSRSR”. The same result is also provided by RDC data, with the lowest
Q-factor of 0.07 associated with the correct stereochemistry. Moreover, the
variation of RCSA Q-factors with different diastereomers also follows a
similar trend to that of RDC Q-factors. Clearly, having two orthogonal types
of data giving the same diagnosis greatly enhances the reliability of the
analysis. In Figure 2.12, analysis was performed separately for RCSA and
RDC with consistent results. Alternatively, because RCSA and RDC arise
from the same molecular alignment process, they can also be combined
into one analysis imposing a single uniform alignment tensor during
fitting. Figure 2.13 displays two representative correlation plots from a
combined analysis, showing pair-wise comparisons of experimental data
and data predicted from the correct diastereomer “RSSRRS” (Figure 2.13A)
and a typical incorrect diastereomer “RSRSSS” (Figure 2.13B). The correl-
ation plots are good at revealing outliers that arise from structural changes
due to incorrect stereochemistry, and can facilitate more rational result
interpretation.

RCSA also has certain advantages over RDC. For example, 'H-">C RDCs
cannot be applied to non-protonated carbons unless significantly less
sensitive long-range RDC measurements are performed.’*** In contrast,
RCSAs are equally applicable to both protonated and non-protonated carbon
resonances. Hence, for proton-deficient compounds, or compounds with
quaternary carbons of unknown stereochemistry, information from RCSA
can be unique. For example, although RDCs were unable to fully define the
configuration of the alkaloid retrorsine since one of the chiral centers, C-11,
is a non-protonated carbon, it was instead possible to successfully assign the
configuration of retrorsine using RCSAs.” Another advantage of RCSA is its
experimental simplicity, since chemical shift measurement is much simpler
than coupling constant measurement. This often translates into higher
sensitivity with challenging samples. For example, the INEPT transfer used
in all modern "H-">C coupling measurements becomes very inefficient when
the molecule is strongly aligned, due to transfer loss from 'H-"H RDCs and a
high dynamic range of "H-'>C RDCs. In contrast, the simple 1D *C-{'H}
experiment is not complicated by these issues. It was estimated that a few
tens of micrograms of material could be sufficient on a 1.7 mm cryoprobe for
RCSA measurement.’
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Figure 2.12 Stereochemistry analysis on strychnine by RCSA and RDC. (A) Structure

of strychnine “RSSRRS”. (B) RCSA Q-factors of different low-DFT
energy diastereomers. (C) RDC Q-factors of different low-DFT energy
diastereomers.
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Figure 2.13 “Experimental versus back-predicted” correlation plots from an analy-
sis combining RCSA and RDC data from strychnine. RCSA and RDC
data are plotted in blue and red, respectively. Results from the correct
stereochemistry “RSSRRS” and a representative incorrect stereochem-
istry “RSRSSS” are displayed in (A) and (B), respectively.

However, RCSA has its own limitations. The sp® carbons usually have large
chemical shielding anisotropies, and therefore tend to have large RCSA
values as well. In contrast, RCSAs from sp® carbons are generally small,
which makes them more prone to measurement error. For compounds
mainly composed of sp® carbons, stronger alignment is preferred in order to
increase the RCSA data span, and in combination with RDC measurements,
this should lead to more robust results. An issue also arises for compounds
containing significant numbers of both sp®> and sp® carbons, as the con-
ventional RCSA Q-factor may not be diagnostic regarding the stereo-
chemistry of the sp® carbons due to the Q-factor being dominated by data
from sp® carbons. To address this problem, an improved Q-factor, namely
Qcsa, Was recently introduced. This takes into consideration the varying CSA
sizes of differently hybridized carbons and equalizes the contributions from
different types of carbons in the quality-factor calculation.® Finally, appli-
cation of RCSA usually requires a priori knowledge of chemical shielding
tensors for a molecule. For carbon atoms, this information can be obtained
from GIAO-DFT calculations with accuracy that is sufficient for RCSA-based
structural analysis, based on previous publications.””” However, for heavier
nuclear spins, such as °N and "F, the accuracy of theoretical chemical shift
prediction degrades significantly,” and accurate prediction is even more
challenging for elements after the second row, such as *'P,*® which poten-
tially limits the usage of RCSA for these atoms unless information on the
chemical shielding tensor is available from experimental sources.

In summary, recent progress in RCSA measurement and data analysis has
offered a new route to the structural characterization of small molecules that
are challenging for RDC and other more conventional NMR methods.
Challenges still exist in application of RCSA to heavier atoms, but the


http://dx.doi.org/10.1039/9781849734684-00039

Published on 12 December 2016 on http://pubs.rsc.org | doi:10.1039/9781849734684-00039

View Online

60 Chapter 2

situation should improve with future developments in quantum chemistry
methods.

2.2 Assigning Absolute Configuration
2.2.1 Chiral Anisotropic Reagents

The ability to assign the absolute configuration of chiral carbons in organic
compounds is essential for establishing their 3D structure. A variety of
techniques including X-ray diffraction analysis, electronic or vibrational
circular dichroism, and total synthesis have been employed in this regard.
However, there are no universally applicable methodologies that can be
effectively applied to all, or even a majority of chiral compounds. For many
non-crystalline compounds, defining the absolute configuration of the ste-
reogenic centers they contain can present significant structural elucidation
challenges. This is especially true when working with new, structurally
complex molecular scaffolds often found in natural products. NMR-based
methodologies to make absolute configurational assignments have generally
utilized chiral anisotropic reagents to generate specific diastereomeric de-
rivatives that can be used for spectroscopic comparisons. These approaches
are useful for characterizing the functional groups that are frequently found
in natural products such as secondary alcohols, a-substituted primary
amines, and o-substituted carboxylic acids.

The use of chiral anisotropic reagents involves derivatization of a specific
functional group associated with the stereogenic center in question with a
chiral axillary. The chiral reagents contain benzene or other aryl rings that
can perturb the local magnetic field experienced by nearby protons due to
the induction of an aromatic ring current. Ring currents result from the
circulation of aromatic n-electrons in the applied magnetic field of an NMR
spectrometer and they induce a secondary magnetic field that can either
oppose or reinforce the spectrometer magnetic field. The sign and magni-
tude of the induced secondary magnetic field experienced by neighboring
protons in the molecule are dependent on the spatial orientation of the
proton relative to the aromatic ring and the distance from the ring. Thus,
ring currents associated with chiral anisotropic reagents generate spatially
oriented shielding (+) and deshielding (—) effects on nearby protons that
result in characteristic changes in the proton chemical shifts.

