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Structural Elucidation with NMR Spectroscopy: Practical Strategies for
Organic Chemists

Eugene E. Kwan*!?! and Shaw G. Huang!?!

Keywords: NMR spectroscopy / Configuration determination / Structure elucidation.

Practical strategies for the structural elucidation of small or-
ganic molecules are described for typical organic chemists.
The analysis of an unknown is divided into three stages.
First, structural connectivity is deduced from through-bond
correlation experiments. Next, the relative stereochemistry is
determined from NOE correlations and coupling constants
(both proton—proton and proton—-carbon). Finally, the pro-
posed structure is verified by a careful inspection of all of the
observed data. Tactics for the management of overlapping
peaks, low sample concentrations, and high molecular

weights are also described. This approach is illustrated by
the step-by-step analyses of a simple test compound, men-
thol, and a complex polycyclic natural product, salvinorin A.
Detailed procedures and sample data for menthol are pro-
vided as a practical tutorial. This will enable organic chem-
ists to elucidate a wide range of complex structures by using
modern NMR spectroscopic experiments.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

1. Introduction

Since the early 1960s, NMR spectroscopy has become an
indispensable tool for the characterization of organic mole-
cules. Although early spectrometers were relatively insensi-
tive and performed simple experiments at low-field
strengths, they gave reliable measurements of chemical
shifts and coupling constants. Later, spectrometers were
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much more sensitive and attained much higher field
strengths, enabling the use of powerful 2D NMR experi-
ments. In particular, the pairing of COSY (correlation spec-
troscopy) with directly detected heteronuclear correlation
experiments (which link carbon atoms and nearby protons)
proved particularly efficacious for determining structural
connectivity.

When inverse detected heteronuclear correlation tech-
niques (much more sensitive than their directly detected
counterparts) were developed in the 1980s,!'! NMR became
a practical alternative to X-ray crystallography for the eluci-
dation of natural products. For example, these methods
soon allowed the assignment of kauradienoic acid,!” a com-
plex diterpene, and even vitamin B,,.F
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Today, all but the most complex organic molecules are
amenable to routine analysis, even with submilligram sam-
ple quantities. Recent work has uncovered the structural de-
tails of not only natural products of every class but also
synthetic creations. Well-characterized examples include
platensimycin (1), a broad spectrum nonmevalonate ter-
penoid antibiotic, maoecrystal V (2),5] an antitumor diter-
penoid, chlorofusin, a peptide-based fungal metabolite with
anticancer properties,[® daphlongeranine B (3),[1 an un-
usual polycyclic alkaloid, and cytosporic acid (4),18! a poly-
ketide-derived HIV-1 integrase inhibitor, as well as ,B’-dis-

ilyl-substituted vinyl cations 5°! and cyanoresorc[5]arene
6.[]0]
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For simple unknowns, straightforward experiments such
as 1D 'H and '*C NMR, COSY (correlation spectroscopy),
and NOESY (nuclear Overhauser spectroscopy) suffice.[!!]
However, the spectra of complex molecules often contain
overlapping peaks or higher-order multiplet patterns, which
complicates interpretation.'?! Additionally, good-quality
1D 3C NMR spectra can be challenging to obtain in a
reasonable amount of time with small sample quantities,
whereas compounds with high molecular weights
(>750 Da) often give NOE correlations of weak inten-
sity.'3] In such cases, an expanded approach that takes ad-
vantage of more powerful techniques is required.

Whereas the relative merits of many NMR pulse se-
quences have been described,!'¥ the practical details of how
they can be combined to deduce organic structures have
received less attention. This Microreview divides the process
of structural elucidation into three phases: determination of
skeletal connectivity, determination of relative stereochem-
istry, and verification of the proposed structure. Although
many more techniques and experiments are undoubtedly
more powerful than the ones described below, the following
discussions are limited to techniques that have proven to be
simple, versatile, reliable, and sensitive enough for routine
use by nonexperts.

First, skeletal connectivity is deduced by combining data
from both homonuclear (COSY) and heteronuclear (HSQC
and HMBC) correlation spectroscopy. These experiments
2672
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give good results even when significant overlap exists in the
ID 'H NMR spectrum and do not require the time-con-
suming acquisition of a 1D '3C NMR spectrum. Small
structural fragments inferred from these data can, in turn,
be iteratively combined to establish the overall connectivity
of the unknown. Next, relative stereochemistry is inferred
not only from NOE correlations between protons and pro-
ton-proton coupling constants ("Jyj), but also proton—
carbon coupling constants ("Jcj1). NOE-type correlations
can now be effectively obtained for a broad range of molec-
ular weights by using newer experiments, whereas many
techniques are now available for extracting values of "Jyy 1
even when multiplet structures are obscured by spectral
overlap. Measurements of "Jcy, now routinely available,
provide an alternative line of evidence with which to sup-
port a proposed structure and can be obtained by using
newer experiments. Finally, the proposed structure is veri-
fied in light of all of the observed data.

The following illustrates this approach by describing the
step-by-step analyses of a simple test compound, menthol,
and a complex natural product, salvinorin A (detailed ex-
perimental procedures and sample spectroscopic data are
provided in the Supporting Information). Recommenda-
tions of acquisition and processing parameters for com-
monly used NMR spectroscopic experiments are given
(Table 1), along with tactics for the management of large
amounts of NMR spectroscopic data, overlapping peaks,
low sample concentrations, and high molecular weights.
Collectively, we hope this will serve as a valuable reference
for organic chemists faced with complex structural elucida-
tion tasks.

2. Determining Skeletal Connectivity

2.1. Initial Analysis

A cursory inspection of a one-scan 1D 'H NMR spec-
trum should reveal most of the spectral features.['> Al-
though good quality spectra can be obtained even with low
sample concentrations (<5 mwm), high concentrations
(>100 mm) can introduce artifacts and should be avoided.
For example, a one-scan 1D '"H NMR spectrum of menthol
(Figure 1) shows a typical and perfectly acceptable result
for a dilute solution. This is required because many 2D
NMR spectroscopic experiments require the observation of
3C satellites (relative intensity, 1). If even the parent '*C
peaks (relative intensity, 200) are not visible, further analy-
sis may require excessive spectrometer time. In addition,
compounds that exhibit complex or broad spectra due to
impurities or tautomeric equilibria are typically not suitable
for analysis.

It is prudent to obtain the molecular formula of the un-
known by elemental analysis, or preferably, high-resolution
mass spectrometry before any detailed analysis. The 1D 'H
NMR spectrum should be inspected to verify that the
number of protons, as obtained by integration, matches the
expected number from the molecular formula. This also al-
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Table 1. Recommended acquisition and processing parameters.
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of Organic Chemistry

Name™ Comments Situation™ Acquisition Parameters™ Calibrations™ _Processing Parameters®!
COSY-45 - off-diagonal peaks short survey  at=0.3, d1=0.8, ni=128, 10 min 90° (1H) absolute-value; 2x LP in F1;
(very high) indicate coupled protons typical/dilute  at=0.3, d1=0.8, ni=256, 30 min tune (1H) sine-bell squared
- gradient-selected higher resolution: ni=512, 1 h
HSQC - peaks are protons short survey  gradient-selected, at=0.1, d1=0.5, 90° (1H, 13C) phase sensitive; 2x LP in F1;
(high) directly attached to ni=32, j1xh=140, 30 min tune ('H, "*C) Gaussian
carbons typical <500 Da: gradient-selected, at=0.2, phase sensitive; 4x LP in F1;
- phases indicate whether d1=0.9, ni=128, j1xh=140, 2 h; Gaussian
CH, or CH/CH; >500 Da: gradient-selected, at=0.1,
- avoid sample heating: d1=0.5, ni=128, j1xh=140,4 h
d1 > 4at (CDCl;, CD;0D)  dilute - as above; use phase-cycled mode  90° ('H, °C)
d1 > 10at ([Ds]DMSO) - turn spin-echo off (all peaks will tune (*H, *C)
- probe tuning is essential have the same phase)
HMBC - peaks are protons within ~ short survey - use gradient-selected mode 90° ("H, ®C)  absolute value; 2x LP in F1;
(low) three bonds of carbon at=0.1, d1=0.5, ni=32, tune (1H, 13C) Gaussian
- one-bond doublets are j1xh=140, jnxh=8, 30 min
common artifacts (J="Jg )  typical - use gradient-selected mode absolute value; 4x LP in F1;
<500 Da: at=0.2,d1=0.9, ni=256, sine-bell (F1 and F2)
j1xh=140, jnxh=8, 4 h
>500 Da: at=0.1, d1=0.5, ni=256,
j1xh=140, jnxh=8, 8h
dilute - use phase-cycled mode 90° ("H, *C)  F1 (phase), F2 (absolute);
tune (1H, 13C) 4x LP in F1; Gaussian
1D DPFGSE - off-diagonal peaks are short survey  0-750 Da: 1D NOESY, at=2.0, 90° ("H) standard 1D processing
NOESY/ protons close in space d1=1.0, mix=0.5, 64 scans, 5 min tune ("H)
tROESY - irradiated signal/ 750-2000 Da: 1D ROESY, at=1.0,
(high) diagonal have opposite d1=1.0, mix=0.4, 64 scans, 5 min
phase typical - use gradient-selected mode 90° ("H) phase sensitive; 4x LP in F1,;
2D NOESY/ - artifacts: COSY 200-750 Da: 2D NOESY, at=0.2, tune ("H) Gaussian
tROESY (alternating phase), d1=1.3, ni=128, mix=0.6, 3 h
(moderate) exchange (OH, NH) 750-2000 Da: 2D ROESY: at=0.2,
(inverted) d1=0.8, ni=256, mix=0.4, 10 h
1D TOCSY - gives 1D 'H subspectra  short survey — at=2.0, d1=2.0, mix=0.0110 0.08 s,  90° ('H) -standard 1D processing
(very high) for isolated spin systems 64 scans, 5 min tune ("H) -use absolute value mode for
finding "Je 1 as above; at least 128 scans significant phase distortions

