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PREFACE

The continuing growth of the use of NMR spectroscopy in chemistry is
clearly reflected both in the disparate nature of the areas covered in Volume
13 of Annual Reports and in the amount of information contained in each
report presented.

Drs Bock and Thggerson have reviewed the NMR of carbohydrates
which is an area showing considerable expansion since it was last reviewed
in Volume 5A. Recent developments in the NMR of alkaloids are covered
by Professor Crabb who builds on his previous reports in Volumes 6A and
8. For the first time in this series I am happy to include reports from
Professor Hinton and Drs Metz and Briggs on Thallium NMR, and from
Professor Kidd and Dr Boeré on rotational correlation times in nuclear
magnetic relaxation.

It is a pleasure to be able to express my thanks to all of the contributors
for the careful preparation, and prompt submission, of their manuscripts.
These efforts, in no small way, facilitate the continuing success of Annual
Reports on NMR Spectroscopy.

University of Surrey, G. A. WEBB
Guildford, Surrey, March 1982
England
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I. INTRODUCTION

Since this subject was last reviewed in this series' the importance of NMR
spectroscopy in the study of carbohydrates has increased tremendously.
This has occurred primarily because the introduction of pulsed Fourier
transform (FT) NMR spectrometers has made the measurement of B¢
NMR spectral parameters easy, which is particularly important for the
study of carbohydrates in aqueous solutions. Furthermore, pulsed NMR
instruments have increased the sensitivity of '"H NMR spectra by several
orders of magnitude and facilitated the measurement of relaxation times
and nuclear Overhauser enhancement (NOE) factors. Computer control
of the spectrometers has made new experiments possible such as two-
dimensional NMR spectra, and simplified other experiments. Magnet
technology has improved and 500 MHz 'H NMR spectrometers are com-
mercially available with the associated high dispersion and sensitivity, and
today multinuclear spectrometers are routine tools in many chemical
laboratories.

This review covers the period 1973-1980, particularly the last part of
the period. It is primarily concerned with a description of how to assign
NMR parameters and how to use these values in the study of carbohydrates.
Special emphasis is given to the 'H NMR parameters because the applica-
tion of '*C NMR spectroscopy in the study of monosaccharides and oligo-
and polysaccharides has recently been reviewed.”™

The NMR parameters of nucleotides, nucleosides and aminoglycoside
antibiotics are not discussed in the present review. The NMR parameters
of the former compounds have been discussed extensively in a recent
review.® ‘

No attempt has been made to cover all applications in which NMR data
have been used to establish carbohydrate structures or to study carbohy-
drates in solution. The yearly reports from The Chemical Society on
carbohydrate chemistry’ and nuclear magnetic resonance spectroscopy”®
are excellent references in this respect. Several general reviews on NMR
spectroscopy of carbohydrates have appeared during the period.®'' A
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description of how NMR parameters are obtained is beyond the scope of
the present review, but readers are referred to general monographs.'>™**

II. ASSIGNMENT TECHNIQUES

The assignment of the NMR signals is a necessary prerequisite for the
application of NMR spectroscopy in structural investigations of carbohy-
drates. Since assignment techniques have been described in many reviews
and monographs (e.g. references 12, 13), special emphasis is given to the
problems associated with the assignment of signals in the NMR spectra of
carbohydrates and their derivatives. The assignment techniques for 'H
NMR data and '*C NMR data are described separately.

A. 'H NMR assignments
The following points will be discussed:

. Comparison with model compounds
. Isotopic substitution

Double resonance experiments
Relaxation experiments
Two-dimensional spectroscopy

. Paramagnetic shift reagents
Protonation shifts

Miscellaneous

R e

1. Comparison with model compounds

With modernhigh field NMR spectrometers the 'H NMR spectra of
most monosaccharides can be analysed on a first-order basis. Mutarotated
mixtures of carbohydrates in aqueous (D,0) solutions give well resolved
spectra when measured on a high field spectrometer.

The 'H chemical shifts and coupling constants for the most predominant
anomers of aldohexoses and aldopentoses and the corresponding methylgly-
cosides together with those of the most common methyldeoxyhexopyrano-
sides and methyl-2-acetamido-2-deoxyhexopyranosides are given in
Section IV. Assignment techniques based on comparison with model com-
pounds are important when analysing spectra of complex oligosac-
charides.'®!” Difficulties will often arise because the protons are located
at the surface of the molecules (in contrast to the *C nuclei) making
interunit shielding and deshielding effects important.18

De Bruyn, Anteunis and coworkers have in a series of papers
described the 300 MHz "H NMR spectra in D,O of a series of mono- and
oligosaccharides. They conclude that shift increments can be used in the

19-26
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identification of individual proton resonances and to assess the position of
glycosidic linkages.

The chemical shifts of protected carbohydrate derivatives (e.g. acetates)
have been discussed in previous reviews’ '’ and follow the general rules
for '"H NMR chemical shifts.”” The chemical shifts of common protecting
groups used in carbohydrate chemistry are given in reference 11.

When comparing "H chemical shifts with literature data it is important,
particularly in aqueous solutions, to measure the spectra at the same
temperature and in the same solvent.

2. Isotopic substitution

If the molecules of interest contains spin 3 nuclei other than protons (e.g.
F, *'P or ">C (enriched)) heteronuclear spin-spin couplings will appear
in the '"H NMR spectrum. This can be valuable in the assignment of
the proton spectra, particularly if heteronuclear decoupling facilities are
available. A recent review has discussed results obtained for fluorinated
carbohydrate derivatives.”®

Deuterium substitution in carbohydrates causes the substituted proton
to disappear in the '"H NMR spectrum and also reduces the spin-spin
couplings by approximately a factor of six. The result of this substitution
is generally that spin-spin couplings, to all neighbouring protons from the
site where the deuterium substitution has taken place, are removed. The
reduced couplings can of course be removed by deuterium decoupling.

Figure 1 shows the '"H NMR spectrum of octa-O-acetyl-B-D-gentiobiose
together with two deuterated derivatives which clearly illastrates the points
discussed above.

Protons which are neighbouring to the substituted site will in addition
to the reduction of spin-spin couplings also experience an isotope effect
and resonate at lower frequencies, as demonstrated recently.”® The prepar-
ation of deuterated derivatives normally requires several more or less
laborious synthetic steps,’® but a convenient method for the preparation
of glycosides labelled with deuterium on hydroxy-bearing carbon atoms
has recently been developed as described in Section I1.B.2.

3. Double resonance experiments

(a) Homonuclear decoupling (‘H-{'H} experiments). Homonuclear
decoupling is probably the single most widely used experiment to assist in
the assignment of proton spectra. With computer-controiled FT instruments
this experiment can be performed in the difference mode, as described
by Gibbons et al.,”' and applied in the analysis of the spectra of oligo-
saccharides."’
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(a) B-0D-Gentiobiose- 8- OAc
I 33 . DA
24'42 < o Ac
X 4
gc s o ,0 < OAc
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6, ,6. 6.5 5 6,

FIG. 1. Partial "H 270 MHz spectrum of octa-O-acetyl-3-D-gentiobiose and deuterated
derivatives in deuteriochloroform. (a) Spectrum of normal compound. (b) Spectrum of [1-?H]
derivative. (¢) Spectrum of [6,,6,-*H;] derivative.
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(b)

ppm

FIG. 2. Partial 270 MHz 'H spectrum of p-trifluoroacetamidophenyl-3-O-(3,6-dideoxy-a-
D-ribo-hexopyranosyl)-a-D-mannopyranoside in D,O at 310 K. (a) Normal spectrum. (b)
Difference decoupling experiment with saturation of the H-6 resonances at 1-2 ppm. The
chemical shift of H-5 is easily determined from the experiment and it is also seen that H-5
and H-4 are spin-spin coupled with a large coupling constant (10 Hz).

This is illustrated in Fig. 2 which shows how this technique makes it
possible to obtain both chemical shift and coupling information from a
“hidden resonance”’.

The only limitation to this experiment is that Block-Siegert shifts are
induced when the chemical shift difference between the saturated proton(s)
and the observed proton(s) becomes too small. This makes it more difficult
to interpret the difference spectrum.

A recent version of a multi-homodecoupling experiment, the two-
dimensional scalar coupling experiment (SECSY), has been developed by
Ernst et al.>?

In this experiment the data points are collected in a data matrix as a
function of ¢, and t,, where t, and ¢, are the times in a 90°-¢;—90°-FID(#,)
pulse sequence. The data are then Fourier-transformed with respect to
both directions in the data matrix. The results can then be displayed as
shown in reference 33. A modification of the pulse sequence, i.e. 90°-¢;—
90°-t,~-FID(t,), where the half echo is sampled, results after data manipula-
tion in a spectrum, as shown in Fig. 3.

Figure 3 shows the SECSY experiment at 400 MHz of a disaccharide,
methyl-2- O-(a-D-mannopyranosyl)-a-D-mannopyranoside. Figure 3(b)
shows the two-dimensional scalar coupled spectrum as a contour diagram
with the normal spectrum appearing along the horizontal line in the middle.
Resonances which are spin-spin coupled give rise to signals off this line
and are connected by parallel lines (as shown in Fig. 3(b)), i.e. the high
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frequency H-1 is spin-spin coupled to H-2 resonating at 3-85 ppm and
H-1 resonating at 4-90 ppm is spin-spin coupled to H-2 resonating at
3-95 ppm. This is a very powerful experiment in the analysis of the spectra
of complex oligosaccharides and makes it possible to perform
“homodecoupling” experiments without the use of a homodecoupler, i.e.
avoiding the problems with off-resonance effects and other difficulties
associated with this experiment. The disadvantage is that the experiment
is rather time consuming in acquisition, processing and plotting time and
normally requires c. 20 h of instrument time.

(b) INDOR experiments. INDOR experiments34 have been used exten-
sively in the spectral analysis of carbohydrate derivatives in continous wave
experiments.”®® It is also possible to perform these experiments on FT
instruments®® by applying selective pulses®® to the resonance lines. An
example of the application of this technique in the analysis of the '"H NMR
spectrum of methylhepta-O-acetyl-B-D-cellobioside is shown in Fig. 4
using the difference technique. In order to obtain good results it is important
to have a very stable magnetic field, which may be obtained with a super-
conducting magnet.
(¢) Nuclear Overhauser experiments. Nuclear Overhauser experiments®’~*
have become a useful tool in the assignment of 'H NMR spectra of complex
oligosaccharides,'®'82%4® particularly when performed in the difference
mode.*' In Fig. 5 is shown the result of saturation of H-1 in methylhepta-O-
acetyl-B-D-cellobioside. Protons H-3' and H-5' have their signals enhanced
because of the 1-3 diaxial relationship to H-1'; also H-4 is enhanced due
to its closeness in space to H-1' in the preferred conformation of the
oligosaccharide. H-6b is also enhanced because H-6a has the same chemical
shift as H-1. H-4' experiences a negative NOE because it is very strongly
relaxed by H-5', H-3' and H-2', all of which are relaxed by the saturated
H-1'. This second-order effect has been discussed in detail by Noggle and
Schirmer.”’

The numerical values of the enhancements can furthermore be used in
a conformational analysis of oligosaccharides.*® However, the NOE values
are dependent not only on the correlation times of the molecules (T) (i.e.
dependent on the size of the molecule, the viscosity of the solution and
the temperature) but also on the applied magnetic field strength, as shown
in Fig. 6. For a 0-1 M sample of a heptasaccharide in D,O at 300K the
NOE values are zero for some atoms at 400 MHz, but positive at,
for example, 270 MHz. Larger molecules, i.e. polysaccharides, may show
negative enhancements, as illustrated in Fig. 7.