One of the most widely used chiral anisotropic moieties is o-methoxy-
a-trifluoromethylphenylacetic acid (MTPA), which is commercially available
as an acid chloride reagent. Separate treatment of a chiral secondary alcohol
with the (R)- and (S)-enantiomers of MTPA chloride provides (S)- and (R)-
MTPA ester derivatives of the chiral alcohol, respectively. It should be noted
that the MTPA ester products have the opposite absolute configuration from
the acid chloride reagents due to the functional group priorities and IUPAC
rules for nomenclature. The theoretical basis and application of this meth-
odology was pioneered by the Mosher laboratory in 1973 when an empirical
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correlation was observed between the absolute configuration of a chiral al-
cohol and the "H NMR chemical shifts of the resulting diastereomeric ester
products.’””® This method was further developed and refined using high-
field NMR to assign virtually all of the proton resonances of the MTPA esters,
and in current applications is commonly referred to as the advanced
Mosher’s method.>® A model was developed to explain the characteristic
chemical shift differences between the (S)- and (R)-MTPA esters and to utilize
this difference to assign the configuration of chiral alcohols. It was theorized
that the MTPA ester derivatives have a dominant conformation in which the
carbonyl and trifluoromethyl groups of MTPA are in the same plane as the
original methine carbinol proton (Figure 2.14). The plane defined by these
three substituents is referred to as the MTPA plane and this conformational
hypothesis was subsequently confirmed by X-ray analysis of various MTPA
ester derivatives. The net result is that substituents projecting on the same
side of the plane as the MTPA benzyl ring experience a shielding effect from
its ring current and their proton resonances are shifted upfield. As illus-
trated in Figure 2.14, the R, substituent of the (S)-MTPA ester is co-facial
with the benzyl ring, so its protons will resonate at a higher field (reduced
ppm) relative to the R, protons of the (R)-MTPA ester derivative. In a similar
manner, R; is shielded by the benzyl ring in the (R)-MTPA ester and its
protons are upfield of the R; protons of the (S)-MTPA derivative.

The absolute configuration of a chiral secondary alcohol is assigned by
preparing both the (S)- and (R)-MTPA ester derivatives and measuring the
precise chemical shifts of all the R; and R, protons in close proximity to the
stereogenic center for each ester. Each proton chemical shift in the (R)-MTPA
ester (0g) is then subtracted from the chemical shift of the corresponding
proton in the (S)-MTPA ester (3s) and the difference in chemical shifts (A9) is
defined as AS° ® =% — 8. If the MTPA ester adopts a conformation that is
consistent with the MTPA plane, then there should be a systematic distri-
bution of positive A values on one of the R substituents and negative Ad

(S)-MTPA ester (R)-MTPA ester shielding effect
of the aromatic
ring current on R4

Ry Rl

~
o %

e OCH 0 ©
Rz’/H i Rz'/F \_ N

shielding effect 0 ‘Cp < bF 3
of the aromatic :
ring current on Ry bl
'___—_—_‘_—_'_——__
MTPA plane ot

Figure 2.14 The ideal conformation of the MTPA ester in which the original
carbinol methine proton, the ester carbonyl, and the trifluoromethyl
group all lie in the same plane (the “MTPA plane”). In this conform-
ation, R, in the (S)-MTPA ester experiences a shielding effect from the
phenyl ring current, while R, is shielded in the (R)-MTPA ester.
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Figure 2.15 When the MTPA ester is viewed as illustrated, protons on R, have A% ®

values >0 and those on R, have A3 ® values <0. If there is a consistent
pattern of positive and negative AS® ® values about the MTPA plane
that clearly delineates R; and R,, then the absolute configuration of the
stereogenic carbon can be assigned.

values on the other substituent. With the ~-OMTPA group and carbinyl pro-
ton oriented as illustrated in Figure 2.15, then the A5° ® values for protons
on substituent R; will be positive and those on R, will be negative. Therefore,
when the A8°® values are consistently positive for one substituent and
negative for the other, it is possible to define R; and R,, and thus assign the
absolute configuration of the chiral alcohol carbon.

The anisotropic shielding effect of the aryl ring on a neighboring proton is
inversely proportional to the distance between the proton and the ~-OMTPA
group. Thus, the absolute magnitude of A3° ® values is dependent on both
the distance between a proton and the -OMTPA group, and their spatial
orientation. Protons with A3 ®=0 are either too far from the MTPA aryl
ring to be impacted by its ring current or they lie on the MTPA plane. In the
ideal MTPA ester conformation, the carbinyl proton aligns with the MTPA
plane and its A5% ¥ value is zero. However, at times, this proton may deviate
from the MTPA plane and/or it can experience anisotropic effects from the
MTPA ester carbonyl group that result in A5°~® values that are non-zero. As
such, A5° ® values for the carbinyl proton are unreliable and should not be
used when making a configurational assignment. For some MTPA ester
derivatives, the positive and negative A3° ® values are not systematically
distributed on the two R substituents relative to the MTPA plane. This results
when steric factors cause the MTPA ester to adopt a conformation that de-
viates significantly from the ideal. When both positive and negative A5° X
values are observed for a series of protons that the model predicts should all
be on the same side of the MTPA plane, then the advanced Mosher’s method
cannot be used to assign the configuration. In some instances, it may only be
possible to determine A3° ® values for protons on one of the R substituents.
This situation can result when one substituent has no protons in close
proximity to the -OMTPA group or when signal overlap in the "H NMR
spectra prevents accurate chemical shift measurements. When A§°™® values
are irregularly distributed relative to the MTPA plane, or when they cannot
be determined for both R substituents, then this technique is unreliable and
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cannot be used to unambiguously assign the absolute configuration of the
secondary alcohol in question.

Application of the advanced Mosher’s method with a natural product
involves separate treatment of the chiral secondary alcohol with (R)- and
(S)-MTPA chloride to provide the (S)- and (R)}-MTPA ester derivatives,
respectively. The reaction is generally run in a mild base such as pyridine or
triethylamine, with 4-dimethylaminopyridine used as an acylation catalyst.
The assignment and accurate chemical shift measurement of all of the
relevant proton signals can normally be accomplished by analysis of 'H,
COSY, and HSQC NMR datasets. Accurate comparison of the chemical shifts
of the two diastereomeric MTPA esters requires that both NMR samples are
made up at the same concentration and precisely referenced. Caution
should be exercised when a compound under study contains two or more
chiral alcohols that can be derivatized with MTPA chloride. When two MTPA
esters are present in the same molecule, the local magnetic field that a
proton experiences can potentially be impacted by the ring currents of both
MTPA aryl groups. If the sign of the induced magnetic fields that a proton
experiences are the same, then they complement each other and interpreting
the A3° X values is straightforward, as illustrated in Figure 2.16. However,
if the induced magnetic fields have opposite signs in a proton’s environ-
ment, then they will counteract each other and the net effect on the proton
chemical shift is difficult to predict. This can lead to a non-uniform distri-
bution of positive and negative A5®~® values relative to the two MTPA planes.
If two chiral alcohols are spatially far removed in a compound, then the
resulting MTPA esters may be sufficiently separated that neighboring pro-
tons only experience a measureable effect of one of the esters. However,
when two MTPA esters are close enough that they both impact neighboring
proton chemical shifts, then the Mosher’s method may be unsuitable for
absolute configuration assignments. Riguera’s group developed a method to
define the absolute configuration of 1,2-, 1,3-; 1,4-, and 1,5-diols using
a-methoxyphenylacetic acid (MPA) as the chiral auxiliary to produce bis-(R)-
and bis-(S)-MPA esters. The configuration of the diol is correlated with the
A values of protons on the R; and R, substituents and with the A3 of the
methine protons attached to the stereogenic carbons in question.®®