[a] Experiment (relative sensitivity). [b] Typical: 25 mm. Dilute: 1-5 mm. [c] Abbreviations: at (acquisition time, s), d1 (delay between
scans, s), ni (number of increments), jIxh (estimated 'Jc y, Hz), jnxh (estimated "~!Jc y, Hz), mix (mixing time, s). [d] Bold operations
required; others recommended. [e] LP = linear prediction.
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Figure 1. A dilute one-scan 1D "H NMR spectrum of menthol. Bold numbers identify each proton. (500 MHz, 0.5 mg in 700 uL CDCl;
= 5 mm).

lows the “degree of unsaturation,” U, or “index of hydrogen

deficiency” to be calculated:['®!
U=C+1-YH+X-N) 1)

where C is the number of carbon atoms, H is the number
of hydrogen atoms, X is the number of heteroatoms with
valence 1 (e.g., halides), and N is the number of hetero-
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atoms with valence 3 (e.g., nitrogen). U is the sum of the
number of rings and multiple bonds present in the molecule
and gives a useful starting point for analysis. Further infor-
mation can be obtained from IR or UV/Vis spectra. The
methods can quickly identify some functional groups; for
example, many heterocycles have distinctive UV/Vis absorp-
tions. For unknowns whose 1D '3C NMR spectrum is avail-
2673
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able, reference to empirical tables of chemical shifts or com-
puter predictions can give a wealth of information about
what functional groups are present.!'!]

2.2. One-Bond Heteronuclear Correlation (HSQC)

The next step is to identify each proton uniquely by using
the HSQC (heteronuclear single quantum coherence) ex-
periment.!”l The position of each peak in this phase-sensi-
tive 2D experiment (one proton and one carbon axis) repre-
sents the chemical shift of every proton and its directly at-
tached carbon. The major advantage of this procedure is
that overlapping multiplets often become clearly separated
peaks with identifiable chemical shifts. This works because
resonances previously confined to one dimension (proton)
become spread out over two dimensions (proton, carbon).
For example, the HSQC spectrum of menthol shows thir-
teen unique correlations, clearly identifying the six closely
spaced protons H(9)-H(14) (Figure 2).

In addition, the phase of each peak (typically represented
with color) indicates whether its corresponding carbon
atom is bonded to an even or odd number of protons.['®]
Usually, this eliminates the need for edited 1D '*C NMR
experiments such as APT! or DEPT.!?” Thus, dia-
stereotopic protons corresponding to methylene pairs can
be readily identified, allowing geminal (two-bond) and vici-
nal (three-bond) COSY cross peaks to be distinguished. For
example, in menthol, such methylene pairs are clearly
CH,(3,10), CH»(4,13), and CH»(5,9). Nondiastercotopic
methylene pairs typically appear with roughly twice the in-
tensity of nearby peaks.

Under typical conditions [hereafter defined as the use of
a 5mm inverse-detection probe with a 25 mm solution,
which corresponds to 2.7 mg of compound (MW = 500)
dissolved in 700 pL of solvent], this experiment requires ap-

proximately 1 h. Fair quality survey spectra can be obtained
under the same conditions after only 15 to 30 min. This
high sensitivity is possible because the experiment is proton-,
rather than carbon-, detected (“inverse detection”).

In general, HSQC spectra are very simple to interpret
and free of artifacts. HSQC is substantially superior to the
more common alternatives HMQCP! and HETCORP? in
terms of sensitivity, resolution, and spectral quality. By de-
fault, HSQC is optimized for a typical value of 'Jey =
140 Hz. Protons with unusually high s character (e.g., ter-
minal alkyne protons: 'Jc i = 250 Hz) may be attenuated
or absent. Similarly, methyl protons arising from silyl pro-
tecting groups (e.g., fert-butyldimethylsilyl: 'Jc i = 120 Hz)
are often missing.??! Fortunately, the estimated value of
'Jc.u can be tailored to the compound being analyzed (al-
though this is rarely required). Appropriate experimental
parameters for the HSQC and other experiments for a
range of situations are given in Table 1.4

2.3. Working with NMR Spectroscopic Data

A convenient and effective method for working with
large amounts of NMR spectroscopic data is demonstrated
in Table 2 for menthol. For unambiguous identification,
each unique group of protons is assigned a numerical label
(ID) by using the HSQC spectrum (by convention, in as-
cending order from downfield to upfield). Proton and car-
bon chemical shifts are found from the center of 1D (when
resolved or available) or HSQC peaks and are reported to
two decimal places. Where resonances are very closely
spaced but distinguishable, care is taken to label them con-
sistently by using higher precision for chemical shifts if nec-
essary. The chemical shifts of quaternary carbon atoms!'®!
can be obtained from 1D '3C NMR spectra (if available) or
HMBC/CIGAR correlations (see below). The number of
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Figure 2. The HSQC spectrum of menthol assigns each proton to its directly attached carbon. H(9)-H(14), which clearly overlap in the
1D "H NMR spectrum, are clearly separated here, whereas methylene pairs CH,(3, 10), CH,(4, 13), and CH(5.9) are readily identifiable.
The 1D '3C NMR spectrum (F1 axis) is shown for clarity, but is not required for interpretation. Labels: proton ID. Phases: CH or CHj;

(black, no parentheses), CH, (gray, labels in parentheses).
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Table 2. NMR data for menthol (CDCI5).
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ID 0 [ppm] #of Hs  Type Multiplet Structure Connectivity Correlations
'H 13C Type Couplings [Hz] HMBC [ppm] COSY-45®!
1 341 71.53 1 CH td 104x2,43 23.10, 25.82, 31.62, 45.03, 50.12 3,8, 10
2 2.17 25.82 1 CH sd@l 7.1X6,29 16.07, 21.00, 23.10, 50.12, 71.53 8,11, 14
3 1.97 45.03 1 CH, dddd 12.1,3.8%2, 2.1 22.20, 31.62, 34.51, 50.12, 71.53 1, (4), 6, 10
4 1.66 34.51 1 CH, dddd 34x%2,6.1,124 23.10, 31.62, 45.03, 50.12, 71.53 (3),9, 13
5 1.61 23.10 1 CH, dq 12.9,3.3X3 31.62, 34.51, 50.12, 71.53 8,9, 13
6 1.43 31.62 1 CH m (complex multiplet) 22.20, 34.51, 45.03 3,12
7 1.35 - 1 exch. br. s - - -
8 1.11 50.12 1 CH dddd 12.1,10.3, 3.2 X2 16.07, 45.03, 71.53 1,2,5
9 0.97 23.10 1 CH, m (overlap) 34.51, 50.12 4,5
10 095 45.03 1 CH, m (overlap) 22.20, 71.53 1,3
11 092 21.00 3 CH; d 7.4 16.07, 25.82, 50.12 2, (14)
12 091 22.20 3 CH; d 6.9 31.62, 34.51, 45.03 6
13 0.84 34.51 1 CH, dddd 124x2,3.2, 1.1 (overlap) 4,5
14 0.81 16.07 3 CH; d 7.1 21.00, 25.82, 50.12 2, (11)

Quaternary carbon atoms: none

[a] Septet of doublets. [b] Long-range couplings are indicated with parentheses.

protons corresponding to each group is determined from
1D '"H NMR integrations and HSQC phases, whereas pro-
ton—proton coupling constants can be extracted rapidly
from first-order multiplets by using the method described
by Hoye.**! Correlations from other experiments are stored
in additional columns. To avoid bias, one should adopt the
convention of impartially recording a full data set (HSQC,
COSY, HMBC; see below) before attempting analysis. The
experimental parameters and chain of reasoning used to es-
tablish the proposed structure should also be recorded for
future reference.