For larger molecules spin diffusion*? may be a problem and the transient
method*> may be preferred. Alternatively, a two-dimensional FT
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FIG. 3. Partial 400 MHz 'H spectrum of 8-methoxycarbonyloctyl-2-O-(a-D-manno-pyranosyl)-a-D-mannopyranoside in D,0 at 300K. {a}
Normal one-dimensional spectrum. (b) Contour diagram of a two-dimensional SECSY experiment. The normal spectrum, seen from the top, is
displayed along the centre line. The spin-spin connectivities are indicated on parallel diagonal lines. Thus H-2 resonating at 3-95 ppm is coupled
to H-1 at 4.90 ppm and H-3 at 3-74 ppm. (¢} Enlargement of part of the normal spectrum. (d) Enlargement of part of the contour diagram.
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OAc
&
’ O AcO D ACO
oo Aco/vh’/o S L 7 OoMe
(b) A0 aco .
OAc

500 450 4-00 3-50

(c)

ey

FIG. 4. Partial 270 MHz 'H spectrum of methylhepta-O-acetyl-B-D-cellobioside in
deuteriochloroform. The normal spectrum is displayed in (b). (a) Fourier transform INDOR
experiment with selective inversion of the high frequency part of the H-1 (and H-6a)
resonances. Typical INDOR responses are seen for H-2' and H-6. (c) Same experiment with
selective inversion of the low frequency part of H-1 and low frequency part of H-6". Typical
INDOR responses are seen for H-2 and H-6a’.

experiment may eliminate the problems arising from spin diffusion. The
two-dimensional NOE experiment described by Ernst ef al.***’ eliminates
these problems because this is an experiment with no decoupling field, by
analogy with the SECSY experiment described above. Furthermore,
the two-dimensional dipolar-coupled (2-D-NOE) experiment has the
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(a) 1 1

OMe

5-00 4.50 4-00 3-50
ppm

(b)

FIG. 5. Partial 270 MHz 'H spectrum of methylhepta-O-acetyl-g-D-cellobioside in
deuteriochloroform. (a) Normal spectrum. (b) Difference NOE experiment with saturation
of H-1’ (and also H-6a due to chemical shift equivalence). Positive enhancements are observed
for H-3', H-5', H-2', H-4 and H-6 and negative enhancements for H-4' and H-2.

advantage that off-resonance saturation*®*® is avoided because the de-

coupler is not used, and it is thus more easy to measure NOEs for hidden
or close-lying lines. The disadvantage is that it is not as easy to quantify
these results compared to the results obtained in the one-dimensional
experiments. This experiment has been used on an oligosaccharide in the
conformational analysis of a blood-group determinant.*°

4. Relaxation experiments

The advent of pulsed FT instruments has, in addition to the enhanced
sensitivity in the spectra, made it possible to perform relaxation experiments
and to determine, in particular, T data from "H NMR spectra.*”*® Using
the inversion-recovery method (180°-T-90°-FID-delay) it is possible to
detect “hidden resonances’.*® This technique is very useful in the analysis



12 K. BOCK AND H. THOGERSEN

Theoretical maximal 'H-('H) NOE
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2 00]
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FIG. 6. Magnetic field dependence (400, 200 and 90 MHz) of the NOE as a function of
the correlation time (T.). The curves are calculated as described in reference 39.

of the spectra of complex oligosaccharides in aqueous solution, where most
of the protons resonate in the region between 3-6 and 4-3 ppm. Resonances
from hydroxymethyl groups will always relax faster due to the two geminal
protons and can easily be determined in a partially relaxed spectrum, as
shown in Fig. 8. It is possible simultaneously to perform a partially relaxed
spectrum and a homo-decoupling experiment®® as shown in Fig. 8(c). H-5
in the B-D-glcNAc unit is here saturated and it is seen that the H-5-H-6
couplings disappear from the spectrum. The limitation to this experiment
is that it is difficult to change the relative ratio of the T, values upon which
the success of the experiment is dependent.

Another type of relaxation experiment, the spin—echo experiment, which
can be used to determine T, values in non-spin-spin coupled systems,
allows one to measure individual spectra of small molecules in the presence
of large molecules.’’ This has been illustrated by Hall and Sukumar®® in
the area of carbohydrates. They obtained the spectrum of D-xylose even
though it is present in a mixture of cyclodextrin and dextran T10.

5. Two-dimensional spectroscopy

Two-dimensional J-resolved spectroscopy’>** separates signals with

different chemical shifts from their coupling constants if no second-order
effects are present. The chemical shifts are observed along one frequency
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5-50 5-00 4-50 4-00
ppm

J

FIG.7. Partial270 MHz 'H spectrum of the O-specific polysaccharide from Shigella flexneri
which contains the repeating tetrasaccharide — 2-(a-L-Rham)-1 = 2-(a-L-Rham)-1 - 3(a-
L-Rham)-1 = 3(8-D-glcNAc)-1 —. (a) Normal spectrum in D,0 at 310 K. (b) Difference
NOE experiment with saturation of the H-1 resonances at 5-:50 ppm. The observed enhance-
ments are observed for, for example, the H-2 resonances at 4:40 and 4-45 ppm respectively.
The enhancements are observed with the same phase as the reference signal at 5-50 ppm,
i.e. a negative NOE.

axis and the associated spin-spin couplings along the other frequency axis.
This technique has made it possible to perform a much more complete
analysis of the overlapping signals in oligosaccharides between 3+6 and
4-3 ppm. In combination with the SECSY experiment mentioned above,
these two experiments are important tools in the assignment of spectra
of complex oligosaccharides. Several carbohydrate examples have been
discussed in the literature.**=*’
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H
Ho OH H i
{a) . le) o-4 NH _R
s _2\r o s 1/ 0
HOS™ on ¥ O
OH

H3’
500 4.50 4.00
’ ppm
W H ,
(b) H60 Héb H2

{c)

FIG. 8. Partial 270 MHz 'H spectrum of 8-methoxycarbonyloctyl-4-O-(8-D-galacto-
pyranosyl)-2-acetamido-3-deoxy-8-D-glucopyranoside in D,O at 340 K. (a) Normal spec-
trum. (b) Partially relaxed spectrum, where the fast relaxing H-6 resonances from the
B-D-glcNACc unit are positive and the slowly relaxing H-2 and H-3 protons from the 8-D-gal
unit are appearing negative. (c) Partially relaxed spectrum using the same delay between the
180° and 90° pulses as in (b) but with simultaneous homodecoupling of H-5 of the 8-D-glcNAc
unit. The disappearance of the H-5-H-6 couplings are clearly seen.

6. Paramagnetic shift reagents

Paramagnetic shift reagents have not been used very extensively in the
assignment of carbohydrates and their derivatives, mainly due to the
difficulty in determining the site of complexation of these reagents with



TABLE 1

Proton magnetic resonance parameters for kanamycin A.°

Deoxystreptamine unit (B)

Parameter & Jiz Jiy 82 Jaz J2s Jrs3 83 J34 A Jas 85 Jse 8¢ Jis
Base 3-162 4-0 12-5 2-225 130 4-0 125 3-154 95 3-588 93 3-923 9:3  3.515 9-4
Salt 3872 43 12-5 2-813 130 4.3 125 3-880 95 4117 93 4-224 93 4.040 95
3-Aminoglucose unit (A)

Parameter 81 .,12 82 123 53 ]34 54 .’45 85 -’56 156’ 66 -’66' 66'

Base 5-305 38 3762 10-4 3-267 10-0 3-594 10-2 4-179 34 34 403 — 4-01

Salt 5400 37 4215 11-0 3775 10-0  3-957 10-5 4.201 221 50 4095 12-0 4-036
6-Aminoglucose unit (C)

Parameter 61 ]12 52 .’23 53 ]34 54 ]45 55 -’56 155' 86 J66' 66'

Base 5-595 39 3.851 9-8 3-961 9:5 3-569 10-0 4-034 2-0 80 3-257 140 3-029

Salt 5-812 3-8 3940 10-0 4.040 95 3-646 10-0 4-285 30 80 3692 135 3:445

% In D,0 at 300 K. The & values are in parts per million using 1% acetone as internal reference (2-480 ppm), the first-order couplings are in hertz. The
subscript numbers indicate the position in the structural unit as indicated in [1]. Data are from reference 18.
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11,58

multifunctional carbohydrate compounds. However, some examples

are given in references 59-64.

7. Protonation shifts

Compounds with substituents which can be protonated or deprotonated
(e.g. amino groups or carboxylic acids) have chemical shifts which are
dependent on the pH. When spectral data are reported for this type of
compound it is therefore important to specify the pH of the solution. The
data in Table I for kanamycin A ([1] and [2]) illustrates the big changes
that may occur with pH even though the conformation of the molecule is
virtually unchanged.'®

[2] Kanamycin (space-filling model)
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8. Miscellaneous

Solvent-induced shifts can be useful in the assignment of 'H NMR spectra
even though it is not possible to predict the result of changing the solvent
from, say, deuteriochloroform to deuteriobenzene. Many of these solvent-
induced shifts appear to arise from favoured solvation of specific sites of
the solute molecule. Thus, the chemical shifts of acetate methyl resonances
and the protons on the carbon atom where the acetate group is positioned
are substantially altered when deuteriobenzene is the solvent.®

Bendall et al.®® have described a multinuclear multipulse sequence which
allows the measurement of the protons coupled to '*C in a '"H NMR
spectrum with elimination of the signals from protons bonded to 2C nuclei.

B. ’C NMR assignments
The following points are discussed in this section:

Comparison with model compounds
Isotopic substitution

Correlation with proton spectra
Relaxation experiments
Paramagnetic reagents

Protonation shifts

Miscellaneous

Nov s W

1, Comparison with model compounds

Comparison with model compounds, for the assignment of >C chemical
shift data, has been used more frequently than for 'H NMR data, par-
ticularly in publications prior to 1976 (e.g. references 67, 68). This has led
to a number of general rules for the assignment of signals in carbohydrate
derivatives.>>*%° Complex rules have been described’® for the influence
of axial or equatorial substituents on the '>C chemical shifts of a-, 8- and
y-cdrbon atoms. Because the pyranose and furanose derivatives of carbohy-
drates contain several mutually interacting substituents these rules have,
in some cases, led to erroneous assignments. The use of model compounds
in the assignment of the '*C NMR signals of oligo- and polysaccharides is
much more justified®™ than in "H NMR spectroscopy. Table II clearly
shows how the '>C chemical shifts of terminal L-fucose units in a number
of complex oligosaccharides only vary significantly for the anomeric carbon
atom. Even though carbon atoms usually constitute the molecular skeleton,
and thus their shieldings are less sensitive than those of protons to interunit
interactions, such effects may in special cases lead to unexpected s'hieldings16
(Section III. B) and thus to erroneous assignments.
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TABLE 11

13C chemical shifts® of 6-deoxy-a-L-galactopyranoside derivatives.

Compound,
R= C-1 C-2 C-3 C-4 C-5 C-6
Methyl 100-40 68-87 70-53 72-74 67:38 16-24
2-p-Galactose 100-13  69-20 70-46 7278 67-58 16-25
A-Trisaccharide 99-17 68:66 70-60 72-84 67:57 16-16
B-Trisaccharide 99-33  68:67 70-37 72-84 67-46 16-21
H-Trisaccharide 100-32 6896 70-32 7266 67-34 16-05
Lew.B 100-36  69-11 70-28 7276 67-01 16-06
Lew.B 98-69 68:78 70-06 72-86 67:86 16-25
Lew. A 98-91 6875 70-08 72-86 67-66 16-25
Standard deviation 0-71 0:20 0-20 0-07 0:25 0-09
Maximum deviation 1-44 0-54 0-54 0-20 0-85 0-19

¢ Data taken from reference 16. In D,O at 67-89 MHz, with dioxane as internal reference
(67-40 ppm.).