Chiral anisotropic reagents can also be employed to define stereogenic
methine carbons that are substituted with a primary amine group.®* When
this functional group is present in a natural product, the (S)- and (R)-MTPA
amides are prepared and analyzed in an analogous manner to the esters.
When the -NHMTPA amide is viewed as illustrated in Figure 2.17A, the Ry
(A8° ®>0) and R, (A3° ®<0) groups of the methine are assigned based on
their Ad values, and this defines the absolute configuration of the methine
carbon. Chiral methines that are o to a carboxylic acid can be elucidated with
reagents such as phenylglycine methyl ester (PGME). Condensation of the
carboxylic acid with this chiral axillary is usually accomplished in the pres-
ence of a peptide coupling reagent (PyBOP"™), a racemization inhibitor
(HOBt), and a base such as triethylamine. Both the (S)- and (R)-PGME amides
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Figure 2.16 Assignment of the absolute configurations of C-5 and C-13 of 5-dephos-

pho-13-hydroxy-15-O-methylenigmazole A (3)."* (A) Treatment of

diol 2

with (R)- or (S)-MTPA chloride provided the bis-(S)- and bis-(R)-MTPA
esters, respectively. The A values were calculated for protons around
the macrocyclic ring and they showed a systematic distribution of
positive values (northern hemisphere) and negative values (southern
hemisphere). (B) When the MTPA esters were modeled as shown for C-5
and for C-13, the R; and R, substructures at each stereogenic center

could be identified. This established the absolute configuration

at C-5

as S and at C-13 as R. (C) The structure of 5-dephospho-13-hydroxy-15-O-
methylenigmazole A (2) with S-configuration at C-5 and R-configuration

at C-13.
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Figure 2.17 (A) When the MTPA amide is viewed as shown, A3° " values for R, are positive and are negative for R,. (B) The PGME amides
adopt a conformation in which the a-methine proton, amide carbonyl and ester carbonyl define the PGME plane. R, is
shielded by the phenyl ring in the (S)-PGME amide and R; is shielded in the (R)-PGME amide. (C) Characteristic distribution
of A85 ® values in a PGME amide used to assign the absolute configuration of the a-methine carbon.

Adapted and used with permission from: Handbook of Marine Natural Products, vol. 1, Springer, London, 2012, pp. 547-570.
Copyright 2012, Springer.
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OMTPA OMTPA or other chiral auxillary

H
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Advanced Mosher’s Method Original Mosher Description
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Ad5Ffor protons on R, are positive Ad™-=for protons on R, are negative
and on R, are negative and on R, are postive

Figure 2.18 How AJ is calculated in the advanced Mosher’s method>® differs from
the original Mosher description,®””® and this impacts which substitu-
ent, R, or R,, has positive values and which has negative.

are generated from (S)- and (R)-PGME, respectively, and the amide products
adopt a conformation that defines a PGME plane (Figure 2.17B). The A§°®
values for the neighboring protons on the diastereomers are calculated,
and the R; and R, substituents are determined as shown in Figure 2.17C.
A variety of other chiral reagents, including phenylglycine dimethylamide,
have also been used to assign the configuration of carboxylic acids with a
chiral o-methine.®'

While MTPA is the most widely used chiral auxiliary reagent in natural
product structure elucidation studies, there are a variety of other chiral an-
isotropic reagents one could use. The theory behind their application is
similar to that for MTPA, and in many cases they have been reported to
produce larger proton chemical shift differences in the resulting ester dia-
stereomers.”> MPA has been extensively studied and utilized by the Riguera
laboratory and they have advocated its use over MTPA.®*®* An interesting fea-
ture of this reagent is that the Ad values for the diastereomeric MPA esters
increase when the "H NMR spectra are acquired at lower temperatures. It
should be noted that the chemical literature detailing the use of chiral
anisotropic reagents can be confusing due to differences in the way A9 is cal-
culated. The advanced Mosher’s method defined AS as equal to 5° — &% (A5 ¥),
and this convention has been adopted in many natural product studies.
However, the original description of the technique by Mosher employed
A5 =38% — 5% (AS®®), and this definition has been widely utilized by Riguera
and others. These two contrasting definitions of Ad still lead to the same
stereochemical assighments because the model used to assign the R; and R,
substituents is dependent on which definition of A is employed (Figure 2.18).

2.3 Conclusions

In this chapter, we have subdivided the important topic of assigning
molecular configuration into two broad categories: assigning relative
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configuration and assigning absolute configuration. The former is more
extensively covered since it lends itself more readily to NMR methods and is
probably more familiar to many readers. The latter category is treated more
briefly and reflects the narrower focus of NMR-based work in that area, as
well as the relative difficulty of assigning absolute configuration.

Analysis of proton-proton coupling constants and NOE (or ROE) meas-
urements are fundamental techniques in natural products structural eluci-
dation studies, and the Karplus relationship provides a straightforward
approach to assigning relative configuration in many instances. Rychnovsky
and coworkers recognized that the configuration of 1,3-diols could be as-
signed by a '*C acetonide method that involves derivatizing the 1,3-diol with
2,2-dimethoxypropane to form a six-membered 1,3-dioxane ring. The char-
acteristic ">C shifts of the resulting gem-dimethyl groups form the basis for
the configuration assignment. Murata developed what has become known as
J-based configuration analysis, frequently referred to by the acronym JBCA.
The relative magnitudes of heteronuclear "H-"°C coupling constants follow
well-defined patterns and the method has been used to assign the con-
figurations of some extremely complicated molecules, including gargantu-
lide A, a complex marine macrolide with a remarkable 50 stereogenic
methine carbons. Work in Kishi’s laboratories at Harvard developed and
validated a universal NMR database approach to assigning the relative
configurations of complex polyol structures. While the method is limited to
polyols, given the abundance of highly oxygenated natural products, there is
a wide array of structural problems that can be addressed by this approach.
Computing power and speed have increased dramatically over the past
decade, making it feasible to routinely utilize quantum mechanical DFT to
address a diverse assortment of chemical structure problems. Applications
range from chemical shift and coupling constant predictions for energy-
minimized structures to calculations of the chemical shielding tensor used
in RCSA methods for assigning configurations to molecules in a partially
anisotropic environment. Although RCSAs have been known of for many
years, it is only recently that the difficulties inherent to their measurement
have been overcome, thus making this an exciting area of investigation for
assigning molecular configuration. RCSAs are experimentally simpler to
measure than RDCs and they can be readily applied to non-protonated
stereogenic carbons. While RDCs can be applied to quaternary carbons,
this requires measurement of "D¢y, which is a relatively low-sensitivity
measurement. It remains to be seen how researchers will apply RCSA data,
but the range of possibilities is broad. The last section of this chapter is
devoted to the assignment of absolute configuration by NMR methods that
utilize chiral anisotropic reagents to derivatize specific functional groups
associated with the stereogenic center of a molecule. For most complex
natural products, application of various NMR methods is required to assign
the configuration of all of the stereogenic centers. This chapter is not
intended to be a rigorous treatise on methods for stereochemical analysis,
but rather is intended to provide the interested reader with a pathway into
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the extensive literature associated with this area of NMR investigation that
can be explored in more depth as necessary to solve a given problem.
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Nuclear Magnetic Resonance
Experiments Applicable

to the Elucidation and
Characterization of
Nitrogenous Natural Products:
"H-">N Heteronuclear Shift
Correlation Methods
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3.1 'H-"°N Direct and Long-range Heteronuclear
Shift Correlation