2.4. Homonuclear Correlation Spectroscopy (COSY,
TOCSY)

With every proton uniquely identified, the next task is to
deduce the structures of small fragments by using COSY to
identify the relationships between protons on adjacent car-
bon atoms (vicinal couplings). In the COSY-45 experi-
ment,?®l an improved®” version of the more widely used
COSY-90 experiment (see Figure S12 for a comparison),
each peak represents a through-bond coupling between two
protons. Typically, all geminal, many vicinal couplings, and
some long-range couplings will appear. Because HSQC
identifies methylene pairs, geminal couplings can be imme-
diately removed from consideration. Long-range couplings
can also be identified by their low intensity. In addition,
they tend to be more visible on the F2 side of the diago-
nal.”® Thus, vicinal couplings can be identified by elimi-
nation, allowing the construction of structural fragments
(see below for examples).

TOCSY (total correlation spectroscopy), a related tech-
nique, is particularly useful in two situations: revealing iso-
lated spin systems (particularly useful in polysaccharides
and peptides) and simplifying overlapping spectra. In its
most useful variant, ID-DPFGSE-TOCSY (double pulsed-
field gradient spin echo),?”! a “spin-lock” transfers magne-
tization from a selected proton to other protons in the same
spin system. In many cases, increasingly remote protons are

Eur. J. Org. Chem. 2008, 2671-2688
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revealed by setting longer mixing times. This provides a
quick method of assessing the proximity of two resonances
(Figure 3).13% The resulting 1D '"H NMR subspectrum only
shows protons from the same spin system, often removing
the interference of overlapping peaks. Unlike COSY cross
peaks, TOCSY correlations can be observed between two
protons that have no significant J coupling. Highly sensi-
tive, 1D-TOCSY requires no special calibrations and gives
excellent resolution. It can be performed in less than five
minutes, even with a dilute sample. Occasionally, minor
phase distortions will appear and can be ameliorated by
displaying the spectrum in absolute value mode.

N BN -

M I\ LJU“ 20 ms

Mh 10 ms

LI I R B | LI I B I L L L ) L L B

35 2.0 1.5
Chemical Shift [ppm]

Figure 3. 1D-DPFGSE-TOCSY irradiation of H(1) in menthol.
The extent of magnetization transfer depends on mixing time:
10 ms, 3 bonds; 20 ms: 4; 30 ms: 5; 60 ms: near-complete transfer.

2.5. Multiple-Bond Heteronuclear Correlation (HMBC,
CIGAR)

Once several structural fragments have been deduced,
they can be combined to establish the overall skeletal con-
nectivity. The HMBC (heteronuclear multiple-bond corre-
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lation) experiment is ideal for this purpose.?!l In this abso-
lute-value 2D experiment (one proton and one carbon axis),
each peak represents a proton within two or three bonds of
a carbon atom. Correlations are often transmitted through
intervening heteroatoms and quaternary carbon atoms.
Therefore, this method can connect fragments whose ter-
mini have no visible COSY cross peaks (for example, the
termini protons could reside in separate spin systems, have
small proton—proton couplings for conformational reasons,
or be obscured by spectral overlap). In addition, it can con-
firm or supplement COSY data for fragment generation. In
menthol, the observation that CH;(11) and CH;(14) have
mutual correlations indicates the presence of an isopropyl
fragment.

Although HMBC is significantly less sensitive than
HSQC, requiring 2-4 h under typical conditions (defined in
Section 2.2), survey spectra can still sometimes be obtained
in 30 min. Regardless of spectral quality, small pairs of
peaks will often appear on either side of strong signals (Fig-
ure 4). These one-bond correlation artifacts appear at the
chemical shift of their parent carbon atom, but are split
along the proton axis by 'J¢ g (120-250 Hz; mean: 140 Hz).
Aromatic or conformationally rigid systems will occasion-
ally show weak four- or five-bond couplings, particularly
when the proton and carbon atoms are separated by copla-
nar bonds,*? whereas geminal couplings to sp> carbons and
gauche vicinal couplings to axial protons in fused cyclohex-
anes are often weak or missing. The absence of expected
correlations is common and cannot be construed as evi-
dence for or against a proposed structure.

The CIGAR (constant-time inverse-detected gradient ac-
cordion rescaled) variant of HMBC is a useful alternative
for unknowns possessing closely spaced *C resonances.*
Although it improves the suppression of one-bond artifacts,
detects a wider range of correlations, and gives higher reso-

lution spectra, it should only be used if HMBC is unsatis-
factory because of its significantly reduced sensitivity (Fig-
ure S10). By contrast, 'H-'>"N HMBC is a practical and
powerful source of information for alkaloids, despite the
fact that it is approximately five times less sensitive than
'H-13C HMBC.B4

2.6. Example: Structural Connectivity of Menthol

Menthol provides a simple example of the process of de-
ducing the structural connectivity by generating fragment
structures (Figure 5). Although fragments can be generated
from any starting point, methyl groups, olefins, and carbon-
yls are usually good starting points. In the following, let
CHs(m, n), CHy(m,, m»,, n), CH(m, n), and C(n) denote par-
ticular methyl groups, methylene pairs, methines, and qua-
ternary carbon atoms, respectively, where m; and n denote
proton identifiers and carbon chemical shifts, respec-
tively.[!8]

Menthol has a molecular formula of C;,H»,O (one de-
gree of unsaturation). Its 1D "H NMR spectrum suggests
the presence of one aliphatic alcohol moiety (Figure 1). Be-
ginning with the methyl groups, note that both CH5(11) and
CHj5(14) share a vicinal COSY correlation to CH(2) (iden-
tified by HSQC as a methine). This suggests a dia-
stereotopic isopropyl fragment, a supposition confirmed by
the mutual HMBC and long-range COSY correlations be-
tween CH;(11) and CH;(14). CH(2) has a further vicinal
COSY coupling to H(8) (HSQC identifies this as a meth-
ine), suggesting fragment 7. CH(8) has additional vicinal
COSY correlations to CH(1) and H(5), a member of
CH,(5,9). The downfield nature of CH(1) indicates an adja-
cent oxygen atom. Because menthol has exactly one oxygen
atom, this must correspond to OH(7), as shown in fragment

1l
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l M, i Ark ,»\JL W %M-‘\, -
1 2 3 45 67 E
— D 16
E 1 8 | L
— =% F 24
[~} @a0 32 ?
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S o k)
£
- @ & e @ 2
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64
; g @ [ =} 8o o
> 5
T T T T T T T T T L — T T T T T =
3.5 3.0 2.5 2.0 15 1.0 0.5

F2 Chemical Shift [ppm]

Figure 4. HMBC spectrum of menthol. Each peak is a proton bonded to a carbon atom two or three bonds away. Some of the spurious
one-bond doublets (J = 'J¢ ) are marked with arrows. At lower contour levels, many more correlations (and artifacts) are visible.
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8 CHyX CHyX CHoX - & of CH(1): adjacent oxygen
X X H
H H_~85 X
1;71.53 1-8 - HMBC (max 3 bonds away):
2:1and 5,9
@ - COSY/HSQC:
CH(1)-CH,(3,10)-CH(6
HO18 X HHo X :o H x (1)-CHx(3,10)-CH(86)
1-3 10( 8-3,10
3,10; HCo \4
45.0 CHX, \S’HXZ 1-6 CHX,
6;31.62 3.6
- COS8Y: CH(6)-CH3(12) present
HO X HO X HO X but no more vicinal couplings
are visible
CH,X 6-4,13
8 4?13; 34.51 H X G X - HMBC: 6-4,13 (last atoms used)
C:'za 22.10 \S 6-72L'CH3
________________ .o
HO HO.

1) 513, 94

- COSY, HMBC correlations connect termini

11 - menthol (final assignments)

Figure 5. Fragment assembly for menthol. Numbers denote proton identifiers and carbon chemical shifts.

8. This connectivity is confirmed by HMBC correlations
CH(2)-CH(1; 71.53) and CH(2)-CH,(5,9; 23.10). CH(1)
has further vicinal COSY correlations to CH»(3,10), which
in turn has a vicinal correlation to CH(6). The connectivity
in updated fragment 9 is supported by HMBC correlations
CH(8)-CH»(3,10; 45.03) and CH(1)-CH(6; 31.62). CH(6)
has a vicinal COSY correlation to CH;(12), but further cor-
relations are obscured by spectral overlap. However, CH(6)
has an HMBC correlation to CH»(4,13; 34.51), indicating
fragment 10. This incorporates all the atoms in the mole-
cule. The unknown termini can then be joined to give 11,
the correct structure of menthol.

3. Determining Relative Stereochemistry

3.1. Nuclear Overhauser Effect (NOE)

In 1977, the availability of 270 MHz spectrometers al-
lowed the 1D '"H NMR spectrum of vancomycin, a glyco-
peptide antibiotic of considerable medicinal importance, to
be partially assigned in terms of structural units found dur-
ing chemical degradation.**] During the course of this
work, it was observed that when certain resonances were
selectively irradiated (for “homonuclear decoupling”; see
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section 3.2), the intensity of spatially proximal resonances
was reproducibly attenuated. This phenomenon, in which
the irradiation of one resonance changes the intensity of
nearby resonances, is known as the NOE and is a powerful
method for determining relative stereochemistry. For exam-
ple, further NOE experiments revealed that the stereochem-
istry of the atropisomeric diaryl ether region, previously as-
signed by analogy to that determined for the degradation
product CDP-I was incorrect.