The '*C chemical shifts of a series of simple mono- and oligosaccharides,
their methylglycosides, and acetylated hexopyranose derivatives are giveh
in Section IV,

2. Isotopic substitution

The assignment of >C NMR spectra is greatly facilitated if compounds
substituted in known positions with deuterium or carbon-13 are available.
In C-deuterated molecules the carbon atom usually gives no signal due to
(a) saturation (longer spin-lattice relaxation time), (b) coupling to deuterium
and (c) quadropolar broadening of the signal. The last point is particularly
important in asymmetric carbohydrate derivatives. Furthermore, the 8-
carbon atom may be assigned due to a small low frequency deuterium-
induced isotope shift.”'”’* On the other hand, derivatives enriched with
'*C in specific positions give rise to intense signals in the spectra and thus
provide an unambiguous assignment. In addition, >*C-">C couplings may
be visible in the spectra of >C-enriched compounds and these, together
with isotope-induced shifts, may assist in the assignment of carbon atoms
in positions @ or B to the *C-enriched site.”*™°

The presence of magnetic nuclei, such as '°F and *'P, leads to spin-spin
coupling with neighbouring carbon atoms and these '>C signals may there-
fore be readily assigned.®’® If no information about the size of the
heteronuclear couplings is available, it is often useful to perform triple
resonance experiments. This is illustrated in Fig. 9, where a >C NMR



{a) OAc

(b)

1 1 1
100 80 60

ppm

FIG. 9. Partial 22-63 MHz '>C spectrum of 2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl fluoride in deuteriochloroform. The normal spectrum
with the '*C-"°F couplings is shown in (b). (a) The same spectrum with simultaneous decoupling of both the protons and the fluorine resonances.
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spectrum of acetofluoroglucose is obtained with simultaneous irradiation
of the proton and fluorine atoms in the molecule.

O-Deuteration of hydroxyl groups or N-deuteration of amino groups is
readily carried out by exchange with D,0O. The associated deuterium isotope
shifts are measurable under appropriate conditions and thus this method
is very useful in the assignment of spectra of carbohydrate derivatives.®*™"
The experiment is most conveniently done by obtaining a spectrum in
100% D,O solution and then in a 95% H,0 (5% D,0 for lock) solution
and measuring the difference in chemical shifts. The capillary technique®”
is not easy to perform on a superconducting high field instrument, because
the capillary tends to destroy the homogeneity of the magnetic field, and
it is therefore not possible to obtain the necessary resolution.

3. Correlation with proton spectra

3C-'H couplings are obtained from proton-coupled '*C NMR spectra,
usually measured by the ‘‘gated technique”.'>”"* Because the one-bond
couplings are large (125-200 Hz), the *C multiplets may overlap and make
identification of the multiplicity difficult. In an off-resonance decoupled
spectrum'>™'* the C-H couplings are reduced and the overlap of signals
therefore less likely. Both types of spectra show unambiguously how many
protons are attached to each carbon atom. In addition to these one-bond
couplings,”™* fully proton-coupled spectra obtained with good resolution
show well resolved two- and three-bond couplings, which are useful for
the assignment of signals to some carbon atoms. Two- and three-bond
couplings have been discussed in several papers’®**?¢° and summarized
in a recent review.'®! In Fig. 10 is shown a fully proton-coupled spectrum
of methyl a-L-fucopyranoside in D,0O, where the multiplicity of the
individual signals is easily observed. The assignment of these long range
couplings is done using a very selective decoupling field in the '"H NMR
spectrum.'®> The problem of non-first-order behaviour in these fully
coupled *C NMR spectra has been discussed.'®

Selective irradiation in the proton spectrum with a much stronger field
(yB2/2m = 1000 Hz) is the most straightforward method for assigning >C
signals. By this technique one proton is irradiated with a single frequency
causing the carbon to which it is bound to appear as a singlet in the >C
spectrum while most other carbon atoms give off-resonance decoupled
multiplets (Fig. 11). This technique requires a fully assigned proton spec-
trum with well dispersed signals (separated by ~10 Hz) and is therefore
most successful on high field instruments. The same technique can be
applied in the assignment of the "H NMR spectra provided that the >C
signals are previously assigned. This is of particular interest when assigning
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FIG. 10. 67-89 MHz '’C spectrum of methyl-6-deoxy-a-L-galactopyranoside (a-L-
fucopyranoside) in D,0 at 310 K. (a) Normal proton-coupled 13C spectrum. (b) Expansion
of the resonances between 65 and 75 ppm. The muitiplicities of the carbon atoms 2, 3, 4 and
§ are easily determined from the spectrum.

the overlapping signals between 3-80 and 4-30 ppm in oligosaccharides in
aqueous solutions (Fig. 11(c)).

Correlations between the chemical shifts of the proton and carbon atoms
may also be obtained through heteronuclear, two-dimensional NMR

. 104,105
experiments.

4. Relaxation experiments

The relaxation rates of the carbon atoms in most mono- and oligo-
saccharides are dominated by the intramolecular dipole—dipole mechan-
ism.'?®1%7 For protonated carbon atoms, the relaxation primarily gives
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FIG. 11. 'H and "C spectra of blood-group determinant H™: (a-L-Fuc)-1 — 2-(8-D-gal)-
1 = 3-(8-D-gIlcNAc)-1 - OR. (a) Partial 'H spectrum at 270 MHz in D,O at 310K. (b)
Partial >C spectrum at 67-89 MHz with selective proton irradiation (yB,/27 = 1000 Hz) at
4-554 ppm in the 'H spectrum. The value above the high frequency anomeric carbon atom
ndicates the 'H chemical shift of the attached proton. (c) As in (b) but with selective proton
rradiation at 4:29 ppm. The values above the carbon resonances indicate the 'H chemical
shifts of the protons attached to these carbon atoms.
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information about molecular motion'°®"'°® in addition to the trivial distinc-
tion between C, CH, CH, and CH; groups. This technique is therefore
most useful for the identification of carbon atoms belonging to the same
unit in an oligosaccharide which may be undergoing an isotropic
motion."''*'1?

Recently a pulse sequence has been published''*''* which can be used
for the assignment of >C resonances from overlapping C, CH, CH, and
CH; groups.

5. Paramagnetic shift reagents

Paramagnetic shift reagents (notably europium, gadolinium and cupric
complexes) cause large changes in the shielding and line width and their
use in assigning carbon signals has been discussed in general terms by
several authors.'>'? Paramagnetic shift reagents have been used in the
study of ">*C NMR data of carbohydrate derivatives.*®'5!!8

6. Protonation shifts

The carbon chemical shifts of carbohydrate derivatives which contain
groups which can be protonated or deprotonated (e.g. amino and carboxyl
groups) are strongly dependent on the pH of the sample solution. The
spectra of such compounds should therefore always be measured with
control of pH. Comparison of *C NMR spectra of aminodeoxy sugars
measured at low and high pH, i.e. with protonated or free amino groups,
may be used for the assignment of carbon atoms @ and 8 to the amino
group.”'*'¢1'® Similar but smaller effects are observed in the spectra of
aldonic or uronic acids.**%'%°

Derivatives with only hydroxyl groups may also show '*C chemical shifts
which are pH dependent, as illustrated in Fig. 12.

7. Miscellaneous

Freeman et al.'*' have recently shown that two-dimensional FT double
quantum coherence experiments give AB subspectra from the >C satellites;
such experiments may become a very important tool in the analysis of
decoupled carbon spectra.

III. APPLICATIONS

A. 'H NMR data
1. Structural determination

'H NMR spectroscopy in combination with ">*C NMR spectroscopy is
the most powerful tool available for the structural analysis of carbohydrates.
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FIG. 12. 22-63 MHz proton noise-decoupled '>C spectrum of D-glucitol at 300 K with
external D,O for lock and external dioxane as reference. (a) Normal spectrum in H,O. (b)
Same as in (a) but in 12 N H,SOy,. It is clearly seen that the C-1 signal is shifted more to low
frequency than is the C-6 signal.

The literature contains numerous examples and it is impossible to mention
all of them here. The following therefore considers the more general aspects
of the problems associated with the structural analysis of carbohydrates
and their derivatives.

The dependence of the 'H chemical shifts with respect to carbohydrate
structures has been discussed in detail in reviews’ ' "'*? and papers,'2%123
Chemical shifts have been used to determine the composition of muta-
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rotated mixtures of hexoses and pentoses as described in a review.'**
Angyal and Wheen have recently shown'?’ that p,L-glyceraldehyde, D-
erythrose and D-threose in a syrupy state exist mainly as mixtures of dimers.
Their aqueous solutions also contain some dimers but the components are
mainly present in furanose or hydrated aldehyde forms. All solutions
contain >1% of the aldehyde form. The proportion of the individual forms
has been determined by 'H NMR spectroscopy at various temperatures.

The ketoses have no anomeric protons, which can facilitate the analysis
of mutarotated mixtures. This problem is therefore best solved by *C
NMR spectroscopy.'?® But when only a small amount of a compound is
available, as for most biologically important molecules, 'H NMR data can
give information about the mutarotation of, for example, N-acetyl-
neuraminic acid.'>’ The 'H chemical shift of the equatorial H-3 in 16
anomeric ketosides of N-acetylneuraminic acid in D,O shows a character-
istic dependence of the anomeric configuration (8§ =2:72+0-05 ppm for
the a-anomer and § =2:32 +0-08 ppm for the B-anomer).'?®

Dissolution of carbohydrates in (CF;CO),0O is accompanied by the
trifluoroacetylation of hydroxyl groups, resulting in a high frequency shift
of the protons of the sugars, which gives well resolved "H NMR spectra.'?’
Similarly, the addition of trichloromethyl isocyanate in deuteriochloroform
to solutions of alchohols or amines results in the formation of tri-
chloromethylcarbamide esters or urea derivatives and thus high frequency
shifts of the protons positioned on the carbon atoms carrying the hydroxyl
or amino groups.'**"*!

Application of resolution enhancement in FT 'H NMR spectroscopy is
a powerful tool in the structural determination of, for example, deoxy
sugars. > This technique has been described in general terms in a review, >
and has also been used in a study of oligosaccharides."**

In addition to chemical shifts the 'H spin-spin couplings play a dominant
role in structural studies of carbohydrates. Several papers have therefore
been devoted to the description of appropriate equations which may be
used to predict vicinal couplings in carbohydrates and their deriva-
tives.'>>'*® Altona and Haasnoot'*® have determined the effects of relative
orientation and electronegativity on *J(aa),’J (ea), and *J (ee) couplings.
The effects are well predicted by a simple set of additivity constants valid
for pyranose rings in carbohydrates. The proposed set of parameters
has been used to calculate 327 couplings in a variety of pyranosides and
related structures. Comparison with experimental data shows that, for a
selected group of 305 couplings, couplings in molecules which are confor-
mationally pure and undeformed can be predicted with an accuracy of
0-27 Hz. A statistical breakdown of AJ(aa) and AJ(ea) along each C—C
bond in the pyranose system reveals an unexpected degree of geometrical
homogeneity.
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A similar study has been conducted'*® in conjunction with conformational
analysis of the sugar rings in nucleosides and nucleotides in solution. The
relation between vicinal 'H NMR proton-proton couplings, obtained using
the generalized Karplus equation, and the pseudorotational properties of
the sugar ring has been re-investigated and compared with earlier studies.