While direct observation of N is notoriously challenging, the same is not
true for the acquisition of "H-"°N heteronuclear shift correlation data using
HSQC, heteronuclear multiple bond correlation (HMBC), IMPEACH-MBC,"
constant time inverse-detection gradient accordion (CIGAR)-HMBC,>
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LR-HSQMBC,? and related experiments. Indeed, one of the current authors
has demonstrated the feasibility of acquiring "H-">N HMBC data for a sample
of <50 g of strychnine (1) over a weekend using a 1.7 mm MicroCryoProbe™
at a proton observation frequency of 600 MHz.* Parella and coworkers® have
also demonstrated the simultaneous acquisition of "H-'*C and 'H-""N HMBC
spectra. The application of long-range "H-'°N heteronuclear shift correlation
in alkaloid chemistry was the subject of a comprehensive review in 2015,° as
well as in a 2007 review.” Although this chapter highlights the application of
N to alkaloids and peptides as model compounds, the experiments
discussed in the chapter are directly applicable to any category of nitrogen-
containing natural products. As an additional resource, the interested reader
is referred to the series of reviews dealing with long-range 'H-'°N hetero-
nuclear shift correlation that cover the period from approximately 1995 to
the present.®'> There is also a wealth of >N chemical shift information
contained in a number of chapters and monographs devoted to "°N nuclear
magnetic resonance (NMR) spectroscopy that have appeared.'*

18 19

3.2 "N Chemical Shift Referencing

Chemical shift referencing of >N spectra presents a curious conundrum.
There are presently two conflicting chemical shift referencing schemes in
usage and investigators should be aware of both. In addition, when °N
chemical shift data are reported, it is important to note the chemical shift
reference employed. Older "°N data in the literature have generally, but not
always, been referenced to nitromethane, which was assigned a chemical
shift of 0 ppm. As with most chemical shift referencing conventions,
resonances downfield of nitromethane were assigned a positive (+) chemical
shift, while those upfield were assigned a negative (—) chemical shift. Since
nitromethane resonates quite far downfield of most nitrogens of interest to
natural products chemists, virtually all natural product nitrogen resonances
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Table 3.1 "N chemical shift referencing schemes.”

N chemical shift reference

Liq. NH; CH;NO, >NH,NO; NH,*NO, >NH,CI
Liq. NH; 0.0 379.5 ~19.9 383.5 —26.6
CH;NO, 379.5 0.0 359.6 4.0 352.9
’NH,NO, 19.9 359.6 0.0 363.6 —6.7
NH,'°NO; 383.4 —4.0 363.6 0.0 356.9
BNH,CI 26.6 352.9 6.7 356.9 0.0

“The chemical shift referencing schemes shown in this table are the ones that have been most
commonly reported, although others have been reported, including nitric acid, formamide, and
potassium nitrate.

would have negative chemical shifts. A number of years ago, the
nitromethane chemical shift referencing sign convention was reversed as
a result of an IUPAC committee, and nitrogen resonances upfield of
nitromethane are now assigned positive (+) chemical shifts. Hence, for
nitromethane-referenced '°N chemical shifts, it is important to know when
the data were reported and which sign convention was in usage.

Relative to nitromethane, liquid ammonia, NH;, resonates quite far
upfield at +379.5 ppm. In recent years, chemical shift referencing to liquid
ammonia has become prevalent, with an explosion in the volume of protein
"N NMR data being reported. Following the chemical shift convention as-
sociated with the use of tetramethylsilane (SiMe,), which is used for 'H and
3C chemical shift referencing, protein >N NMR data are usually assigned
relative to liquid ammonia, with the NH; resonance assigned a chemical
shift of 0 ppm. On this scale, the authors have seen the '°N chemical shift of
nitromethane variously reported as +379.5, +380.2, and +381.7 ppm. We
will note here that all of the >N data reported in this chapter have been
referenced relative to liquid ammonia.

If the referencing scheme described above was not sufficiently confusing,
several other >N chemical shift referencing conventions have also been re-
ported over the years. The more prevalent referencing schemes of which the
authors are aware are summarized in Table 3.1, with conversion factors that
allow readers to convert between them.

3.3 The Range of "’N Chemical Shifts

The range across which N chemical shifts are observed is quite broad,
encompassing approximately 900 ppm. For most commonly encountered
nitrogen-containing natural products, however, the practical range of >N
chemical shifts is somewhat more compact, yet still broad in terms of
excitation requirements, particularly since N is a low y nuclide. Aliphatic
>N resonances can range upfield to ~20 ppm. The downfield limit for most
sp” nitrogen resonances is ~350 ppm, with a few exceptions. The exceptions
are species such as methoximes (C=N-OCHj3;), which can resonate as far
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downfield as ~400-410 ppm. The sp nitrogens of nitriles generally resonate
in the range of ~350-370 ppm.

3.4 '°N Pulse Widths

While the range of typically encountered >N chemical shifts for natural
products is approximately 300 ppm, at an observation frequency of
~60 MHz on a spectrometer operating at 600 MHz for 'H observation, it can
still be challenging with many older NMR probes, and some cryogenic NMR
probes, to deliver pulses short enough to effectively excite this bandwidth.
Generally, newer generations of gradient-inverse and cryogenic NMR probes
will be capable of shorter >N 90° pulses than were available with older
hardware. In a 2010 study, one of the current authors reported results that
could be obtained with a new design for Bruker TXI 1.7 mm Micro-
CryoProbes™.*> The excitation bandwidths that could be obtained with
various 90° pulse lengths are shown in Figure 3.1. Using a sample of
>N-enriched urea, with a 25 us 90° °N pulse, it was possible to excite a
bandwidth of +185 ppm relative to the transmitter with 95% peak intensity.

: ., Bandwidth +/- 230 ppm
| l‘ r 111 111 s
l .