Of course, the determination of absolute stereochemistry
is also an important task. Although the derivitization of
chiral alcohols and amines with Mosher’s reagent, a-meth-
oxy-a-trifluoromethyl-a-phenylacetic acid (MTPA), has
been the most widely used method, many other protocols
are now available. As these methods were recently consid-
ered in a comprehensive review,*®! the following only dis-
cusses the determination of relative stereochemistry.

NOE correlations are ideal for establishing 1,3-stereo-
chemical relationships in cyclohexanes; for example, the
H(1)-H(6) correlation in menthol establishes a 1,3-syn rela-
tionship between the methyl and alcohol groups. It is less
suitable for establishing 1,2-relationships because the obser-
vation of an NOE between adjacent cyclohexane protons
could be consistent with either a syn or an anti disposition.
However, it is helpful in distinguishing between E and Z
2677
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olefins and exo and endo Diels—Alder adducts. Complex
structures whose conformations may deviate from textbook
geometries should be analyzed with molecular modeling.

The DPFGSE-NOESY experiment is an efficient
method for observing the NOE.? In its 1D variant (one
proton axis), one proton resonance is selectively irradiated
and NOE correlations are observed as oppositely phased
peaks (Figure 6). It is highly sensitive and requires approxi-
mately five minutes under typical conditions (defined
above). This experiment gives significantly fewer artifacts
than the traditional NOE difference experiment. Corre-
lation intensities are often asymmetrical (i.e., proton A to
proton B has a different intensity to that of B to A) and
without calibrations give only a qualitative measure of dis-
tance; typically, the level of enhancement is reported as
strong, medium, or weak. In its phase-sensitive 2D variant
(two proton axes), all correlations are sampled and appear
as off-diagonal cross peaks; here, the diagonal is negatively
phased and cross peaks are positively phased. Although this
requires significantly more experimental time, closely
spaced peaks are distinguished more readily.

The intensity of NOE correlations is heavily influenced
by molecular weight and the choice of mixing time.*¥! Very
small molecules (MW < 200 Da) have inherently weak
NOE correlations, and may require the increased sensitivity
of the 1D-NOESY sequence for detection. Intermediate-
sized molecules (MW > 750 Da) can give very weak or even
negative NOE intensities and are best analyzed by using
the transverse DPFGSE-ROESY (rotating frame NOESY)
sequence.*”1 Also available in 1D and 2D forms, this experi-
ment is operationally identical to the NOESY experiment,
but shows all correlations as positive peaks, regardless of
molecular weight. Mixing times are typically chosen to be
between 0.3 and 0.6 s. Mixing times must be long enough
to allow sufficient time for NOE correlations to build up,
while being short enough to prevent signal loss due to relax-
ation. In comparison to smaller molecules, larger molecules
have NOE correlations that build up faster and magnetiza-
tions that relax faster. In addition, ROESY correlations
build up twice as fast as NOESY correlations; therefore,

1 1D "H spectrum

!

irradiated peak

""“-\

1D NOESY spectrum

2

positive: correlation
between H(1) and (2)

|

large molecules require shorter mixing times than small
ones (Table 1).

The most common artifacts in NOESY and ROESY
spectra are due to COSY transfer or chemical exchange
(Figure 6). COSY correlations appear with a characteristic
alternating phase and are common when two protons share
a large vicinal diaxial coupling.™’ Chemical exchange
peaks appear with negative phase and occur when the ex-
changing protons have a lifetime comparable to the mixing
time. At high concentrations, intermolecular NOE corre-
lations can appear.

3.2. Proton—Proton Coupling Constants!41]

The value of "Jy y varies with conformation according
to the Karplus relationship in a highly reliable manner.[?
In particular, vicinal couplings, Jy 51, are well suited to the
identification of 1,2-stereochemical relationships in cyclo-
hexanes, olefins, and cyclopropanes, and rigid fused ring
systems, whereas *Jy ;y values are usually too small to give
information about 1,3-stereochemical relationships. Cau-
tion must be used when analyzing five-membered rings and
other conformationally flexible systems because averaging
may allow two diastereomers to have very similar coupling
constants. Nonetheless, Jyy 51 values and NOE/ROE corre-
lations give very useful and complementary information.
For example, in menthol, CH(8) has four couplings: 12.1,
10.3, 3.2 X 2 Hz. To identify their origins, note the follow-
ing: methines cannot have geminal couplings, isopropyl
CH(2) shows a =3 Hz coupling to H(8), and CH(8) must
share one small gauche and one large anti coupling with its
adjacent methylene protons. Thus, CH(8) and CH(1) must
share a large 1,2-diaxial coupling. This is confirmed by the
couplings of CH(1), 10.4X2, 4.3 Hz: one large and one
small coupling to its adjacent methylene and one large 1,2-
diaxial coupling to CH(8). With the strong H(6)-H(1) NOE
correlation establishing a 1,3-syn relationship between the
methyl and alcohol groups, the correct stereochemistry of
menthol (11) is clear.

3 45 67 9-12

8
positive and negative:
H(1) and H(8) COSY

negative: exchange
due to OH(7)

T T T T T

3.5 3.0 25

T T T T T T T T T T T T T T

2.0
Chemical Shift [ppm]

| BRLINNLENL L N S B S B S S B B B B B B B S B e S

Figure 6. 1D NOESY spectrum of menthol. Positive peaks indicate through-space correlations between two protons. Note that real NOE
correlations appear alongside exchange and COSY artifacts, which have readily identifiable phases.
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H- - - H(8), dddd,
J=12.1,10.3, 3.2x2 Hz
iPr
Me OH

) H--H(1), td, J=10.4x2, 4.3 Hz
unresolved

strong NOE
11 - menthol

The easiest way to obtain values of "Jyy iy is to extract
them directly from first-order multiplets by using the ef-
ficient procedure reported by Hoye and coworkers.>>] When
spectral overlap or strongly coupled spectra (see below) pre-
cludes direct extraction, the simplest solution is to obtain
1D 'H NMR spectra in different solvents (J values gen-
erally remain constant between solvents unless hydrogen
bonding is involved).I'] 1D '"H NMR subspectra, obtained
by taking slices along the proton (F2) axis of HSQC spec-
tra, can give estimates of the relative size of couplings (Fig-
ure 7). This method is well suited to distinguishing the axial
and equatorial protons of methylene pairs in cyclohexanes;
for example, in menthol, Hcy(3) appears as a doublet,
whereas H,(9) appears as a quartet. This works because
only large couplings appear within such subspectra: equato-
rial protons contain only one large geminal coupling,
whereas axial protons can contain large diaxial couplings
as well. However, the size of the couplings measured by
using this method tend to be unreliable.

H(3), "d", J=2JH,H
equatorial

T T /A T T T T T T
2.0 1.9 1.8 1.0 0.9 0.8

Chemical Shift [ppm]

Figure 7. A slice along the proton axis (F2) of the HSQC spectrum
of menthol. Peaks only show large couplings, allowing axial and
equatorial protons to be distinguished.

A more accurate approach is to use ID-TOCSY to selec-
tively irradiate a clearly resolved proton that lies in the same
spin system as an obscured one.[*3] For example, irradiation
of H(1) in menthol clearly shows adjacent and previously
overlapping H(9) as an approximate quartet with coupling
constant 11.6 Hz (Figure 3, 20 ms), a result consistent with
the corresponding HSQC subspectrum. In general, a mix-
ing time of 20 ms will limit TOCSY transfer to three bonds.

When a proton has too many couplings to be well re-
solved, homonuclear decoupling can sometimes simplify its
appearance.*¥! In principle, this technique gives a 1D 'H
spectrum in which all couplings to a selected proton have
been removed. The result is that complex multiplets can col-
lapse into simpler ones whose coupling constants can be
measured; for example, homonuclear decoupling of H(2) in
menthol removes the corresponding 3 Hz coupling from
H(8), producing a ddd (J = 12.2, 10.2, 3.4 Hz), an observa-
tion consistent with the previously extracted coupling con-
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stants (Figure 8). This technique only works in some cases
because the decoupled spectra can remain too complex or
contain distortions; for example, homonuclear decoupling
was unable to simplify H(6) enough for direct analysis.

M I Y.

), coupling
/N‘L AL

T L T T
2.00 1.75 1.50 1.10
Chemical Shift [ppm]

1D 'H

decoupled
T

Figure 8. Simplification of multiplets with homonuclear decoup-
ling.

Alternatively, couplings can be determined by using
phase-sensitive COSY techniques such as DQF-COSY
(double quantum-filtered COSY)*I or E-COSY (exclusive
COSY).*®l In these experiments, adjacent components of
a particular cross peak appear with alternating phase. In
principle, the spacing between components corresponds to
the active coupling.*”] However, protons can have many
small long-range couplings in addition to large geminal and
vicinal couplings, giving rise to complex multiplet patterns.
If unresolved, their presence can significantly complicate
analysis. Consequently, these COSY experiments may re-
quire much more experimental time than COSY-90 or
COSY-45 would.