A general study of the relationship between proton—proton vicinal
couplings and the substituent electronegativity has been published.'' A
similar study for geminal couplings has also been published. **!*?

Jankowski has shown that vicinal 'H-'H couplings can be correlated
with *C-'H one-bond couplings and these values used as a correction
term to a Karplus equation.’**

Coupling along H—C—O—H fragments has been discussed in two
papers.'*>**¢ An unexpected long range coupling has been noticed in
L-idofuranose derivatives, which is thought to proceed by a direct *‘through
space” rather than an indirect ‘‘through bond” path.'*’

The non-selective spin-lattice relaxation rates of a series of furanose
derivatives have been determined.'*® Substantial differences in relaxation
rates are found for epimeric pairs of substances. This information can be
used as structural evidence in these types of compounds where chemical
shifts and couplings often yield unsatisfactory results. A more general
discussion of the application of proton spin-lattice relaxation rates to the
structural analysis of carbohydrates has been given,''*%4°

An approach to the structural analysis of oligosaccharides by '"H NMR
spectroscopy has been described by Bradbury and Collins,'*® who measured
the chemical shifts of the glycosidic protons of oligosaccharides in D,0O.
These shifts are to some degree diagnostic of both the nature of the sugar
and the type of linkage, but do not determine the sequence of sugar residues.
To solve this problem the aldose or ketose is first treated with cyanide to
produce a terminal carboxylic acid. Then Gd** is added, which is bound
to the carboxyl group, causing a line broadening of the proton resonances
and a decrease in the spin-lattice relaxation times of the glycosidic protons.”
These effects fall off progressively along the oligosaccharide chain, hence
allowing the sequence to be determined. The method, which is illustrated
for maltotriose, has been used at the milligram level and may be applicable
up to pentasaccharides. Difficulties occur in ihe treatment of non-reducing
sugars or with certain sugar residues, which contain carboxylic groups
themselves or residues, which bind Gd>* on three adjacent hydroxyl groups
with a particular stereochemistry. The possible usefulness of this technique
in 1>C NMR spectroscopy has also been considered.

High field NMR instruments facilitate the interpretation of the '"H NMR
spectra of oligosaccharides in D,0.'°7?® Application of FT NMR tech-
niques, as described in Section II, has made it possible to analyse completely
the '"H NMR spectra of tetrasaccharides'®'®'°® and thus to carry out a
complete structural analysis of these compounds.
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2. Conformational analysis

The conformation of mono- and oligosaccharides can be determined
from (a) chemical shifts, (b) couplings (c) relaxation data and (d) NOE
results.

Numerous papers’ have discussed the conformational analysis of
carbohydrate derivatives durmg the period 1973-80 and the results are
summarized in reviews® 1131154

The conformational aspects of 1dopyranose derivatives have been studied
by Paulsen and Friedman,'**>'*® who also showed'®’ that 5-benzyloxycar-
bonylamino-5,6-dideoxy-B-L-idopyranose exists predominantly in the ‘cy
(L) conformation. This corresponds to the 'C. (D) conformation in the D
series. Angyal and Kondo have also published'*® a conformational study
of the 4,6-O-benzylidene acetals of methyl-a-D-idopyranoside. In CDCl;
solution the methyl-4,6-O- (R )-benzylidene-a-D-idopyranoside adopts the
*C, (D) conformation, having the phenyl group axial, whereas methyl-a-D-
idopyranoside in D,O exists as a mixture of the two chair forms. Several
other compounds having three or more axially attached O atoms have been
studied."*®

1,5-Anhydro pentitols have been investigated with respect to their
conformation in solution by comparison with the corresponding pentose
derivatives. Thus 1,2,3,4-tetra-O-benzoyl-B-D-xylopyranose in acetone-ds
at room temperature exists as a 1:1 mixture of the ‘C; and 'C, (D)
conformers, but crystallizes in the all-axial form (' Cy). 1,5- Anhydro-2,3,4-
tri-O-benzoylxylitol, which lacks the anomeric effect when compared to
the xylose derivative mentioned above, shows in solution a ratio of *C; to
1C, conformers of 81:19 and crystallizes in the all-equatorial form (*Cy).

1,6-Anhydrohexoses have been investigated with respect to their confor-
mations in solution. An analysis of the 'H spin-spin couplings of the eight
isomeric 1,6-anhydro-B-D-hexopyranoses in DMSO-d¢ and the corres-
ponding tri-O-acetates in CDCl; has been published.** Comparison of
the experimental vicinal couplings with the theoretical values calculated
from torsion angles obtained from Dreiding models proves that the 'C,
(D) conformation is preferred in the whole series, and that the pyranose
ring is flattened to some extent due to the interaction of substituents in 2,
3 and 4 positions.

A similar study has been conducted'®® measuring the non-selective
spin-lattice relaxation rates (R, values) for all of the ring protons of the
eight isomeric tri-O-acetyl-1,6-anhydro-B-D-hexopyranoses as 0-1 M solu-
tions in benzene-ds. The effect on the proton R; values of a change in
solvent, concentration, temperature and proton impurities is documented
and °C R, values are given to show that the first three sets of variations
are due to changes in the motional correlation times of the molecules. The
proton relaxation data can be fitted by a regressional analysis to a single

152,159
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set of interproton relaxation contributions, the numerical values of which
accord with a 'C, (D) conformation for the pyranose ring, somewhat
distorted by the 1,6-anhydro ring and the substituents on atoms 2, 3 and 4.

The conformation of 2,3- and 3,4-anhydro derivatives of 1,6-anhydro-8-
D-hexopyranoses, '’ 2,3-anhydro-4-deoxyhexopyranosides'®* and benzyl-
4-0- (aldopentopyranosyl)-2,3-anhydro-B-p-ribopyranosides'®® has been
investigated and the results indicate that all of the compounds exist in
half-chair conformations. Similarly the conformations of 3,4-unsaturated'®*
and 2,3-unsaturated'®® carbohydrate derivatives have been shown by 'H
NMR data to be predominantly in half-chair or sofa conformations.

A complete analysis of the '"H NMR spectra of acetylated glycals'®® and
D-arabinal and p-xylal'®” has been carried out. The conformation of these
compounds, as determined from the proton couplings, is interpreted in
terms of a rapid equilibrium between the two possible dihydropyran half-
chair conformations. A computer treatment of all observed couplings has
been carried out to obtain optimized values for the populations and coupling
characteristics of the two alternative conformations.

A conformational analysis of 2,3,4-tri-O-acetyl-D-xylono-1,5-lactone
has been described'®® by using 'H NMR data. The possible contribution
of attractive 1,3- and 1,4-interactions between the electropositive lactone
ring oxygen and the endo-acetoxy groups at C-3 and C-4 to the conforma-
tional stability is discussed.

The conformations of 1,2-O-alkylidene-a-D-hexopyranoses has been
investigated'®® by 'H NMR spectroscopy and compared with X- ray results.
The assignments are corroborated by 'H NOE experiments. A similar study
of 1,2-acylspiroorthoesters of 3,4,6-tri-O-acetyl-a-D-glucopyranoses has
been published.'’® Nashed et al.'”' have shown by 'H NMR that 1,2-
oxazolines exist in modified °S, conformations.

Conformational analysis based on '"H NMR results and comparison with
X-ray data has appeared on anhydro hexopyranosides'’>'”* and a-p-
galactooctopyranose derivatives.'”*

Studies on the C-5 to C-6 rotamer population of the hydroxymethyl
group has been published by several groups.'®®'’>'”7 The rotameric
behaviour of methoxy groups in some aldopyranoses'’® and barriers to
hindered rotation around N-glycoside bonds'’**®® have been discussed.

Conformational analysis of acyclic carbohydrate derivatives has
been described in a study of 1-amino-1-deoxypentitols,'®’ and
dithioacetals.'®*"'* '"H NMR spectra of chloroform-d solutions of eight
penta-O-acetyldimethylacetals and the corresponding diethyldithioacetals
at 250 MHz furnish a complete set of chemical shifts and couplings that
can be interpreted in terms of conformational composition at room tem-
perature. The galacto- and manno- derivatives adopt planar, extended
conformations, whereas the other six stereoisomers all adopt one or more
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non-extended (sickle) conformations. The results are interpreted on the
basis of the avoidance of parallel 1,3-interactions of substituents. Similar
studies have been published for phenylhydrazones'®’ and peracetylated
hexononitriles.'®®

Conformational analysis of furanosides or 2,5-anhydro pentoses has been
investigated in detail by several groups.'**'®7"'% Angyal'®® has described
the "H NMR spectra of most of the methyl aldofuranosides and has analysed
the data with respect to the conformation of the glycosides. In the D series
the B-pentofuranosides are in the > T, form with the methoxy group quasi-
axial and the side chain quasi-equatorial. The a-D-pento furanosides are
mixtures of two twist forms or assume an envelope conformation.

'H chemical shifts, spin-lattice relaxation rates and NOE factors are the
parameters which are important in a conformational analysis of oligosac-
charides in solution. Berry et al.'"' have discussed the use of proton
spin-lattice relaxation rates as a measure of aglycone-sugar interaction
and Lemieux et al.'®* have discussed the influence of the exo anomeric
effect on the conformation around the glycosidic centre. Detailed studies
of the conformation of branched oligosaccharides related to blood-group
determinants have been published.'®'**° An extension of this work to a
study of linear oligosaccharides and a polysaccharide has also appeared
recently.*

A conformational analysis by '"H NMR spectroscopy of amylose and
related model compounds in DMSO-d; has also been published.'*¢

3. Solution properties

At low temperatures, and in a narrow pH range, the hydroxyl proton
resonance spectra of a range of mono-, di- and oligosaccharides in dilute
aqueous solutions have been resolved.'®* The signals broaden rapidly on
raising the temperature and on changing the pH of the solution. Optimum
conditions for obtaining maximal resolution are described and attempts
are made to assign the, resonances to specific hydroxyl groups. In all cases
the anomeric hydroxyl protons occur at highest frequency and the pH value
for optimum resolution of these resonances is always lower than that for
the other protons. Similar work has been published by Bociek and
Franks,'®* who describe exchange phenomena for the anomeric hydroxyl
protons of D-glucose in detail. Residence times are of the order of 10 ms™*
in the accessible temperature range, with the exchange being slowest for
the a-anomer.

The anomeric equilibrium of D-glucose in acidic and basic media has
been deduced from the '"H NMR data.'®® The results show that the a-
anomer is more abundant in acidic media and the 8-anomer more abundant
in basic media. These results are discussed in terms of hydrogen bonding.
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Hydrogen bonding has also been discussed in a comparative study of the
'H N%IGR data of aqueous solutions of D-glucose of different concentra-
tions.

The structure of dehydroascorbic acid in solution has been investigated
together with its methanol complex.'®® This complex has been shown by
'H and "*C NMR spectroscopy to be a 2-methoxy derivative (exo and
endo) of dehydroascorbic acid in its bicyclic hydrated form.

Several papers have been published on the complexation of carbohydrate
derivatives and metal ions.”®*®° Taga et al. have discussed the lantha-
nide-'%° and calcium->*° induced shifts in the "H NMR spectra of glyceric
acid, gluconic acid and lactobionic acid in D,O. Complexes between epi-
inositol or anhydro hexoses and various lanthanides have also been
studied.”®’ The proton spectra of some 3,6-anhydro-p-galactose®*? and
methylated disaccharide®®* derivatives in the presence of europium shift
reagents have been published.