HTTITIOES

HHEES

i ) HF ,4’ } -“uvu.".‘u—JU J 0

| ' I | | |
0 50 100 150 200 250 300 350 [ppm]

Figure 3.1 "N excitation profiles achieved with varied 90° "°N pulse widths of 25 ps
(blue), 22 ps (red), and 20 ps (black).>* A sample of *’N-enriched urea was
employed and the spectra are 1 transient each in order to eliminate any
relaxation effects. Pulses were moved off resonance in successive 5 ppm
steps. When a 25 ps pulse was employed, 95% intensity was achieved at
+185 ppm from the transmitter; 90% intensity was achieved £230 ppm
relative to the transmitter. A >N spectral width of 600 ppm, which will
include the nitrogen resonances from virtually any natural product, was
achieved with ~70% intensity using a 22 ps 90° >N pulse.
(Reproduced from G. E. Martin, B. D. Hilton, D. Moskau, N. Freytag,
K. Kessler and K. Colson, Magn. Reson. Chem., 2010, 48, 935-937 with
permission from John Wiley and Sons. Copyright © 2010 John Wiley &
Sons, Ltd.)
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Peak intensity of 90% was achieved with a bandwidth of £230 ppm. With a
22 ps 90° pulse, an excitation bandwidth of 600 ppm was achieved with 70%
intensity, which will encompass virtually any >N resonance ever likely to be
encountered in a natural product.

The impact and importance of short "N 90° pulses is illustrated in
Figure 3.2. Using methyl orange (2) as a test compound, a pair of '>’N HMBC

-
-
T

R R R I SIC A R R A R R

600 500 400 300 200 100 F1 [ppm]

7.8 76 74 7.2 7.0 6.8

3
&1
i

600 500 400 300 200 100 F1[ppm]

78 76 74 72 70 68 F2 [ppm]

Figure 3.2 '"H-">N HMBC spectra of methyl orange (2) acquired at 600 MHz using a

1.7 mm TXI triple-resonance MicroCryoProbe™. The spectrum shown in
the top panel was acquired with the >N 90° pulse set to 35 ps. Data
shown in the bottom panel were acquired with the **N 90° pulse set to
25 ps. Both spectra employed adiabatic 180° pulses, and both spectra
were plotted with identical threshold levels. The weak correlations boxed
in red correspond to the */yy correlation from the proton resonating at
7.82 ppm with the N,N-dimethyl aliphatic nitrogen resonating at 59 ppm.
The beneficial impact of shortening the duration of the 90° pulse in the
spectrum shown in the bottom panel is obvious.*
(Reproduced from G. E. Martin, B. D. Hilton, D. Moskau, N. Freytag,
K. Kessler and K. Colson, Magn. Reson. Chem., 2010, 48, 935-937 with
permission from John Wiley and Sons. Copyright © 2010 John Wiley &
Sons, Ltd.)
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spectra were recorded with the "N 90° pulse set to first 35 us and then 25 ps.
A "N 90° pulse width in the range of 35-40 s is, in the authors’ experience,
typical of older triple-resonance cryoprobes manufactured during the
period from about 2000 to 2005. Probes from that era were designed
predominantly for triple-resonance NMR experiments on peptides and
proteins, where the range of amide '°N resonance chemical shifts is
relatively narrow. In contrast, methyl orange (2) was chosen as a model
compound that might be considered an ‘“‘extreme” example since the
aliphatic N,N-dimethyl nitrogen resonates at 59 ppm, while one of the
diazo nitrogens resonates at 499 ppm. These chemical shifts encompass a
chemical shift range that is broader than that likely to be encountered in
virtually any natural product.

59
. -\ i

Pl \
; N
\/_‘ 1% > CHs

Ideally, the duration of the >N 90° pulse should be kept as short as
possible, with the probe hardware being used to acquire the data. For older
probes with longer >N 90° pulses (e.g. >40 ps), it may be advisable to
acquire a pair of long-range 'H-'"N spectra if the molecule being charac-
terized is expected to have "N resonances with significantly different
°N shifts.

3.5 °N Chemical Shift Prediction

The process of identifying an unknown can be accelerated using a database
of chemical structures and associated spectral parameters, specifically ex-
perimental chemical shifts and coupling constants. This is especially true
when the data are utilized to produce NMR prediction algorithms, and these
are now available for a number of nuclei, most commonly '*C and 'H, but
also *'P and "F. Electronic content databases of '°N data are available from
a number of sources.”*>® The authors have direct experience with the ACD/
NNMR Predictor program (ACD/NNMR Predictor, Advanced Chemistry
Development, Inc., Toronto, ON, Canada) as technical manager for the
software for a number of years (AJW) and as a laboratory user (GEM).
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The latest form of the ACD/NNMR version 2015 content database contains
>10 000 chemical structures associated with >23 700 >N chemical shifts and
>5000 coupling constants.?” Data continue to be extracted from the litera-
ture on an ongoing basis and are checked according to a number of stringent
criteria. An individual compound record includes the chemical structure,
original literature reference, one or more >N chemical shifts, and, where
available, associated coupling constants. The latter data are, unfortunately,
only infrequently measured for °N. These data can be searched by different
parameters including structure, substructure, and chemical shift, and this
database provides the foundation data for the derivation of prediction
algorithms for the '°N nucleus.

NMR prediction offers the possibility of structure verification based on
chemical shifts and has been recommended to help optimize experimental
acquisition parameters.>”'%'> With ACD/NNMR Predictor, details of the
calculation are provided, as well as the possibility of creating a user database
for both reference purposes and to facilitate and increase the accuracy of
future predictions.

The application of NNMR Predictor in order to calculate chemical shifts
for staurosporine (3) is reviewed below (as shown as a comparison of ex-
perimental versus predicted shifts in Table 3.2), as this provides an oppor-
tunity to examine the interface elements of the software (see Figure 3.3). In
the results window, the predicted values are listed in the ‘“Value” column,
which includes an estimated error. When a number of representative frag-
ments are utilized for the prediction, a calculation error is included. When
there are no fragments that can be used, then a value is estimated using a
lookup table.

The ability to review the details of how a predicted spectrum is generated
is a very useful aspect of the software program. If a particular structure is
included in the database, then it will be retrieved and displayed. However,
when a prediction is performed for a chemical that is absent from the
database, then the different structures used to produce the predicted spec-
trum are listed in a ‘“Calculation Protocol” window. This allows the en-
vironments of the nitrogen atoms for which the chemical shifts are
calculated to be compared with the environments and chemical shifts of the
related structures used for prediction. The analysis of the spectrum-
structural information presented in the calculation protocol therefore allows
the chemist to validate the reliability of the NMR prediction.

Table 3.2 Experimental and predicted >N chemical shifts for the
alkaloid staurosporine (3).

Experimental Predicted
N-13 137.5 136.0
N-6 1111 117.4
N-12 145.5 143.0

NHCH; 20.3 67.8
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Figure 3.3 The results window associated with the prediction of the >N shifts for
staurosporine (3).>® Hovering over a particular nitrogen atom highlights
the associated shift in the table. Estimated coupling constants are also
produced for comparison.