Caution should be exercised when extracting coupling
constants from multiplets whose coupled partners are close
in chemical shift. For example, suppose 3J4 x is being used
to distinguish between epimers 12a and 12b in the typical
ABX system shown below (assume there are no protons on
R). Normally, one large (8 to 13 Hz) and one small (0 to
6 Hz) coupling constant would indicate 12a, whereas two
small coupling constants would indicate 12b.

Hy 12b) OR

R Hg Hg

Jpx = large
JB‘)( = small R

Jax = small

= I
R OR Jgx = smal

Ha Ha

Hx

However, as the chemical shift difference (Av) between A
and B decreases relative to Ja g, the apparent and real
couplings can deviate significantly (see Figure 9; typically,
deviations become apparent when 10Ay < "Jy ). In this
example, distortions first appear as a “roof effect” (Fig-
ure 9a). In the limit that Av = 0, Hx becomes an apparently
misleading triplet (J = 6.0 Hz), despite its actual couplings
of 9.0 and 3.0 Hz (Figure 9d). In general, multiplet spacings
in “second-order spectra” do not correspond to the actual
couplings in any simple way (“virtual coupling”); in fact, it
is even possible to observe many more lines than ex-
pected.*?) This situation often arises in complex molecules
and can be detected by changing the magnetic field
strength: higher-order multiplets appear increasingly anom-
alous at lower field strengths. Coupling constants can be
2679
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X B A of measuring "Jc was to obtain nondecoupled 1D 3C
20 Jeas JML NMR spectra of isotopically enriched compounds.>)
1=2.9, J,=8.

Newer, more sensitive methods allow the use of natural
abundance samples by detecting proton, rather than car-
bon, magnetization (“inverse detection”).’!] The stereo-
chemistry of many acyclic chains, for which "Jy iy and NOE

Av
J;=2.8, J,=8.6

(b) Av=64 Hz measurements alone are inconclusive, can be elucidated by

using "Jc i values.?! The magnitude, sign, and conforma-

=55, 4,=6.4 tional dependence of proton—carbon couplings is similar to
© A8 Ha that of proton—proton couplings (Figure 10a).>3 Geminal

(a) Av=160 Hz

=

couplings (2Jc ) are usually negative, whereas vicinal coup-
lings (3Jcp) are usually positive (the sign®¥ of a coupling

J constant reflects whether the two spins are more stable
(Id) ! M, ot e when paired or opposed).>> In cyclic systems, "Jcy can
390 400 410 23 22 21 20 give information about both 1,2- and 1,3-stereochemical re-
Chemical Shift [ppr] lationships; for example, in menthol, *Jcgis3nes) =
—6.3 Hz, indicating a 1,2-anti relationship between the iso-
propyl and alcohol groups, whereas Joo1s3)me) =

,=6.0, J,=6.0

Av=0 Hz

Figure 9. Virtual coupling can significantly affect apparent coup-
ling constants. Shown: simulated spectral®®! for an ABX system and
their apparent coupling constants [Hz]. As the chemical shift of B
approaches that of A, deviations increase: (a) Av/Jo = 10, slight o, g
roof effect; (b) Av/Ja g = 4, significant roof effect; (c) Av/Jx 5 = 0.5, (a) geminal: “Je vieinal: “Je
major distortion, misleading couplings; (d) Av/J, s = 0, apparent

OR OR C Cc
couplings are average of actual couplings. Simulation parameters: H H
O0(Hx) = 4.00 ppm, d(HA) = 2.00 ppm, Jo 5 = 16 Hz, Jgx = 3 Hz,
Jax = 9 Hz, 500 MHz spectrometer, 2 Hz linewidth.

H H

laboriously extracted from such second-order spectra by 0-2 Hz 5-7 Hz 6-8 Hz 1-3 Hz
computer simulations or obtained from solvent-shifted 2Jc 1 determined by 3Jc p determined by
spectra. Fortunately, neither HETLOC nor TOCSY mea- OCCH dihedral angle CCCH dihedral angle
surements of "Jc 1y (discussed below) suffer from this prob- (b) H -6.3Hz OH
lem because one proton is always bonded to '3C (the large ﬂ\ c Pr
'Je.u coupling effectively removes the chemical shift equiv- ¢-oH P \F\ZH\
alence). *20Hz H +7.5Hz
small angle: large 2JC'H small large
angle angle

3.3. Proton—Carbon Coupling Constants
. . . Figure 10. (a) Dependence of carbon—proton coupling constants on
Until recently, the use of "Jc i values for structural eluci-  conformation; (b) selected C,H coupling constants (HETLOC) in

dation was relatively uncommon because the best method  menthol.

"~ oMM

AT T B o
3 4 5 6 7 8 £3.20
@ ef @ s
330 =
E g
positive negative £ 3.35 =
tilt tilt R
1 E [
1 Jc(1),H(1) 3J 2J ;3.40 cé)
+139.7 Hz C(1),H(5) C(1),H(@) E 2
+7.5Hz 6.3 Hz - 3450
E w
350
@ & 000 .o

L B L B R R R N R N R R R RN R RS RN T T T T

2.0 1.9 1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1
F2 Chemical Shift [ppm]

Figure 11. H(1) region of the HETLOC spectrum of menthol. The horizontal displacement of each doublet represents "Jc j5. The sign of
the couplings is given by the direction of slant relative to the diagonal for each pair of peaks, often allowing geminal and vicinal couplings
to be distinguished.
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+2.0 Hz, indicating a 1,3-syn relationship between the
alcohol and methyl groups (Figure 10b).

The HETLOC (heteronuclear long-range coupling) ex-
periment described by Uhrin and coworkers is a robust and
sensitive method for measuring "J¢c .5%1 This phase-sensi-
tive 2D experiment (two proton axes) shows generally the
same cross peaks (all positively phased) as a COSY spec-
trum. Each cross peak appears as a doublet split by 'Jc i
along F1 and "Jcy along F2 (Figure 11). Because 'Je
>> 23] (=140 vs. 5 Hz, on average), each doublet is
widely separated in F1 and slightly separated in F2. This
method can only measure a coupling between a protonated
carbon and a proton residing in the same spin system. As
such, it cannot measure couplings to, or through, quater-
nary carbon atoms (other methods, not discussed here, can
measure these couplings; unfortunately, these methods are
less sensitivel!). The tilt of each pair relative to the diago-
nal can distinguish between geminal and vicinal couplings
by indicating the sign of the coupling; for example, a pair
of peaks tilted opposite to the diagonal indicates a negative
coupling (the diagonal only contains 'Jc y; couplings, which
are always positive). A key part of the experiment incorpo-
rates a TOCSY-type mixing time of user-defined length. In
general, a mixing time of 20 ms will show most geminal and
vicinal couplings. Longer mixing times can substantially in-
crease spectral complexity and reduce the signal-to-noise
ratio.

An alternative method, suitable for quickly measuring a
few "Jc gy values, was recently reported by Espinosa and
coworkers.57! In this technique, a 1D 'H NMR spectrum is
examined to identify the !3C satellites of a peak of interest.
The 1D-TOCSY sequence is then used to irradiate these
satellites separately and selectively. Coupling constants are
extracted by measuring the different positions of the
TOCSY correlations in the two spectra (for details, see Fig-
ure S11). This approach appears to give good results within
one hour for samples as dilute as 15 mm and is appealing
because it is simple and can quickly resolve a given stereo-
chemical ambiguity. It requires that the !*C satellites of the
peak of interest be separated from other peaks and visible
within several scans. As before, couplings to, or through,
quaternary carbon atoms cannot be measured this way.

4. Verifying Proposed Structures

Although NMR methodology is now useful for the eluci-
dation of even the most intricate small molecules, the com-
plexity of the required data analysis requires that any pro-
posed structure be verified rigorously. In some cases, pro-
posed structures can be corroborated by single-crystal X-
ray analysis. However, single crystals are often unavailable,
and in rare cases, X-ray structures have been found to be
incorrect (e.g., diazonamide AP%1). Indeed, the structures of
many natural products have been revised or placed under
reconsideration in light of additional evidence. Such evi-
dence can take many forms; for example, dissimilar ad-
ditional members of a family of natural products might be
isolated and render a proposed structure inconsistent with
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a proposed common biosynthetic scheme. More often, total
synthesis has revealed inconsistencies between proposed
structures and natural materials. Even today, synthesis re-
mains the gold standard for the proof of a proposed struc-
ture. In the following, we discuss common strategies for
structural verification and highlight some high-profile ex-
amples of incorrectly elucidated natural products.