Alfoldi et al. have published the '"H NMR spectra of aldoses in D,0 in
the presence of molybdate ions*** and alkali metal sucrates,’*® and borax
complexes of D-glucose’®® have been studied.

Stoddard et al. have used dynamic '"H NMR spectroscopy in a study of
the complexation of chiral crown ethers with different anions.”*”"2%°

Stopped flow 'H NMR methods have been used to study the conforma-
tional changes induced in concanavalin A by Mn** and Ca®* and methyl-a-
p-mannopyranoside.>'°

Finally, Perkin er al.*'' have analysed the high resolution proton and
carbon spectra of D-glucose, 2-acetamido-D-glucose and related com-
pounds in aqueous media. The implications of systematic errors from
assuming first-order conditions for the 'H NMR spectra of sugars are
discussed in relation to measuring the shift changes of sugar-enzyme
complexes.

197

B. °C NMR data
1. Identity of mono- or oligosaccharides

Because "*C chemical shifts are very sensitive to structural changes these
data are important for the identification of carbohydrates and their deriva-
tives. The identity of the shift data of an unknown structure with those of
a known compound can prove the identity in structure, except for the
absolute configuration. Assignment of '*C NMR parameters is not
necessary in this application, but the experimental conditions, e.g. solvent,
temperature and concentration, have to be identical. >C chemical shifts
of mono- and oligosaccharides and their derivatives have been published
in several reviews®™ and papers’'>*'® and some are given in Section IV.
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This has been used in the study of equilibrium mixtures for different
types of reactions of monosaccharides’*°** and their derivatives.?2*>*
The progress of a reaction can be monitored*****° and reaction intermedi-
ates detected®*’ by the addition of authentic samples to the reaction
mixtures.

2. Structure determination

A *C chemical shift change, as a result of C-substitution, is an important
parameter for structural elucidation of carbohydrate derivatives. These
shift changes, which are sensitive to substitution, reflect the influence of
electronegativity and polarizability.”>> Examples are given in Tables XIV
and XV in Section IV,

Elucidation of the anomeric configuration is not possible from the *C
chemical shift alone. However, for pairs of furanoses the signal of the
anomeric carbon atom of the compound with a frans orientation of the
substituents at C-1 and C-2 appears at a higher frequency than the one
with a cis orientation.>®” The best method for determining the anomeric
configuration of pyranoses is from the one-bond coupling for the anomeric
carbon atom ('Jcy uy). 03224191228 The difference in the couplings for the
two anomeric configurations is generally about 10 Hz with the value for
the equatorial >*C-H coupling being the larger. The one-bond coupling is
solvent dependent,”*® so comparison has to be made in the same solvent.
For 5-thio-D-galactose a difference of only 1-3 Hz is reported.?*° Assign-
ment of the anomeric configuration for pyranoses has been accomplished
from a study of the chemical shifts of carbons other than C-1, particularly
C-3 and C-5.>*

Change of ring size from furanoses and other five-membered rings to
the configurationally related six-membered rings is accompanied by an
increase in carbon nuclear shielding.>'**?** This rule is also valid for
lactones.'?® Open chain derivatives show resonances at lower frequencies
than those of the corresponding cyclic compounds.?

The chemical shift of the quarternary carbon atom of five-membered
isopropylidene derivatives, when fused to a furanose ring, is 111-4-
115-7 ppm, whereas when fused to a pyranose ring or in a monocyclic
derivative the chemical shift is 108-5-111-4 ppm. The shifts of the quarter-
nary carbon atoms in six- or seven-membered isopropylidene derivatives
are 97:1-99-5 and 101-102 ppm, respectively.>***** Similar data are found
for benzylidene derivatives.”*> Information about the ring size of the
isopropylidene derivatives is also obtained from the chemical shifts of the
methyl groups.?** The signals from epoxides can readily be assigned from
their large (180-190 Hz) one-bond couplings.?*®



32 K. BOCK AND H. THOGERSEN

Alkylation of oxygen causes rather large high frequency shifts of the
a-carbon atoms,>>>¢768:242.247-234 gimilar effects are observed upon
glycosidation to oligosaccharides.>® These chemical shift changes give
valuable information about the structure of oligosaccharides.'®?°*™2¢!
Formation of cyclic acetals also results in a high frequency shift of the
furanose or pyranose carbon atoms.>?**727°

Acylation of oxygen leads to smaller (1-5—4 ppm) high frequency shifts
of the a-carbon atom. However, this decrease in shielding is accompanied
by a low frequency shift (1-5 ppm) of the B8-carbon atom, so the total effect
of several acetyl groups may be difficult to predict. Several papers describe
these effects.164,261,271-277

The structure of isotopically labelled (e.g. *H, '*C) compounds in an
unknown position may be determined from isotope-induced shifts, as
discussed in Section II.B.2, or from couplings.”’® *C isotope enrichment
can also be determined from the peak area or intensity by comparison with
a reference peak in the same compound or in another substance.””’

Valuable information about the stereochemistry of quaternary carbon
atoms in branched chain carbohydrates can be obtained from chemical
shifts or long range "*C-"H couplings.?**"*** Similarly, *C chemical shifts
of acetals of pyruvic acid’®**’® and of benzylidene acetals’®”-**® can be
used in the determination of the stereochemistry of the acetal carbon atoms.

The stereochemistry of aglycones has been determined from the *C
chemical shifts of glucopyranosides,”>> and rates of inversion of
glucosylbromides have been correlated with the '*C chemical shifts.”®

3. Conformational analysis

3C chemical shifts and ">C-"H couplings have been used in the conforma-
tional analysis of carbohydrates.

Perlin and Cyr®® have published an extensive study of the conformation
of furanoses based on the couplings between *C-1 and '>C-2 and the
protons of the five-membered ring. The conformation of pentopyranoses
has also been investigated through one-bond *C-'H couplings.”*

The conformation of alditols has been investigated by the use of chemical
shift relationships.***>*” Examination of the chemical shifts of the primary
carbon atom show that if the conformation in the near vicinity is mainly
extended (“linear”), chemical shifts of 64:2-64:6 ppm are observed,
whereas a non-linear conformation gives shifts of 63:4-64-1 ppm.287

The conformation of the glycosidic linkage in oligosaccharides has been
investigated by '>C chemical shifts and long range >’C-'H and “*C->C
couplings.” Chemical shifts have been used to determine the conformation
of glycosidic bonds, as discussed by several authors.'®***-*8%:2%% The carbon
atom of the aglyconic unit, which is glycosylated, is normally observed



NMR STUDY OF MONO- AND OLIGOSACCHARIDES 33

ppm

FIG. 13. 67-89 '*C spectrum of blood-group determinants in D,O at 310 K. (a) Spectrum
of 8-methoxycarbonyloctyl 3-O-(8-D-galactopyranosyl)-2-acetamido-B-D-glucopyranoside.
{(b) Spectrum of H-trisaccharide, i.e. an a-L-fucosyl unit added to the 2-position of the
B-D-galactopyranose unit. It is clearly seen that the aglyconic carbon atom is shifted to low
frequency in this trisaccharide compared to the corresponding disaccharide shown in (a).
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towards higher frequency.’”® If the interaction between the carbohydrate
units becomes severe, a shielding increase may occur due to small valence
or bond angle deformations.'® An example is shown in Fig. 13.

A more accurate determination of the conformation of the glycosidic
linkage is obtained by measurement of 3Jise 1y couplings.5'16"‘0'290‘291 The
two glycosidic torsion angles (¢, ¢) can be determined from a Karplus-type
relationship between the torsion angle and the size of the
coupling.96—101,292,293

By this method the conformation of methyl-B-D-cellobioside has been
determined for a compound where all protons on carbon atoms carrying
a free hydroxyl group are substituted with a deuterium atom. This simplifies
the coupled >C NMR spectrum so the important *C-O-C-"H couplings
are easily determined.”®’ Use of *C-">C couplings also facilitates the
determination of the glycosidic conformation.?*°

In a specific application '*C chemical shifts have been used for the
estimation of fractional charges on the carbon atoms in B-D-maltose.”®*
These results have been correlated with the theoretical calculation of
conformers by potential energy functions.

4. Solution properties

Excellent information about molecular motion is obtained from '*C
spin-lattice relaxation times as discussed in Section II.B.4. If NT; is
constant for protonated carbon atoms, where N is the number of directly
bonded protons, the molecular motion can be considered to be isotropic,
provided that the relaxation mechanism is purely dipolar.>'®”''° It has
been shown that the side chain in N-acetylneuraminic acid undergoes
isotropic motion, except for the C-9 atom.”®> A model involving an
intramolecular hydrogen bond network is supported by the relaxation data.

The spin-lattice relaxation times can also be used to estimate different
degrees of mobility within the same molecule.>%11%:2%

The complexation of monosaccharides with borates,”*”**° molybdate>*
and calcium ions*°'>% has been analysed from '>C chemical shifts. Com-
plexation with paramagnetic reagents has been described in Section
ILB.5.!P5718

The effect of pH on the chemical shifts has been studied”*16:119:289.302.303
and the pK, values and differences in acid strength of the a/8 anomeric
forms have been determined for p-glucose, p-mannose and p-fructose.’*®

C. Nuclei other than 'H and *C
1. ’HNMR

Elvidge and coworkers have published®® a detailed study of the six

possible isomers of mono *H-labelled p-glucose. *H NMR spectra allow
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TABLE III

3H Chemical shifts® of tritiated D-glucose derivatives compared with the 'H
chemical shifts® of D-glucose.

*H-'H *H-'H
Proton ’H 'H difference *H 'H difference
1 515 5-09 0-06 4-57 4-51 0-06
2 349 3-41 0-08 3.20 313 0-07
3 3-66 3-61 0-05 3.44 3.37 0-07
4 c.3:40 3.29 3:36 3.30 0:06
) 3.77 3.72 0-05 3-41 3.35 0:06
6 371 3:63 0-08 3-67 3.60 0-07
6 379 3.72 0-07 3-84 3-76 0-08

¢ Data taken from reference 304.
® Data taken from Table 1V, measured at 400 MHz.

a complete assignment of the NMR spectrum of p-glucose in dilute solution.
The data are in good accord with the directly measured results obtained
at 400 MHz as shown in Table III.

2. ”"NNMR

The application of "’N FT NMR spectroscopy in the study of amino
sugars was reviewed by Coxon in 1977.2°* Coxon also published the first
natural abundance '’N spectra of carbohydrate derivatives in 1974,
together with data for the '’N-enriched samples of 6-deoxy-1,2-3,4-di-O-
isopropylidene-6['°N]-phtalimido-a-p-galactopyranose and 6-deoxy-1,2-
3,5-di'-O-isopropylidene-6[15N]—phtalimido-a-D-glucofuranose. A full
account of the work, including *N-"C couplings and a study of the
complexation of these derivatives with Cu®*, has appeared.®”’

Botto and Roberts have reported the '’N chemical shift data obtained
from natural abundance 2-amino-2-deoxy-D-hexopyranose, hydro-
chlorides and their acetamido derivatives.>*®

N and C NMR spectroscopy have furthermore been used in a
structural study of bis(methyl-2-O-acetyl-4,6-O-benzylidene-3-deoxy-
a-D-altropyranosid-3-yl)amine. The configuration and conformation of
the compound have been determined and its unusually large 'Jisy 1y
value discussed.’®

Similarly, "°N and '*C NMR spectroscopy have been used to determine
the pK, values of an amino sugar, apramycin.'’