For example, for the chemical shift at 111.1 ppm in staurosporine,®

shown above (and discussed in further detail later in this chapter), the
calculation protocol is as shown in Figure 3.4. This shows that 16 hits were
used covering a range from ~107 to 134 ppm with a calculated value of
117.4£5.9 ppm. The histogram indicates the distribution of hits with
chemical shifts assigned to the nitrogen nuclei used for prediction. In the
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ACD/XNMR Chemical Shift Calculation Protocol n ‘
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Figure 3.4 The calculation protocol for the amide NH in the structure of stauros-
porine (3).>® Because of the paucity of available data for >N chemical
shifts, it is generally the situation that data obtained in a variety of
solvents are used.

left panel of Figure 3.4, an example structure from the set of hits is shown.
The fragment centered on the nitrogen atom of interest is colored red.
The calculation protocol associated with a particular atom can occasion-
ally display an error message, indicating an issue with the prediction.
Examples can include when there is no structure found containing a
nitrogen-centered fragment suitable for chemical shift calculation for a
given atom, a limitation generally resulting from the small size of the
database, but more specifically the lack of structural diversity in the training
dataset. In such situations, a shift calculation is performed using an
“incremental approach”, whereby an alternative algorithm is used to give a
“best-guess” estimate of the shifts when there are no similar structures or
structural fragments available to inform the normal algorithm. It should be
noted that there are additional alternative prediction algorithm results also
listed in the table under the columns of neural net and incremental value,
and these values are closer to the measured experimental value in this case.
The neural networks function as a ‘black box”; they do not provide any
access to the details associated with how the chemical shift for a given
nitrogen atom is calculated. However, neural networks are significantly
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faster for '’N NMR chemical shift calculation, which makes them more
effective in the prediction of assignments for large files of chemical struc-
tures. A rational combination of different approaches—an incremental ap-
proach, an approach based on a fragment library, and neural network
methods—allows the user to examine the predicted versus the experimental
shifts in more detail.

The "N database is small relative to the available databases of 'H and
3C spectra: 23702 versus 246431 and 227404 structures, respectively.”’
While it is possible to perform ‘“solvent-dependent predictions” for both
"H and ">C nuclei, this is not feasible for °N, as the dataset is too small. Data
from a variety of solvents are therefore utilized to provide a prediction, but "°N
shifts can be significantly dependent on the solvent, and this can lead to
rather a large error in a predicted value. Solvents, for example, would influ-
ence tautomeric forms, and this can influence chemical shifts as detailed
below for the donnazole compounds (vide infra). Since there are generally only
a few nitrogen atoms in any molecule being predicted, solvent-dependent
estimates are rarely an issue for the user to get shift values for setting up an
experiment or assisting in the validation of a structural hypothesis.

3.5.1 Validating >N Chemical Shift Prediction

To validate the performance of the >N chemical shift prediction algorithms,
a statistical analysis has previously been performed using an earlier version
of the software product (ACD/NNMR v8.08).° Using a classical leave-one-out
approach, the '°N shifts associated with ~8300 individual chemical struc-
tures were predicted. The resulting analysis gave a correlation coefficient of
R?>=10.97 over 21244 points. The standard error of about =15 ppm is quite
reasonable and affords a basis for setting the F; windows to acquire long-
range '"H-'°N data. Other comparisons have been performed by the authors
using smaller subsets of data. When a particular review or book chapter is
written, we commonly perform an analysis of the specific set of chemicals
discussed within that manuscript for the purposes of self-consistency and to
relate the prediction algorithms to the compounds discussed in detail.

In an earlier work,® the ACD/NNMR 2012 predictor was applied to a se-
lection of 45 nitrogen-containing structures with experimentally measured
N NMR chemical shifts described in the review. Of the compounds chosen,
11 were already present in the NNMR database, and these were removed
from the set so that all compounds being compared were absent from the
ACD/NNMR database—a total of 34 molecules. A total of 117 chemical shifts
were predicted and a plot of the values against experimental shifts indicated
some obvious outliers. A total of 13 predicted chemical shifts with a differ-
ence of >50 ppm from the measured shifts were identified, and some sug-
gestions were made for the discrepancies observed.

For example, a comparison of predicted versus experimental shifts for
donnazole A and B (4A and 4B, respectively)®” indicated that the structure
representation shown is incorrect.
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As shown in Scheme 3.1, when the exo =NH form (4A) is represented as
an amine (4B), then the match between the predicted and experimental
chemical shifts is excellent.

Other examples of large differences could be explained in terms of
folding of the data, the simple inclusion of a decimal point, and tran-
scription errors. However, lack of direct access to the data does not allow
confirmation of any of these hypotheses, but in our estimation, the re-
ported data are suspicious. While we would never suggest that predictions
should be treated as more important than experimental data, should large
differences be observed, we would suggest that careful analysis should be
undertaken to confirm the observations. Certainly, predictions will fail for
particularly exotic structures where there are no representative molecular
fragments in the database or where the connectivities simply introduce a
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Scheme 3.1 Impact of tautomerization of the exo C=NH group (4A) versus C-NH,, (4B)
on the calculated >N chemical shifts of donnazole forms A and B.
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Table 3.3 Predicted chemical shifts for cryptospirolepine (5) as produced by ACD/
NNMR and DFT calculations at the b3lyp/6-311+G(d,p)/-/belyp/6-31G(d)
level of theory.*”

Calculated N chemical shifts

Position Experimental "°N shifts HOSE Neural net Incr. DFT
1 163.7 169.6 147.5 194.9 130.1
8 135.1 114.7 101.6 93.4 89.7

22 144.0 124.2 116.4 54.8 95.7

26 95.0 131.4 114.4 128.4 61.4

molecular architecture producing dramatically different shifts from
predictions. One such example is the complex, spirononacyclic alkaloid
cryptospirolepine (5).*°*? The predicted chemical shifts obtained using
each of the methods available in ACD/NNMR Predictor, including those
produced using density functional theory (DFT) calculations, provide
predictions outside of the expected range of £15 ppm cited earlier, and are
dramatically different for N-26. However, based on the application of
the newly reported 1,1- and 1,n-HD-ADEQUATE experiments, combined
with "H-"N HMBC and 2 Hz-optimized LR-HSQMBC experiments (see
Section 3.8.4.4 later in this chapter), there is now complete confidence in
the accuracy of the revised structure of cryptospirolepine®” (Table 3.3).
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3.5.2 Setting F, Spectral Windows

As mentioned earlier, °N shift prediction algorithms can provide a useful
starting point for estimating shifts in order to set up spectral acquisition
parameters, which is especially useful for less experienced investigators with
little knowledge of the "N nuclide. It is very prudent to consider shift
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calculations for plausible structural motifs prior to setting F, spectral win-
dows for the acquisition of long-range "H-"°N correlation spectra. This is
especially true when working on a spectrometer equipped with a probe that
does not have short >N 90° pulses to excite a broad spectral window.