At a basic level, several steps should be taken to avoid
errors: each entry in the data table should be checked; every
inference should be recorded and supported by more than
one data point; and once a structure has been proposed,
the entirety of the data should be reexamined to ensure that
there are no inconsistencies. Indeed, significant errors can
occur when contradictory data are ignored in an attempt to
fit observations to a preconceived structure. For example,
the structure of the natural product hexacyclinol was origi-
nally thought to be endoperoxide 12.1°! However, computa-
tions!®’ later suggested that the chemical shifts were more
consistent with bis(epoxide) 13, a hypothesis that was re-
cently confirmed by total synthesis.’'] An analysis of the
original reportl®? suggests that at least three errors were
made: H(12) is located at 0 = 3.62 ppm, not 3.55 pm; H(12)
is directly attached to a carbon atom at 6 = 41.0 ppm, not
40.4 ppm; and H(19) is directly attached to a carbon atom
at 0 = 40.6 ppm, not 40.9 ppm. These errors likely resulted
from insufficient carbon resolution in the original hetero-
nuclear correlation spectra.l®3 In retrospect, the chemical
shifts of 12 seem unusual, even without computations (Fig-
ure 12). Although very useful, empirical knowledge of
chemical shifts should be used in conjunction with other
data, because atoms in unusual chemical environments can
experience misleading chemical shifts. Fortunately, com-
mercially available computer programs can not only accu-
rately predict chemical shifts, but also independently pro-
pose structures given an NMR spectroscopic dataset.[04]

13 - corrected structure

12 - original structure

Figure 12. Structures of hexacyclinol. The chemical shifts are
clearly more consistent with 8: 3.62 [s, H(12)], 3.59 [d, J = 5.3 Hz,
H(19)] ppm.

One structure currently under reconsideration is that of
palau’amine, a marine natural product with purported anti-
cancer activity. Crucial to the original cis assignment (14)
was the 14.1 Hz coupling between H(11) and H(12). Al-
though this is a rather large value for a cis-fused bicy-
clo[3.3.0] system, an analogy was made to leucodrine,®*! an-
other spiroannulated five-membered ring (18). Although
neither X-ray analysis nor total synthesis has yet been pos-
sible, the recent isolation of related compounds tetrabromo-
2681
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palau'amine tetrabromo-
(original structure 14) styloguanidine (15) konbu'acidin B (16)
3Uy142 = 14.1 Hz %1112 = 14.4 Hz
NH,
Cl
172N7 "NH 359 =8.3 Hz

3U34=12.4,7.8 Hz

H,N H
5 NH,
H |
N N
o N H Oy
N
| = Br
Y, \_/
palauamine leucodrine (18) Br

(current structure 17)

styloguanidine (15) and konbu'acidin B (16) has led to the
proposal that 17 is the correct structure of palau’amine.[¢¢]
Compound 17 possesses an unusual and energetically less
preferable (calculations: 27.3 kImol™") trans-, rather than
cis-, five-membered ring fusion. The trans assignment of 15
stems from the predicted size of 3J;, 1»: 13.1 Hz and 14.6 Hz
for the cis- and trans-fused isomers, respectively. Because
the experimental value is 14.4 Hz, the fusion was assigned
as trans. Detailed quantitative ROESY measurements fur-
ther verified this assignment. The hypothesis that the other
alkaloids in this family should be similarly reassigned is
supported by the current proposal for their biosynthetic ori-
gin.[06]

Me’ Me |
sclerophytin A
(original structure 19)

sclerophytin A
(computed most stable
diastereomer 20)

R=H sclerophytin A (21)
R=Ac sclerophytin B (22)

The case of sclerophytin A, a diterpene isolated from a
soft coral, is noteworthy for the roles that both spec-
troscopy and synthesis played in its elucidation. Although
initially proposed to be 19 [note the confusing stereochemi-
cal descriptors at C(3)],I°7 both the original spectroscopic
data and subsequent X-ray and CD data are equally com-
patible with 20. Because computational studies suggested
that 20 is by far the most stable of all the possible C(3)/C(7)
diastereomers of 19, synthesis efforts were initiated towards
20.%1 Unfortunately, neither the chemical nor the spectro-
scopic behavior of 20 matched that of sclerophytin A. A
reevaluation of the original isolates®”! soon revealed two
significant discrepancies: a molecular formula of C»,H3405,
not C,,H34,04, (NMR, CI-MS, LC/ESI-TOF-MS) and the
presence of hydroxy groups (IR) in sclerophytin B, the
monoacetylated congener of sclerophytin A. With the aid
2682
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of HMBC and other experiments, revised structure 21 was
proposed. Note that 21 contains one, not two, ether bridges.
This hypothesis was then confirmed by synthesis.[”"!

Although the specifics of what led to the originally mis-
leading mass spectroscopic data remain unclear, the original
isolation workers apparently relied on the APT techniquel'”!
to assign the 1D '3C NMR peaks to methyl, methylene,
methine, or quaternary carbon atoms.'® Therefore, any
protons that were not attached to carbon were missed. Had
an HSQC spectrum been obtained, it might have been no-
ticed that some protons had no corresponding carbon
atom. Similarly, a close examination of NOESY spectra
might have revealed the presence of negative correlations
indicative of chemical exchange.

H
HO CeHs

lepadiformine lepadiformine
(original structure 23) (reassigned structure 24)

retipolide A (25)

Lepadiformine, a marine alkaloid, presents a similar case
where a structure based on misleading mass spectroscopic
data was corrected by total synthesis.”!1 In this case, confu-
sion apparently arose because the original (and highly un-
usual) structure, zwitterionic amino alcohol 23, and the cor-
rected structure, hydrochloride salt 24, have similar chemi-
cal shifts and identical molecular cations. As these examples
illustrate, even the most meticulous NMR spectroscopic
analysis can be stymied by an incorrect molecular formula.
Therefore, the use of high-quality HRMS (high-resolution
mass spectrometry), and if possible, elemental analysis data,
are essential.

o
anhydroreptiolide A
O-s-butyl ether (26)

proposed biosynthetic precursor
retipolide E (27)

The recently reported elucidation of retipolide A (25), a
fungal spiromacrolactone, by Steglich and coworkers repre-
sents a well-executed example of systematic structural eluci-
dation and verification.[”? First, the molecular formula was
obtained from EIMS. Next, structural fragments were as-
sembled and combined from COSY and HMBC data,
whereas the relative configuration was determined from
NOE and proton—proton coupling constants. Finally, the
structure was converted into anhydroreptiolide O-s-butyl
ether 26. Subsequent single-crystal X-ray analysis of 26 was
consistent with the proposed structure.

Further efforts elucidated the structures of other mem-
bers of the retipolide family. Because a biosynthetic con-
sideration of their origin predicted a common precursor,
retipolide E (27), additional plant extracts were prepared.
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By using independently synthesized material for compari-
son, the extracts were purified by HPLC. The isolation of
natural 27 then confirmed the biosynthetic proposal.

5. Case Study: Salvinorin A

The potent hallucinogen salvinorin A was isolated in
1982 from a rare Mexican mint.l”3! Its unique biological ac-
tivity as a x opioid receptor agonist has made it the subject
of recent biological” and syntheticl”! studies. Its analysis
is complicated by the presence of a number of isolated spin
systems, whose members nonetheless show many long-
range COSY couplings. As a result, the use of HMBC is
essential to establishing its structural connectivity.

An initial analysis reveals the following: a molecular for-
mula of C,3H»305 (MS and elemental analysis), a carbonyl
IR absorption (Vy,,x = 1735 cm™!), and considerable overlap
and evidence of second-order effects in the aliphatic region
of its 1D '"H NMR spectrum (600 MHz, CDCl;). Fortu-
nately, the corresponding spectrum in CDCl;/C¢Dg/CsDsN
(1:1:1) is relatively clear (Table 3).7°1 HSQC confirms the
presence of 28 protons: eight methine, four pairs of methyl-
ene, and four methyl groups, leaving seven quaternary car-
bon atoms. HMBC (or 1D '3C) shows a number of low-
field resonances: C(202.36), a potential ketone; C(169.66),
C(171.01), and C(171.75), potential esters or lactones; and
CH(4, 143.79), CH(l1, 139.72), C(125.95), CH(3, 108.80),
two potentially polarized olefins. With 10 degrees of unsat-
uration, and the provisional assumption that 4 carbonyl
groups and 2 olefins are present, it can be concluded that 4
rings are present.

Table 3. NMR data for Salvinorin A (CDCl;/CsDsN/CgDg, 1:1:1).

European Journal
of Organic Chemistry

A number of small preliminary fragments can quickly be
generated. The HMBC correlations between singlet CH3(6)
and C(171.75) suggests methyl ester fragment 28, whereas
the correlation between singlet CH3(13), appearing at § =
1.90 ppm, and C(169.66) suggests acetate fragment 29.
CHj5(19) and CHj3(20), aliphatic singlets, have HMBC cor-
relations to quaternary carbon atoms C(35.52) and
C(42.04), suggesting methyl fragments 30 and 31.

methyl ester acetate methyl methyl
(e} (e} CH3 CH3

TN
HSC\OJkX HZEJLO’X Xj\Jx Xj\Jx

6-171.75 13-169.66 19-35.52 20-42.04

Of CH(1, 139.72), CH(2, 143.79), CH(3, 108.80), and
C(125.93), identified above as parts of two polarized olefins,
the former two are at relatively low field, whereas the latter
two are at relatively high field. The network of COSY corre-
lations suggest an H(1)-H(4)-H(3)-H(2) connectivity
pattern. With each of H(1), H(2), and H(3) having proton
chemical shifts above 6 ppm, it is reasonable to suggest the
presence of a monosubstituted furan. Specifically, the high-
field nature of C(125.93), the ipso carbon, indicates a 3-
substituted furan. In addition, H(4), a doublet of doublets,
has COSY and HMBC correlations to CH,(8, 18, 43.11),
suggesting an adjacent methylene unit. Finally, the down-
field nature of H(4, 71.87) (6 = 5.26 ppm) suggests an ad-
ditional electronegative substituent, identified by HMBC
correlation H(4)-C(171.01) as an ester or lactone linkage.
This gives fragment 32 (Figure 13).