3. FNMR

The use of '°’F NMR spectroscopy in carbohydrate chemistry has been
discussed extensively in a recent review.”®
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Hadfield et al.>'! have recently described the synthesis of 4-amino-4,6-
dideoxy-6-fluoro-a-D-galactopyranosyl-4-amino-4,6-dideoxy-6-fluoro-a-
p-galactopyranoside. The *°F NMR spectra of the salts of this compound
reveal an unexpected conformation about the C-5—C-6 bond, due to the
dipolar attraction between the C-6—F and C-4—N" bonds.

'°F and also *'P NMR spectroscopy have been measured on reaction
mixtures of 1,6-anhydro-2,3,4-tri-O-benzyl-B8-D-glucopyranose and PFs
with different mole ratios in the temperature range of —40 to —80 °C. The
PF.,O, PF;, POF; and sugar-PFs complex species are determined by '°F
and *'"P NMR’'? and a polymerization mechanism of the anhydro sugar
with PF; has been discussed.

The enhanced sensitivity of '’F FT NMR spectroscopy over the con-
tinuous wave technique has made it a powerful tool in the analysis of
fluorinated carbohydrate derivatives.”"

4. 'P NMR

Several reports on the application of >'P NMR spectroscopy in carbohy-
drate chemistry have appeared;’ 14317 however, most of the data in the
literature are concerned with the study of nucleosides, which is beyond the
scope of this review.

5. Miscellaneous

''B NMR has been used in a study of the complexation of carbohydrate
derivatives with benzene boronic acid.>'®

70 NMR has been applied in a study of hydration of monosaccharides.**
Gorin and Mazurek have reported the '’O NMR spectra of 18 hydroxyether
and acetate derivatives of monosaccharides. Most of the compounds were
prepared by isotopic exchange with H,'’0.3%°

Laszlo and coworkers have studied the complexation of carbohydrates
and sodium through 2*Na NMR data in two papers.*?!*??

Haines has assigned the *°Si chemical shifts of some trimethylsilyl deriva-
tives of methyl-a-D-glucopyranoside. Double resonance spectra taken in
the presence of Pr(dpm); enable the '°Si and 'H signals to be connected
and the '°Si assignments are completed from selective deuteration data.
The lanthanide-induced effects on the *°Si and 'H -signals in the TMS
groups are discussed.***3%¢

Hall and coworkers have described the heteronuclear couplings between
*C and °Sn, 'Hg and ?°°T1 respectively in carbohydrate
derivatives,*>>~*’ and Gagnaire et al.>*® the ">*C-">C couplings in uniformly
3C-enriched carbohydrates. Finally, Mazurek et al. have described ">C-'"B
couplings for borate complexes of carbohydrates.>*
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IV. TABLES

TABLE IV

*H chemical shifts® and couplings® (in parenthesis) of D-aldohexoses.

Compound H-1 H-2 H-3 H-4 H-5 H-6 H-6'
D-Hexopyranoses
a-glu 5-09 341 3-61 3-29 372 3.72 3-63
(3:6) 9-5) 9-5) (9-5) (2-8) (57,12:8)
B-glu 4:51 3-13 3.37 3-30 3-35 375 3-60
(7-8) 9-5) 9-5) (9-5) (2-8) (5-7,12-8)
a-gal 5-16 372 377 3-90 4-00 370 - 362
(3-8) (10:0) (3-8) (1-0) (6-4) (6-4)
B-gal 4-48 341 3-56 3.84 3-61 370 - 3-62
(8-0) (10:0) (3-8) (1-0) (3-8) (7-8)
a-man 5-05 379 372 3-52 3-70 374 3-63
(1-8) (3-8) (10-0) 9-8) (2-8) (68,12:2)
B-man 4.77 3-85 3.53 344 3.25 3-74 360
(1-5) (3-8) (10-0) (9-8) (2-8) (6-8,12:2)
B-all 4.76 3-30 4-05 351 3-66 3-76 3.57
(8-5) (3:3) (3-2) 9-5) (2-4) (6:0,12-8)
B-gul 4.76 3:52 3.95 3-70 3.92 362 - 358
(8-3) (3:6) (3-6) (0-8) (6-0) (6-0)

“ Measured at 400 MHz in D,O at 296 K relative to internal acetone (212 ppm).
b Observed first-order couplings (£0-2 Hz).
¢ Data taken from reference 330.
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TABLE V

' chemical shifts® and couplings’ (in parenthesis) of D-aldopentoses.

Compound H-1 H-2 H-3 H-4 H-5e H-5a
D-Pentopyranoses
B-xyl 4-47 3-14 333 3-51 3-82 3-22
(7-8) (9-2) (9-0) (5-6) (10-5,11-4)
a-xyl 5-09 3:42 3-48 352 3-58 3-57
(3-6) (9-0) (9-0) (7-5) (7-5)
B-ara 512 370 377 3-89 3-54 391
(3-6) 9-3) (9-8) (2-5) (1-7,13:5)
a-ara 4-40 3-40 3-55 3-83 3-78 3-57
(7-8) (9-8) (3-6) (1-8) (1-3,13:0)
a-rib 475 371 3-83 377 3-82 3-50
(2-1) (3-0) (3-0) (5-3) (2-6,12-4)
B-rib 4-81 3-41 3-98 3-77 3-72 3-57
(6-5) (3-3) (3-2) (4-4) (8-8,11-4)
a-lyx 4-89 3-69 378 373 371 3-58
49 (3-6) (7-8) (3-8) (7-2,12°1)
B-lyx 4-74 3.81 3-53 373 3-84 315
(1-1) 27 (8:5) 51 (9-1,11-7)

? Measured at 400 MHz in D, O at 296 K relative to internal acetone (2:12 ppm).

® Observed first-order couplings (£0-2 Hz).
‘ Data taken from reference 330.

TABLE VI

'H chemical shifts® and couplings" (in parenthesis) for methyl-D-hexosides in D,0.°

Compound H-1 H-2 H-3 H-4 H-5 H-6 H-6/ OMe

D-Hexopyranosides

a-glu 470 346 3-56 329 354 3.77 366 331
(4-0)  (10-0) (10:0) (10-0) (2:8,12-8)  (5-8)

B-glu 4-27 315 338 327  3-36 3.82 3.62 346
(8-2) (9-6) (9-6) (9:6) (2:4,12:8)  (6:4)

«-gal 4-73 3-72 3-68 386 3-78 3.67¢ 3.611  3.31
(3-0) (9-8) (2:3) (1-0) (82,12:00¢  (4-6)*

B-gal 4:20 3.39 353 3-81  3.57 3-69 3.64 345
(8:0)  (10-0) (3-8)  (0-8) (7:6,11-2) (44

«-man 4-66 3-82 365 3.53  3-51 379 365 330
(1-6) (3-5)  (10-:0) (100) (1-9,12:0)  (5-8)

B-man 4-47 3-88 3-53 346 327 3.83 363 344
(0-9) (3:2)  (10:0) (10-0) (2:2,12:2)  (6:7)

? Measured at 400 MHz in D,O at 296 K relative to internal acetone (2-12 ppm).

b Observed first-order couplings.
¢ Data taken from reference 330.

4 Values obtained through ABX analyses.
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'H chemical shifts“ and couplings’ (in parenthesis) for methyldeoxy-p-aldopyranosides in D,0.°

Compound H-1 H-2e H-2a H-3 H-4 H-5 H-6 H-6' OMe
D-Hexopyranosides
a-2-deoxyglu 4-81 2:23 1-59 373 325 3-51 3.75 3-65 326
(1:0,3-8) (14-0,2:4) (12:0) (9:9) (9-9) 2:3,12:2) (5-8)
B-2-deoxyglu 4:54 2-15 1-36 3-62 3-15 328 3-84 3-63 3-42
(2-0, 10-0) (13-0,5:0) (12-0) (9-5) 9-9) (2-2,12-3) (6:0)
a-6-deoxygal 4-64 367 3:70 368 392 1-11 328
(2:8) (m) (m)? (1-0) (6:3)
B-6-deoxygal 4-19 3-36 3.52 3-62 3-69 1-15 3-44
(8:2) (10:0) (3-6) (0-8) (6:6)
a-6-deoxyglu 4-64 3-47 3-51 3-04 3-61 1-17 3-30
(3-6) (9-2) 9:5) (9-6) 6-3)
B-6-deoxyglu 4-25 3-15 333 304 3-38 1-19 3-44
(8-2) (9-8) 9-5) 9:5) (6+6)
a-6-deoxyman 4.59 3-82 3-60 333 3:56 1-19 3-29
(1-6) (3-5) 9-5) 9:5) 6-2)
B-6-deoxyman 443 387 3.48 326 3-29 1-21 342
(0-9) (3-3) 9-2) (m)* (m)*

% Measured at 400 MHz in D,0O at 296 K relative to internal acetone (2-12 ppm).
® Observed first-order couplings.

¢ Data taken from reference 330.

4 (m) = unresolved multiplet.
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TABLE VIII

'H chemical shifts and couplings’ (in parenthesis) for methyl-D-pentosides in D,0.

Compound H-1 . H-2 H-3 H-4 H-5e H-5a OMe

D-Pentopyranosides

a-ara 4-16 3-43 357 3-85 3-82 3-57 344
(8:0) (10-0) 3-9) (2-8,13-8) (1.0

B-ara 4.72 3.74 372 3-89 3-55 377 3.30
(2-8) (10-0) (3-0) (2:3,13:0) (1-0)

a-lyx 4-58 3-77 368 376 3-69 342 332
(3:2) (3-8) (4:0) (4-8,12:0) (9:0)

B-lyx 4-51 314 360 375 3-89 323 3.37
(2:2) (3-8) (7:5) (4:0,12-5)  (7-5)

a-rib 4-51 3-70 3-86 372 3-47 3-68 3-35
(3:0) (3-2) (3-2)

B-rib 4-52 3-51 3.91 3-79 374 3-61 3.37
(5:1) (3-4) (3:4) (3-5,12:5) (7-0)

a-xyl 4-67 344 353 - 347 359 3-39 3-30
(3:4) (10-0) (5:0,11-0) (11-0)

B-xyl 421 3-14 333 351 3-88 321 3-44
(79 9-5) 9-5) (5-5,12:3) (11:0)

“ Measured at 400 MHz in D,0 at 296 K relative to internal acetone (2-12 ppm).
b Observed first-order couplings.
¢ Data taken from reference 330.

TABLE IX

'H chemical shifts® and couplings”® (in parenthesis) for 2-deoxy-2-N-acetamido-D-
hexopyranosides.*

Compound H-1 H-2 H-3 H-4 H-5 H-6 H-6'
Methyl-a- 4-67 4-05 375 391 3-79 367 - 362
D-GalNAc (3-6) (10-8) (3-2) (0:8) (6-0) (6-0)
Methyl-g8- 429 378 3-61 3-84 3:52 371 3-66
D-GalNAc (8:4) (10-5) (3-2) (0-8) (727,11-9)  (4-2)
Methyl-B8- 4-39 3-61 3.47 3-32 3-32 3-80 3-65
D-GIcNAc (8-4) (9-6) 9:2) 9-2) (1-6,12:0) (4-8)

“ Measured at 400 MHz in D,0 at 310 K relative to internal acetone (2-12 ppm).
® Observed first-order coupling constants.
¢ Data taken from reference 330.
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TABLE X

13C chemical shifts for some aldoses.”