As mentioned earlier, we suggest that calculating the expected N
chemical shifts of a potential molecular structure and then adding a buffer
of +£15-20 ppm to the range of potential '>N chemical shifts is a reasonable
way to establish a starting F; spectral window in most cases. The ideal,
however, is improved spectrometer and probe efficiency to irradiate the
entire '°N spectral width, in which case such calculations would become
irrelevant; great advances continue in this area.

3.5.3 Structure Verification using a "’N Content Database

As discussed above, the databases underlying the prediction tools are built
on training data extracted from the literature. In many cases, only one
representative dataset for a particular compound may exist, but it is also
possible that multisolvent data are available. An existing database of °N
data allows us to search these data and, armed with substructural moieties
assembled from **C and *H NMR data, and with >N chemical shifts in hand,
it is possible to perform a number of flexible searches to identify potential
classes of compounds. Various options can be set in the search interface
(see Figure 3.5). These include the looseness factor, the minimum number
of query shifts, and the hit quality index (HQI).

The ‘“looseness factor” is the deviation allowed around each chemical
shift during the search. The “minimum number of query shifts” to match is
the number that should be found during a search. For example, if, in the
“Enter Query Shifts” field, a list of shifts is entered and the minimum to
match is 2, then the program will find all of the records containing at least
two chemical shifts from this list. The option to sort the results by the HQI
based on minimal distance, orders the results such that the best matches are
listed first (i.e. with the highest HQI). The ability to intersect search lists
allows substructure searches to be performed followed by shift searching, to
prune result sets, to attempt structure identification. This process will be-
come much more valuable as the dataset increases in size.

3.5.4 Enhancing >N Chemical Shift Prediction with a
“User-trained’’ Database

Novel compounds, classes, or structural fragments that may be under in-
vestigation in a particular laboratory may not yet be described in the lit-
erature. Consequently, they will not be represented in the predictor training
databases. It would clearly be of value for a scientist investigating new
compounds to capture and catalog their own structures and assignments
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Search by Chemical Shifts ﬂ

Enter Query Shifts (example: 3.26.1..6.4)
I

Looseness Factor (+/-) 0.00

Minimum Number of Query Shifts to
Match:

Search through Unambiguous Assignment
[] Do not Match One Chemical Shift for Several Shift Queries

(®) Do not Sort Result
() Sort Result by HQI Based on Minimal Distances
() Sort Result by HQI Based on Shifts Distribution

X Cocel || 7 Hel

Figure 3.5 The chemical shift search interface for querying the database.

and to use these data to improve the prediction algorithms. All ACD/NNMR
predictors allow the chemist to create user databases of structures and as-
signments. As new chemical shifts are assigned to atoms, the program can
use these data to improve the predictions. This user database training can
have a dramatic impact on the ability of an organization to predict NMR
spectra for a diverse array of compounds containing structural moieties that
have been represented at a fairly minimal level of one to two structures in the
training database.

3.6 Computer-assisted Structure Elucidation—The
Impact of "°N Data

There have been a number of evaluations of the ability of computer-assisted
structure elucidation (CASE) programs (see Volume 1, Chapter 9 of this series
for an overview of CASE) to generate the correct structure with and without
the availability of long-range "H-'°N heteronuclear 2D NMR data.***°

Even incomplete long-range "H-'°N heteronuclear chemical shift data
can have a very beneficial impact on the performance of CASE programs.
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An example is found in the application of the Structure Elucidator CASE
program to the dimeric indoloquinoline alkaloid cryptomisrine (6).

Without any "H-'N chemical shift correlation data, the program ran
for 210 hours, generating >75 million structures, of which >22 000 remained
after filtration and removal of duplicates. In contrast, when only simple
"H-""N HMQC direct correlation data were added to the input data, only
five structures were generated in ~1 minute, with the correct structure
among them.?*

Cryptospirolepine (5) is a far more complex example. When an attempt
was made to solve the structure using CASE methods with the 1993 data
(HSQC and 'H-"C HMBC), the Structure Elucidator program ran for
>420 hours without ever generating the correct structure. It is unlikely that
augmenting the input data with "H-""N HMBC or other long-range proton-
nitrogen data as the sole additional input would have had much, if any,
impact on the output. Including 60 Hz 1,1-HD-ADEQUATE (see Volume 2,
Chapter 10) and IDR-HSQC-TOCSY data in the input file allowed the pro-
gram to generate the correct structure in a 140 second calculation among the
6816 structures generated. Further augmenting the input data with 2 Hz-
optimized "H-">N LR-HSQMBC reduced the calculation time to 40 seconds
and the number of structures generated by the program to 522. Without the
1,1-HD-ADEQUATE data included in the input file, the program was still
unable to generate the correct structure, even with the >N data incorporated
in the input file *” (Table 3.4)

These results, and those with cryptomisrine (6), clearly underscore the
value of including 'H-""N heteronuclear chemical shift correlation data in
the investigation of unknown nitrogen-containing structures. The impact of
these data on multiple CASE program applications in terms of the reduction
of the numbers of structural possibilities generated as output, very dra-
matically illustrates the benefit of having these data available.?***™*°
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Table 3.4 Summary of the results obtained by incorporating various combinations
of the available 2D NMR as inputs for the ACD Structure Elucidator CASE
program. Generation times and the numbers of structures generated are
shown in the columns to the right. The top row of the table shows the
results with the NMR data available in 1993 (COSY, HMQC, and 8 Hz
HMBC). The program failed to generate the revised structure by the time
the calculation was terminated at 420 hours.?”

1,1-HD- H-¢ IDR-HSQC-  'H-'*N LR-

ADEQUATE HMBC  TOCSY HSQMBC GENERATION

60 Hz 8 Hz 15 ms 2 Hz Time (s) # structures
+ >420 hours >10400

+ + + 140 6816

+ + + + 40 522

3.7 Ynu and Jyu Coupling Constants

Unlike "H-"?C heteronuclear coupling constants that are fairly regular and
predictable, '"H-""N heteronuclear coupling constants tend to be more
variable. Whereas *Jcy coupling constants tend to be larger than */¢y and
YJcu coupling constants in most cases, rendering /oy correlations most
prevalent in "H-'>C HMBC spectra, the same is not true of long-range
'"H-""N heteronuclear shift correlation spectra. In many instances, *Jyn
correlations are the most prevalent responses in "H-'">"N HMBC*' spectra
when the experiment is optimized in the vicinity of ~5 Hz.