ID 6 [ppm] #of H Type  Multiplet Structure Connectivity Correlations NOESY®™
IH 1BC Type Jiy [H] HMBC [ppm] COSY45

1 717 13972 1 CH s - 108.80 3,4 4,8

2 716 14379 1 CH t 1.5%2 125.93 3 3

3 615 108.80 1 CH s - 125.93, 139.72, 143.79 1,2 2,8

4 520 7187 1 CH dd 11.8, 5.1 4311, 108.80, 125.93, 139.72, 171.01 1,8, 18 1,8, 19

5 512 7538 1 CH dd 12.5,74 30.98, 169.66, 202.36 9,1 7,9), 10

6 34 5166 3 CH; s - 171.75 - 15, 20

7 261 5324 1 CH dd 13.3, 3.0 16.34, 30.98, 38.11, 42.04, 63.27, 75.38, 171.75 9, 10, 11 5,09), 10

8 230 4311 1 CH, dd 134, 5.1 15.16, 35.52, 51.09, 63.27 4,18 1,3,4,19

9 218 3098 1 CH, ¢ 13.0%3 42.04, 53.24, 75.38, 171.75, 202.36 5,7, 10 (5), 10, 20

10 206 3098 1 CH, ddd 13.1,73,33 42.04, 75.38, 171.75, 202.36 57,9 57,9

11 205 6327 1 CH s - 15.16, 35.52, 42.04, 51.09, 202.36 7,19, 20 14

12 201 1850 1 CH, dq 14.1,29X3 35.52, 38.11, 42.04, 51.09 14,15, 16,17 14,16

13 190 2048 3 CH; s - 169.66 - -

14 179 5109 1 CH dd 12.0, 2.6 15.16, 18.50, 35.52, 43.11, 63.27, 171.01 12, 16, 19 11, 12, (16)

15 154 3811 1 CH, dt 13.3,2.6X2 16.34, 18.50, 42.04, 51.09, 63.27 12, 16 6

16 146 1850 1 CH, dq 13.3,2.8 X3 38.11, 42.04, 51.09 12, 14, 15 12, (14)

17 135 3811 1 CH, dt 13.2,34X%2 (overlap) (overlap) (overlap)

18 133 4311 1 CH, t 124 X2 (overlap) (overlap) (overlap)

19 125 1516 3 CH; s - 35.52, 43.11, 51.09, 63.27 11, 14 4, 8,20

20 090 1634 3 CH; s - 38.11, 42.04, 53.24, 63.27 11 6,9, 19

Quaternary carbon atoms: 35.52, 42.04, 125.93, 169.66, 171.01, 171.75, 202.36

[a] Spurious COSY correlations are indicated with parentheses.
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Fragment Structures COSY Correlations HMBC Correlations Key Evidence
32 - H(1), H(2), H(3), C(125.93):
1,139.72 = 2,143.79 H— ONH Hs O H two polarized olefing
\ / 1-4 ( \ /) 3.2 #1/7\ [ \212593 _COSY: H(1)-H(4)-H(3)-H(2)
4,71.87 H 3,108.80 48,18 H H 4125.93(H H - high field jpso C(125.93):
8, 18, XH,C *125.93 XIfI}C 0 4.3 X, 0 5-125.93 3-substituted furan
4311 /&71 01 2 e 2~ - - dd H(4): COSY, HMBC to
X0 4-171.01" X" 0 adjacent CHy(8,18)
- ketone/ester: HMBC H(4)-C(171.01)
Ar O Ar O - 8,18: COSY correlations visible
/U\ )J\ - HMBC: 8-19, 8-35.52 (intercepts
8,18 0" X 19-14 0~ X fragment 30)
{35_52 . 14, 51.00 8-35.52 - additional HMBC: 8-11, 8-14
H,C ] CHXp 14,5 Hac T CHXo 819 H3C Csz 8-14
CHX, CHX
19, 15.16 N2
11, 63.27 1971
"""""""""""""""""""""""" A ;‘"(;"’”"'"""'""'"""""'""""-‘E:‘dé'\?‘sh&&é‘c'dr{ﬁéé{i\}{t;f""""
J\ H(14)-H(12,16)-H(15,17)
o~ X O - CH,(15,17): no further COSY but
HsC X H,3C HMBC: 15-20, 15-42.04
X,HC x2HC (intercepts fragment 31)
H 14-12,16 15-14 ,_/
) 15. 20 14-12,16
X 15,17-12,16  15-42. 04
{20 16.34 HsC X HeC
fragment 31
5-169.66 - remaining protons have COSY
5 75. 3a o 0] 5-202.36 ] connectivity: H(5)-H(9,10)-H(7)
202.36 HsC¥_O0 Y - HMBC: H(5)-C(169.66) (intercepts
13, 20 P T X H X hil X fragment 29), H(5)-C(202.36)
169.66° O s X..--7,53.24 59, 10( X o] X (ketone), H(7)-C(171.75)
o _--171.75 H (intercepts fragment 28)
fragment 29, <= "CH, 6. 51.66 LH CO,Me N
9,10,” [oNe 9,10-7 7-171.75 &
30.98

fragment 26

Figure 13. Fragment assembly for salvinorin A.

Although CH,(8, 18) has no further COSY correlations,
suggesting no adjacent protons, it does have HMBC corre-
lations to C(35.52) and CH;(19), intercepting fragment 30.
With additional HMBC correlations to CH(11, 63.27) and
CH(14, 51.09), updated fragment 33 can be generated. Al-
though H(11) has a COSY correlation to H(7), its appear-
ance as a singlet suggests that this is a long-range coupling.
By contrast, doublet of doublets H(14) has further COSY
correlations, which suggest a CH(14)-CH,(12,16)-
CH,(15,17) connectivity pattern. This pattern is supported
by HMBC correlations H(14)-CH,(12, 18.50) and
H(15)-CH(14, 51.09). As before, CH,(15, 17) has no fur-
ther COSY correlations but has HMBC correlations to
C(42.04) and CH;(20), intercepting fragment 31. This gen-
erates fragment 34. COSY correlations and coupling pat-
terns suggest that the remaining protons, CH(5) (dd),
CH»(9, 10) (q, ddd), and CH(7) (dd) form an isolated spin
system with connectivity as written. Selective 1D-TOCSY
irradiation of CH(5) at successively longer mixing times
confirms this hypothesis. The downfield nature of CH(5) (6
= 5.12 ppm) and its HMBC correlations to C(202.36) and
C(169.66) suggest that its additional ligands are a ketone
and acetate fragment 29, respectively. Finally, the chemical
shift of CH(7), 2.61 ppm, and its HMBC correlation to
methyl ester C(171.75) intercept fragment 28, generating
fragment 35.
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With all the atoms assigned, all that remains is to con-
nect the remaining unknown termini. Of the two possibil-
ities, 36 and 37 (Figure 14), note that it is unlikely that
CH(7) and CH(11) share a vicinal coupling [CH(11) is a
singlet]. In addition, 36 would require several intense
HMBC correlations to arise from four-bond couplings,
whereas 37 would not. Thus, 37 gives the correct connectiv-
ity of salvinorin A.

Ar
MeO,C H Meo,c_H 0
53.24
£° SO
/ﬁi Me 42.04 AcO Me
20, 16.34 o
incorrect structure (36)
Ar
AcO i H i
ﬁ SO
53.24 o 42.04 Me
MeO,C H 20 16.34 MeO.C

correct structure (37)

Figure 14. Connecting unknown termini. CH(11) appears as a sing-
let, precluding 36. Intense HMBC correlations 7-16.34, 7-42.04,
and 20-53.24 would be four-bond couplings in 36 but three-bond
couplings in 37.
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51.66,
37374 MeOz

salvinorin A (37) - final assignments

Within the cyclohexanone, the NOE correlation between
H(5) and H(7) suggests a 1,3-syn relationship between the
acetate and methyl ester. Because both H(5) and H(7) dis-
play one large and one small proton—proton coupling, and
are therefore axial, both the acetate and methyl ester must
be equatorially disposed. Similarly, H(9) displays three large
couplings (one geminal, two 1,2-diaxial) and is also axial.
With NOE correlations H(7)-H(11) and H(9)-H(20) estab-
lishing further 1,3-syn relationships, a trans-decalin ring fu-
sion can be inferred.