41

Compound C-1 C-2 C-3 C-4 C-5 C-6
D-Hexopyranoses

a-all 93.7 67-9 72:0 66-9 67-7 616
B-all 94-3 722 72:0 677 74-4 62-1
a-alt 94.7 712 71-1 660 720 61-6
B-alt 926 716 71-3 652 750 62-5
a-gal 93.2 694 702 70-3 71-4 62-2
B-gal 97-3 72:9 73-8 697 76-0 62-0
a-glu 92-9 72-5 73-8 70-6 72-3 616
B-glu 96-7 751 767 70-6 76-8 61-7
a-gul 93.6 655 716 70-2 67-2 617
B-gul 94.6 69-9 720 70-2 746 61-8
B-ido 93.9 71-1° 68-8° 70-6° 75-6° 62-1
a-ido 93-6 73-6° 72-7° 70-6° 73-6° 59-4
a-man 95-0 717 713 68-0 73-4 62-1
B-man 94-6 72-3 74-1 67-8 772 621
a-tal . 95-5 717 66-0 70-6 72-0 62-4
B-tal 95-0 72.5° 69-6° 69-4 765 62-2
D-Pentopyranoses

a-ara 97-6 729 735 69-6 672

B-ara 93.4 69:5 69:5 69:5 63-4

a-lyx 94-9 710 714 68-4 639

B-lyx 95-0 709 635 67-4 65-0

a-rib 94.3 70-8 701 68-1 63-8

B-tib 94.7 719 697 68:2 63-8

a-xyl 93-1 72:5 739 704 61-9

B-xyl 97-5 751 76-8 70-2 66-1
D-Hexofuranoses

a-all 96-8 72:4 € 84:3 70:2 63-1
B-all 101-6 761 733 83.0 717 63-3
a-alt 102-2 824 76-9 84.3 72-5 63-3
B-alt 96-2 775 76-0 82-1 734 63-3
a-gal 95.8 771 75-1 816 € 63-3
B-gal 101-8 822 76-6 82.8 71-5 63-6
B-glu 103-7 81-8° € 82:1° ¢ c
a-gul 97-3 € € 80-4 € 62-6
B-gul 101-4 78-1 € 80-3 € 63-2
a-ido 102:5 78-6 75-6° 822 70.3° 63-4
B-ido 96-3 770 75.9° 81-6 717 63-4
a-tal 101-8 761 727 827 716 637
B-tal 97-3 71-6 720 833 < 638
D-Pentofuranoses

a-ara 1019 82:3 76-5 838 620

B-ara 96-0 77:1 751 822 62-0

a-lyx 101-5 77-8 719 80-7 619
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TABLE X (continued)

13C chemical shifts for some aldoses.”

Compound C-1 C-2 C-3 C-4 C-5 C-6
a-rib 97-1 717 708 838 621
B-rib 1017 76-0 712 833 633
D,L-Erythrose

a-furanose 96-8 724 70-6 729

B-furanose 102-4 777 717 724

hydrate 90-8 749 73-0 64:0
D,L-Threose

a-furanose 103-4 82-0 76-4 74-3

B-furanose 97-9 77-5 76-2 71-8

hydrate 911 74-6 72:2 64-4
D,L-Glyceraldehyde

hydrate 91-2 755 63:4

Glycolaldehyde

hydrate 91-2 66-0

Formaldehyde

hydrate 833

“ Data taken from reference 2.
b Assignments may be reversed.

¢ Not resolved.



TABLE XI

13C chemical shifts for some methyl aldosides.”

Compound C-1 C-2 C-3 C-4 C-5 C-6 OMe
D-Hexopyranosides

a-all 100-0 683 721 68-0 67-3 61-7 56-3
B-all 101-9 72:2 71-4 68:0 74-8 62-2 58:0
a-alt 101-1 70-0 70-0 64-8 70-0 61-3 554
B-alt 100-4 70-7 70-2 656 756 61-7 577
a-gal 100-1 69-2 70-5 70-2 71-6 62-2 56:0
B-gal 104-5 717 73-8 69-7 76-0 62:0 58-1
a-glu 100-0 722 741 70-6 72-5 61-6 55-9
B-glu 104-0 74-1 768 70-6 76-8 61-8 581
a-gul 100-4 655 714 70-4 673 62:0 563
B-gul 102-6 69-1 72:3 705 74-9 62-1 581
a-ido 101-5 70-9 71-8 70-3 70-8 60-2 55-8
a-man 1019 71-2 71-8 68-0 73-7 62-1 55-9
B-man 101-3 70-6 733 67-1 766 61-4 569
a-tal 102-2 70-7 66:2 70-3 72-1 62:3 55-6
D-Pentopyranosides

a-ara 107-0 739 756 71-5 69-3 60-0
B-ara 103-0 72-1 70-1 71-4 657 581
a-lyx . 102-0 70-4 716 67-7 63:3 559
a-rib 100-4 69-2 70-4 67-4 60-8 56-7
B-rib 103-1 71-0 686 68-6 639 57-0
a-xyl 100-6 723 74-3 70-4 62:0 56:0
B-xyl 105-1 74-0 76-9 70-4 66-3 583
D-Hexofuranosides

a-all 103-8 723 699 859 727 63-5 566
B-all 109:0 756 727 83:4 73-8 639 56-4
a-gal 103-8 782 762 831 745 64-1 572
B-gal 109-9 81-3 78-4 847 717 63-6 55-6
a-glu 104-0 777 766 78-8 70-7 64-2 570
B-ghu 110-0 806 75-8 823 70-7 64-7 563
a-man 109-7 779 72-5 805 70-6 64-5 572
B-man 1036 731 71-2° 807 71-0° 644 56-8
D-Pentofuranosides

a-ara 109-2 81-8 77-5 84-9 624 560
B-ara 103-1 77-4 757 829 62-4 56-3
a-lyx 109-2 77-0 722 814 61-5 569
B-lyx 103-3 732 71-0 82-1 62-7 56-7
a-rib 103-1 71-1 69-8 84-6 61-9 555
B-rib 108-0 74-3 70-9 83:0 629 553
a-xyl 103-0 77-8 76-2 793 616 567
B-xyl 1097 81-0 76-0 836 62:2 564
D-Tetrofuranosides

a-ery 1036 72-8 699 73-6 56-7
B-ery 109-6 76-4 71-4 72:6 566
a-thr 109-4 80-5 76-4 737 555
B-thr 103-8 77-4 75-8 72:0 56-2

“Data taken from reference 2.
b Assignment may be reversed.
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TABLE XII

13C chemical shifts for some ketoses and their methyl glycosides.”

Compound C-1 C-2 C-3 C-4 C-5 C-6 OMe
D-Hexopyranoses

a-fru 65-9 — 70-9 713 — —

B-fru 64-7 99-1 684 70-5 70-0 64-1

a-psi 64:0 98-4 66-4 72:6 667 58-8

B-psi 64-8 992 71-2 65-9 69-8 65-0

a-sor 64-5 98:5 71-4 74-8 70-3 62-7

a-tag 64-8 99-0 70-7 71-8 67-2 63-1

B-tag 64-4 99-1 64-6 70-7 70-1 61-0
D-Hexofuranoses

a-fru 638 105-5 82-9 770 82:2 61-9

B-fru 63-6 102-6 76-4 75-4 81:6 63-2

a-psi 64-2 104-0 712 71-2 83-6 62-2

B-psi 63-3 106-4 755 71-8 836 637

a-sor 64:3 102-5 77-0 76:2 78-6 61-6

a-tag —_ 105-7 77-6 719 80-0 —

B-tag 63-5 1033 717 71-8 80-9 61-9
D-Hexopyranosides

B-fru 61-8 1014 693 705 70-0 64-7 49.3
a-psi 61-1 100-7 67-3 72-1 66-7 589 49-1
B-psi 577 102-6 69-7 657 69-9 65-4 487
a-sor 61-2 100-9 72-0 74:5 70-1 630 49-2
a-tag 61-0 102-4 69-6 71-7 66-8 634 485
B-tag 61:7 1014 655 71-5°  70-4®  61-1 49-3
D-Hexofuranosides

a-fru 587 109-1 810 782 84-0 62-1 49-1
B-fru 60-0 104-7 777 75-9 82-1 63-6 49-8
a-sor 60-7 104-2 80-0 76-5 788 61-6 499
B-sor 57-7 109-9 80-3 772 834 62-1 49.3
a-tag 58-8 108-7 752 71-9 80-6 60-8 49-6
B-tag 60:3 105-3 73-4 717 82-0 61-9 49-8

? Data taken from reference 2.
b Assignment may be reversed.
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TABLE XIII

13C chemical shifts for some aromatic glycosides.’

Compound C-1 C-2 C-3 C-4 C-5 C-6
Phenyl-D-glucopyranosides

a 979 72:0 73-3 70-2 739 61-1
B 103-1 75-8 79-5 72-4 79-3 63:6
a p-NO, 100-5 741 769 72-5 75-8 635
B p-NO, 1027 76-0 80-1 72:4 793 63-5
B m-NO, 103:6 76-1 800 72:6 79-2 636
B 0o-NO, 103-3 76:0 80-1 72:4 79-5 63-5
Phenyl-D-galactopyranosides

B 104-0 73:6 76-4 71-3 783 637
a p-NO, 100-8 75-5 71-2 70-5 721 630
B p-NO, 103-4 73:2 76-1 711 786 635
B m-NO, 104-2 733 76-1 711 78-7 635
B 0o-NO, 104-1 73-2 76-3 711 787 63-5

Phenyl-D-mannopyranosides
a p-NO, 101-5 734 72-5 69-5 78-0 63-8

¢ Data taken from reference 2.
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TABLE XIV

13C chemical shifts for some peracetylated pyranoses and furanoses.”

Compound C-1 c-2 C-3 C-4 C-5 C-6
D-Hexopyranoses

B-all 901 682 68-2 65-8 71-2 61-9
a-alt 90-2 68-2 66-4 64-4 66-4 62-1
a-gal 895 67-2 672 66-2 685 61-0
B-gal 91-8 67-8 70-6 66-8 71-5 61-0
a-glu 89-2 69-4 70-0 68-1 70-0 61-1
B-glu 91-8 705 72-8 681 72-8 61-7
B-gul 89-7 67-3° 67-1° 67-1° 711 613
a-ido 90-4 65-9 66-2 65-9 66-2 61-8
a-man 90-4 68-6 68-2 65-4 705 62-0
a-tal 914 65:2° 66-3" 65-3b 68-8° 61-5
D-Pentopyranoses

a-ara 92:2 682 69-9 673 63-8

B-ara 90-4 67-3 68-7 669 629

a-lyx 90-7 682 68-2 66-6 619

a-rib 887 67-1 656 66-5 59-3

B-rib 90-7 67-1 660 66-0 625

a-xyl 889 69-2 69-2 68-8 60-5

B-xyl 91.7 69-3 70-8 68-1 625
D-Pentofuranoses

a-ara 99-4 80-6 769 82:4 63-1

B-ara 93.7 75-4 74-8 797 645

a-lyx 98-0 750 70-6 770 62-4

B-lyx 932 70-5 68-5 777 62-8

a-rib 94-1 70-0 69-8 81-6 63-3

B-rib 98-1 74-1 70-5 792 636

a-xyl 92-8 753 73-8 75-4 61-6

B-xyl 98-9 79-4 74.3 79-9 62:3

¢ Data taken from reference 2.
b Assignment may be reversed.
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TABLE XV

13C chemical shifits for some tetra- O-acetyl-D-glycopyranosyl derivatives.”