In part, the variability of "H-"°N heteronuclear couplings can be attributed
to the orientation of the nitrogen lone pair of electrons. Differences in the
sizes of coupling constants can be observed as a function of whether a C-H
bond vector is synclinal or anticlinal relative to the orientation of the nitrogen
lone pair. We addressed some of these questions in early work published
during the development of "H-">N HMBC, and the reader is referred there** or
to some of the primary literature references on >N NMR."***

3.8 'H-'"N Results Obtained Using Various
Experiments

Thus far in this chapter, we have considered many of the attributes of
"H-'N heteronuclear chemical shift correlation, and it is now germane to
consider some of the experiments that can be used to acquire these data.
Although strychnine (1) has generally been employed as the model com-
pound for illustrating experiment performance, strychnine unfortunately
does not have a protonated nitrogen. Hence, we will employ the cyclic
peptide cyclosporine (7) as a model compound for direct "H-'>N chemical
shift correlation experiments. Both strychnine (1) and cyclosporine (7)
will be utilized to illustrate the results that can be obtained with long-
range '"H-'""N correlation experiments. Experiments will be sub-grouped
into those utilizing an initial '/yy magnetization transfer (see Section
3.8.1) and those employing an initial "Jyy magnetization transfer (see
Section 3.8.2).
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3.8.1 'H-""N Experiments Employing an Initial 'Jyy
Magnetization Transfer

Logical subdivision of experiments applicable to "H-'"°N heteronuclear shift
correlation can be based on the initial magnetization transfer. Hence, we
will begin by discussing those experiments involving an initial “Jxy transfer
step as opposed to those involving an initial "Jyy transfer. The former group
includes the HSQC and HSQC-TOCSY experiments, while the latter group
(see Section 3.8.2) includes experiments such as HMBC, HSQMBC, LR-
HSQMBC, and HSQMBC-TOCSY. Finally, there are also several experiments
that can be considered as triple-resonance experiments (see Section 3.8.3).
These experiments include the simultaneous acquisition of 'H-'*C and
'"H-""N HMBC spectra and the HCNMBC experiment that utilizes an initial
Jcu transfer followed by a natural abundance /¢y or "Jcy transfer. While the
former two groups of experiments can be performed on a two-channel
spectrometer with a conventional inverse-detection probe, the latter group
requires a three-channel spectrometer and a triple-resonance probe.

3.8.1.1 'H-"N HSQC of Cyclosporine

Cyclosporine (7), like strychnine, has been a useful model compound for the
development of NMR experiments that are applicable to peptides. The
structure is shown below with '°N resonance assignments, and for purposes
of ">N NMR experiments, the protonated amide nitrogens in the structure
make cyclosporine a useful model compound for this chapter.
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Figure 3.6 The pulse sequence for the 'H-'>N HSQC experiment is shown.
The delays for the 'Jyy coupling constant, A, can be optimized for
95 Hz. The gradient ratio needs to be adjusted to reflect the gyro-
magnetic ratios of "H and '°N, but for most users with access to a
modern spectrometer, this requirement is transparent to the user.

The "H-"’N HSQC pulse sequence is shown in Figure 3.6. Unlike ‘Jcy
coupling constants that are highly variable, ranging from ~125 Hz to as
large as ~250 Hz, the '/ coupling constants have a relatively narrow range
of ~90-100 Hz. Consequently, the '/ coupling constant can be uniformly
optimized at 95 Hz.

Although the total N chemical shift range is quite broad, the range of
protonated "N shifts is much narrower, ranging from approximately 25 to 150
ppm, which makes "H-'"N HSQC data relatively simple to acquire. Further-
more, since most molecules will have a limited number of nitrogen reson-
ances, there is no need for high digital resolution in the F, frequency domain.
Typically, the current authors have found it acceptable to digitize the F; do-
main of proton-nitrogen chemical shift correlation spectra of natural products
more coarsely, with a data point every ~2 ppm for 'H-">N HSQC spectra.

The pulse sequence for the "H-""N HSQC spectrum is shown in Figure 3.6.
For the relatively narrow range of “Jyy coupling constants, a compromise op-
timization of the A delay in the pulse sequence for ~95 Hz works for virtually
any protonated nitrogen-containing natural product one is likely to encounter.

The "H-'>N HSQC spectrum of cyclosporine (7) is shown in Figure 3.7.
While the range of >N chemical shifts for protonated nitrogens is relatively
narrow, the range of amide "’NH chemical shifts is narrower still. Practically
speaking, most protonated amide '°N resonances are observed in the rela-
tively narrow range from ~80 to 135 ppm (downfield of lig. NH; =0 ppm).
The spectrum shown in Figure 3.7 was acquired with broadband "°N de-
coupling. It is also possible to acquire "H-'>N HSQC data with multiplicity
editing, if it were necessary to differentiate NH from NH, resonances.

3.8.1.2 'H-'’N HSQC-TOCSY of Cyclosporine

Another experiment that is quite feasible with peptide natural products but
has received very little attention is the "H-""N HSQC-TOCSY experiment. An
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Figure 3.7 '"H-">N HSQC spectrum of a 1.5 mg sample of cyclosporine (7) dissolved
in 35 pL of dgbenzene using a 600 MHz 1.7 mm gradient triple-
resonance MicroCryoProbe™. The data were acquired as 1K points in
F, with eight transients for each of the 96 increments used to digitize the
40 ppm F; spectral window, giving an acquisition time of 20 minutes.
The data were processed using a /2 phase-shifted sine bell to afford the
final 2Kx 1K point spectrum shown.

early application of the 'H-'’N PEP-HSQC-TOCSY (PEP = preservation of
equivalent pathways) experiment to the linear peptide bombesin (8) was
reported by Williamson, Marquez, and Gerwick.*> The contemporary
'"H-'"N HSQC-TOCSY pulse sequence is shown in Figure 3.8 and the
corresponding "H-'>N HSQC-TOCSY spectrum of cyclosporine is shown in
Figure 3.9. Following the “labeling” of the NH resonance with the '°N
chemical shift during the evolution period, proton-proton coherence is
propagated by the subsequent TOCSY transfer in a fashion analogous
to the "H-">C IDR-HSQC-TOCSY experiment discussed in the Chapter 9 of
this volume. Hence, the proton spin systems of the amino acids with 2° NH
resonances are sorted in the F; frequency domain by the amide >N chemical
shift. Practically speaking, 'H-'>N HSQC-TOCSY, when the experiment is
performed on a spectrometer equipped with a cryogenic NMR probe, is a
relatively high-sensitivity experiment, despite the fact that it is very in-
frequently employed. The correlations shown for cyclosporine (7) in
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Figure 3.8 Pulse sequence for "H-">N HSQC-TOCSY. The experiment is essentially
identical to the "H-"C experiment (see Figure 9.31 in Chapter 9) with the
exception of the X-nucleus and the gradient ratio, which must be
adjusted for the gyromagnetic ratio (yy)-
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Figure 3.9

"H-""N HSQC-TOCSY spectrum of the cyclic peptide cyclosporine (7).
The direct responses can be identified by referring to Figure 3.8,
although since all of the nitrogen resonances of interest are amides, the
NH resonances will obviously be those furthest downfield at each F,;
frequency. The spectrum was acquired as 2K points in F, with 16 tran-
sients for each of the 96 increments of the evolution period and a TOCSY
mixing time of 40 ms. The data were processed using a n/2 phase-shifted
sine bell to afford the 2Kx1K spectrum shown.

Figure 3.9, translate to the identification of the segments of the structure
designated by red bonds on structure 9. Since there are only four prot