To establish the stereochemistry of the lactone ring fu-
sion, note NOE correlations CH3(20)-CH5(19) and H(11)-
H(14). These suggest the relative configuration depicted in
Figure 15. Finally, the NOE correlation between CH;(19)
and furylic CH(4) suggests a 1,3-syn relationship. These as-
signments are confirmed by the coupling constants of the
lactone. These suggest that the conformation of the lactone
deviates significantly from that of a chair. The —5.6 Hz gem-
inal coupling between H(18) and C(71.87) is indicative of a
gauche relationship between H(18) and the lactone oxygen
atom, whereas the —1.2 Hz geminal coupling between H(8)
and C(71.87) is indicative of an antiperiplanar relationship
between H(8) and the lactone oxygen atom. This gives the
correct structure of salvinorin A (which has been confirmed
by total synthesis and single-crystal X-ray analysis).l”3-7"]

(a) NOE correlations (b) proton—proton couplings
11 .
5m Ar I'!(\5), 12.5,7.4 Hz Ar
H H HJY ““H H H’%
O 0

H 0 e
AcO “H AcO < “H
HE I\I/Ie [e] 4 E ‘\\ |\'/|e e}

I\/{e s ___,——H Me ~,
9 55 H(9): 13.0x3 Hz H(7): 13.3, 3.0 Hz
(c) proton—carbon couplings: lactone region
H Ar
N 18] A2Hz
Hl|e-- ,
Ho of J? S 5.6 Hz He
AcO Y e
° . H RO Hel)
E Ve Me o] ring ' 11.8 Hz

)
3JH(4),H(18)=5'1 Hz

Figure 15. Relative stereochemistry of salvinorin A.

6. Experimental Considerations

6.1. Acquisition Parameters

The choice of appropriate acquisition parameters can
significantly affect spectral quality, particularly for dilute
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samples. Two key parameters for 2D experiments are the
number of increments (ni) and the delay between scans.
Both the resolution in the indirectly detected dimension
(e.g., 3C for HSQC) and experimental time are pro-
portional to ni (resolution in the directly detected dimen-
sion is proportional to acquisition time, and is usually not
limiting). In most cases, both the default ni and delay time
are too large (causing insufficient resolution, as discussed
above for hexacyclinol, and signal lost, respectively).['4a]
Table 1 lists recommended parameters for different concen-
trations and molecular weights. In general, more complex
and larger molecules require more increments and shorter
delays between scans.

The experiments described above are best performed
with proton-optimized, or “inverse-detection” probes. Some
experiments (Table 1) require the calibration of 90° pulse
widths (H or !3C) and tuning of the probe immediately
before acquisition. This yields particular benefits for the
HSQC experiment. These simple calibrations can be per-
formed quickly (see Supporting Information). It should be
noted that, for the HSQC experiment, samples are heated
by decoupling during acquisition; therefore, the fraction of
time during each scan spent on acquisition should be lim-
ited to 20% to avoid decomposition (10% for high dielectric
solvents such as [D]DMSO).[''“l The use of variable-tem-
perature regulation, even at room temperature, also helps
mitigate this effect.

6.2. Processing Strategies

The manner in which 2D NMR spectroscopic datasets
are processed can greatly influence spectral quality.[!!e-14]
In general, “processing” refers to the conversion of raw data-
sets that contain two time axes to datasets that contain
two chemical shift axes. By convention, these axes are re-
ferred to as F1 and F2, for the indirectly and directly de-
tected dimensions, respectively (e.g., '*C and 'H for
HSQC). Typically, the raw data are multiplied by apodi-
zation functions in both dimensions before performing a
2D Fourier transform (FT) (apodization increases signal to
noise at the expense of resolution). Most software now con-
tain an interactive mode in which the data before and after
apodization can be compared; the weight of the apodization
function should be adjusted to allow the FID to decay
smoothly. Another procedure that can be simultaneously
used to increase signal to noise by an additional factor of
2 to 4is F1 linear prediction (LP)."71 Also available in many
processing programs, this technique uses a mathematical al-
gorithm to extend the dataset in F1 beyond what was actu-
ally collected.

Here is a specific example: Table 1 suggests “phase sensi-
tive; 4 X LP in F1; Gaussian™ as suitable processing param-
eters for a typical HSQC experiment. For a dataset contain-
ing 128 and 512 points in F1 and F2, respectively, this
should be interpreted as “extend the data in F1 to 4 X 128
= 512 points by using linear prediction to predict points 257
to 512; then multiply the data in F1 and F2 by a Gaussian
2685
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apodization function; and finally, perform a 1024 X 1024
2D FT.” In general, the use of eight coefficients for linear
prediction is sufficient. The size of the FT should be at least
twice the size of the largest number of points collected for
optimum resolution. The term “phase-sensitive” indicates
that peaks in the spectrum will appear either up or down.
Phase-sensitive 2D spectra often require a minor phase ad-
justment, similar to that for 1D spectra. With modern com-
puters, processing typically requires about five minutes.

6.3. Dilute Samples

The analysis of dilute solutions (1-5 mM) often requires
the use of strategies that either increase concentration or
enhance the sensitivity (Table 1). Commercially available
low-volume NMR tubes that contain glass inserts with sol-
vent-matched magnetic susceptibilities above and below the
sample region can increase signal to noise by a factor of
two, but are accompanied by moderate difficulties in shim-
ming and concentration-related spectral changes. The use
of micro- or cryoprobes can also allow the use of smaller
sample containers and increase signal to noise significantly.

In recent years, gradient-selected versions of 2D NMR
experiments have largely replaced their phase-cycled coun-
terparts because they eliminate many of the “t; ridges” as-
sociated with intense signals. However, gradient-selected ex-
periments are inherently 40% less sensitive than phase-cy-
cled ones. Because random noise, not t; ridges, is the pri-
mary source of artifacts in dilute solutions, phase-cycled
HSQC and HMBC spectra actually give superior signal-to-
noise ratio (for various technical reasons, this advantage is
less pronounced for other experiments).[’®) Modest sensitiv-
ity gains can also be obtained by observing HSQC spectra
without the spin-echo option, a modification that results in
a uniform phase for all signals. Although typically acquired
in absolute-value mode, sensitivity gains of approximately
40% and increased carbon resolution can be obtained by
acquiring phase-cycled HMBC spectra in phase-sensitive
mode.”! These spectra are processed in “mixed mode”:
phase sensitive along the carbon axis and absolute value
along the proton axis. Together, these measures make the
analysis of 1-5 umol possible within 12 to 24 h with a stan-
dard 5 mm inverse-detection probe.

7. Outlook and Conclusion

Although the use of through-bond correlation maps to
establish structural connectivity is likely to remain standard
procedure, newer technologies may soon supplement the
use of the NOE and coupling constants for the determi-
nation of relative configuration. In particular, the use of
residual dipolar couplings (RDCs) has great potential.[8]
RDCs arise when the magnetic flux from one nucleus af-
fects the magnetic field at another. This interaction is mani-
fested as a coupling of size J + D, where J is the original
coupling between the nuclei and D is the RDC. Although
D depends strongly on both distance and orientation rela-
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tive to the external magnetic field, averaging due to tum-
bling ordinarily reduces it to zero. To access RDCs, par-
tially anisotropic media, such as liquid crystals or polymer
gels, must be used.

Theoretically, a major advantage of RDC:s is their longer
range distance dependence (+3) compared to that of the
NOE (r%). This may allow detailed stereochemical infor-
mation to be derived from molecules for which NOE corre-
lations are ambiguous or absent. However, both the in-
terpretation of RDCs and the handling of samples in par-
tially aligned media remain important challenges for this
active area of research.

While new spectroscopic methods are continually emerg-
ing, developments in the computerized analysis of NMR
spectroscopic data have been no less impressive.®!l Pro-
grams for dereplication,® the process of eliminating
known compounds from groups of unknowns, are now
widely available and can reliably help chemists avoid eluci-
dating a compound twice. Additionally, predictions of
chemical shifts and multiplet patterns are now quite useful,
thanks to the availability of large empirical databases. In
fact, the ultimate goal of reliable automated structure deter-
mination is now well within reach.[®3! At a minimum, such
programs can already assist users by proposing structures
that might otherwise not have been considered. In some
cases, computer programs have even been the primary
analysis method used to deduce the structure of natural
products.[#4

This Microreview has presented practical strategies for
the spectroscopic elucidation of small organic molecules.
The process of first determining skeletal connectivity and
then relative configuration using through-bond correlation
maps, NOE correlations, and coupling constants has proven
to be robust and reliable. We hope that the discussions and
detailed procedures provided herein will serve as a useful
reference for organic chemists engaged in a wide range of
structural elucidation tasks.

Supporting Information (see footnote on the first page of this arti-
cle): Detailed experimental procedures and sample spectra for men-
thol (interested readers are invited to reproduce these experiments
before tackling their own unknowns), comparison of COSY-90 and
COSY-45, comparison of CIGAR and HMBC, procedures for me-
asuring 'Jc g with 1D-TOCSY, and spectra of salvinorin A.
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