Compound C-1 C-2 C-3 C-4 C-5 C-6 Me
D-Gluco derivatives
a-azide 861 69-7 69-8 681 70-1 61-7
B-azide 873 70-3 722 67-6 736 61-4
a-bromide 86-5 70-4*  72:0° 670 70-0°  60-8
a-chloride 89-5 70-2°  70-3*  66-8°  68-8° 604
B-chloride 87-1 72-4 73-0 67-2 74.9 61-2
B-cyanide 66-8 69-4 73:3 67-8 77-3 61-8  114:5
a-fluoride 103-5 69-9 69-1 67-1 69-6 61-0
B-fluoride 105-7 70-6 714 67-0 71-5 613
a-O-methyl 963 70-4 69-7 68-2 66-8 61-5 55-6
B-O-methyl 101-1 70-9 72'5 681 71-4 61-6 56-6
a-O-phenyl 943 70-5 70-1 68-4 68-1 61-7
B-O-phenyl 98-8 71-1 71-8 682 72:5 61-8
a-N-phenyl 80-1 65-8 71-0 685 72:1 617
B-N-phenyl 84-0 70-4 72-1 68-7 72-8 62-0
a-S-ethyl 81-8 70-8°  70-6 68-7 67-6° 620
B-S-ethyl 832 69-6° 734> 682° 756° 619
a-S-methyl 83-0 71-0°  70-7°  68-9°  677° 621 12-4
B-S-methyl 823 687"  72.5° 68-0° 755° 618
a-O-methyl

benzoate 96-8 71-8 70-3 69-4 675 62-9 55-4
Methyl-D-glycopyranosides
B-all 99.3 68-9 682 66-1 70-0 62-1 56-0
a-alt 98.2 64.6° 666" 64-1°  68-9°  62:2 55.0
a-gal 96-5 67-6 67-6 67-0 65-7 612 548
B-gal 1015 68-5 70-2 66-8 70-6 61-0 56-6
a-man 98-1 69-1 688 65-8 68-0 62-1 54-9
a-ara 101-9 69-3 70-4 67-9 63-2 56-6
B-ara 97-6 68-4 69-3 67-2 60-3 55-4
a-lyx 98-4 69-3 68-2 666 59-4 549
a-rib 97-5 67-5 67-4 66-1 579 56-2
B-rib 99.4 683 66-0 669 61-1 55.7
a-xyl 96-4 70-5 69-1 68-8 57-7 54.7
B-xyl 101-0 70-2 71-0 683 61-3 55-8

? Data taken from reference 2.
b Assignment may be reversed.
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TABLE XVI

13C chemical shifts for some oligosaccharides.”

Compound C-1 C-2 C-3 C-4 C-5 C-6
Sucrose 92:9 72-0 73:6 70-2 73-3 61-1
633 1044 77-4 75-0 82:2 63-4
a,a-Trehalose 94-0 72:0 73-5 70:6 73-0 615
B.B-Trehalose 100-7 742 773 711 77-3 62-5
a,8-Trehalose 100-9 72-4 73-8 70-4 73:6 61-6
103-6 74-1 76-4 70-4 77-0 62:0
a-Lactose 103-6 72:0 73-5 69-5 76-2 62:0
92-7 722 72:4 79-3 71-0 61-0
B-Lactose 103-7 72:0 735 69-5 762 62-0
96-6 74-8 75-3 79-2 756 61-1
a-Cellobiose 103-3 741 76-5 70-4 76-8 61:6
92:7 723 72-3 79-6 71-0 61-1
B-Cellobiose 103-3 741 76-5 70-4 76-8 61:6
966 74-9 753 79-5 756 61-1
a-Maltose 101-1 732 74-3 70-8 74-0 62-0
93-2 72-7 74-5 789 71-4 62:0
B-Maltose 101-1 731 74-3 70-8 74-0 62:0
97-2 75-4 775 786 76-0 62-2
a-Nigerose 99-8 72-8 74-1 71-3 72-8 61-8
93-1 713 80-8 706 72:2 61-8
B-Nigerose 99-8 72-8 74-1 71-3 72-8 61-8
97-0 74-1 832 70-6 766 61-8
a-Laminaribiose 103-9 74-8 771 71-2 77-1 62:4
934 72:2 84-2 696 72:4 62-4
B-Laminaribiose 103-9 74-8 771 712 77-1 62:4
97-2 74-8 86-7 696 77-1 62:4
a-Kojibiose 975 73-1 74-4 711 731 62-0
90-8 771 7341 711 731 62:0
B-Kojibiose 99-0 731 74-4 711 731 62-0
97-5 799 75-8 711 77-1 62:0
a-Sophorose 105-1 74-9 772 71-1 77-2 62:4
93-1 821 73:2 71-1 72-5 62:4
B-Sophorose 1039 74-9 77-2 71-1 772 62-4
95-8 82-8 77-2 71-1 77:2 62-4
a-Isomaltose 99-4 73-3 75-0 71-3 73-8 62-5
93-8 733 75-0 71-3 71-3 67-4
B-Isomaltose 99-4 73-3 75-0 71-3 73-8 62-5
97-7 759 77-7 71-3 759 67-4
a-Gentiobiose 103-8 74-5 771 71-1 77-1 625
93-3 729 74-5 71-1 71-8 70-2
B-Gentiobiose 103-8 745 771 71-1 771 62-5
97-2 755 77-1 711 76-1 70-2

“ Data taken from references 5 and 251.
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I. INTRODUCTION

This review is designed to update the two previous reviews contained in
Volume 6A and Volume 8 of this series’> and presents selected examples
of the NMR spectra of alkaloids (and of model systems) taken from the
literature (mid-1977 to early 1981). The organization and intention are
essentially the same as described before.'

Chemical shifts (ppm to high frequency from internal TMS unless other-
wise stated) and coupling constants or splittings (Hz) are given with many
of the structural formulae, and unless indicated otherwise relate to measure-
ments made on solutions in CDCl;. Asterisks signify possible reversal of
shift assignments.

A collection of >C NMR spectral data on alkaloids and amines covering
the literature through 1977 is available.?

II. ISOQUINOLINE ALKALOIDS

The '>CNMR spectra of isoquinoline alkaloids have been reviewed*
with the literature covered to mid-1979.
A. Simple isoquinoline alkaloids

3C shifts and long range (‘*>*C-'H) couplings of isoquinoline are given
in [1]° and '3C shifts of a number of simple isoquinolines in [2]-[8].® The
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MeQ 32 401 MeO_ 2%
. . .
MeO JN
OMe 3-90 N+
N 3.88 PAN
MeO 35 “Meao 386 HO™ N7+ §78  Mesq0
MeO 3-83 [10] Pycnarrhine (in CD;0D)

[9] Weberine

156-56 132:34

57-18 MeO luz-osl 2529
4924
+

/N\
H07119-21T165-27 Me47.50
14516 117.71

[11] (in D,0) 128-3| 151-6
129-8

[12]

shifts of 6,7-dimethoxyisoquinoline [8] are calculated from shift values
obtained from a comparison of benzene and veratrole. Comparisons within
the set [2]-{8] indicate methoxy substituent effects and N-methylation
effects on ">C shifts.

The 'HNMR spectra of a range of simple mono-, di-, tri- and
tetramethoxyisoquinoline alkaloids (e.g. weberine [9]) have been
described.” The 'H and '*C NMR shifts of pycnarrhine are given in [10]
and [11]° and the "’C shifts of 4-(1-methyl-2-pyrrolidinyl)isoquinoline, a
model for the 4-pyrrolidinylisoquinoline alkaloids, in [12]°.

B. Benzylisoquinoline alkaloids

Replacement of the 6,7-methoxy group in papaverine [13] and in 1-(p-
methoxybenzyl)-6,7-dimethoxyisoquinoline [14] by the methylenedioxy
group as in 1-(p-methoxybenzyl)-6,7-methylenedioxyisoquinoline [15]
results in shielding of C(5), C(6), C(7) and C(8) and deshielding of C(4a)
and C(8a). These shift changes are also shown by the tetrahydroisoquino-
lines [16] and [17]."° "*C shift changes resulting from N-methylation are
illustrated by comparison of papaverine [13] and its methiodide [18]'® and
of laudanosine [19] and its methiodide [20]."!

The low frequency NMe signal in the '"H NMR spectrum of [20] is
assigned by NOE measurements to that trans to the 1-benzyl group. Since
quaternization of laudanosine [19] with '*CH;I gives the major >C enriched
N Me signal to low frequency, the quaternization is shown to proceed trans
to the benzyl group.'’
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The low frequency shift (0-93 ppm) of 8-H and the high frequency shift
(0-42 ppm) of 5-H observed'’ on addition of CD;ONa to a DMSO solution
of sevanine [21] shows the C(7) location of the hydroxy group. 'H shifts
have been recorded'® for macrostomine [22].
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1469 1258 1206
111~01 23-1

MeO

{19] Laudanosine

7-10

4-03 MeO

HO Ar-H 6:72 (s, 3H)
7-45 (d, 1H)

8:23(d, 1H)

Ar-H 7-35
7-87
8-72
OMe 3-47
3-55

6-55
[22] Macrostomine (C¢Dg)

C. Aporphine, oxo-aporphine and proaporphine alkaloids
1. Aporphines

A collection of 'H and '>C NMR data of aporphines, dehydroaporphines,
phenanthrenes and miscellaneous aporphinoids is available."*

It has been pointed out'' that the non-aromatic 13C shifts of the apor-
phines are very different from those of the benzylisoquinolines (compare
nuciferine [23] and laudanosine [19]). In addition the C(1) methoxy group
protons in the aporphines absorb to higher frequency of the other methoxy



NMR OF ALKALOIDS 65

group protons (see glaucine [24]) and the shift is very marked in the case
of isocorydine [25]"" which possesses the C(11)—OH. The effects of
replacement of the dimethoxy group in [24] by a methylenedioxy group
as in nantenine [26] on the aromatic carbon signals shows shielding of the
ortho carbons and deshielding of the meta carbons.'’ '>C shifts for apormor-
phine are given in [27]'° and for boldine and ocoteine in [28] and [29].'®
Comparison of '>C shifts in ocoteine [29] and glaucine [24] show the
expected marked differences in ring A shifts. The low frequency shift of

147-1/ OMe OMe 555
1477 555
[24] Gtaucine 557

[25] Isocorydine [26] Nantenine

19 127
1132 { 288

{27] Apomorphine (in TFA) {281 Boldine
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139-1 119-1 146-23 122:38
134'8\0M 109:67] 35:30
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0 53:2 140-79 )[55:63
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12;‘4\Me HO 54.44 Me 40-86
34_'1 3430
143
110-1 .

MeO/‘
147-5 /OMe OMe
147-5 (30]

[29] Ocoteine

. 124-1*
153 ?10 21 " 1480 1198
55-7 . y
MeO 614
145-6 + Med4.0
60-5 MeO
e/' Me 54-8
1271 703
1119
561 MeO '
Me0\148 8
1482 56-1

[32] Laurifoline methochloride in

[31] Glaucine methiodide (in CDCl;-MeOD) (CDCl,-MeOD)

C(1a) is particularly marked. Substitution at C(5) in the aporphines as in
[30] causes low frequency shifts of NMe and of C(6a)."”

'3C shifts of a variety of quaternary aporphine alkaloids are shown in
[31]-[34]'° and in [35],% and illustrate the deshielding of C(5) and C(6a)
and the shielding of C(1b), C(3a), C(7) and C(7a) resulting from quaterniz-
ation. Comparison of the spectrum of glaucine methiodide [31] with that
of xantoplanine methiodide [33] shows the normally encountered shift
changes ortho and para to OH in ring D consequent upon replacement of
OMe by OH. Replacement of the more hindered OMe in glaucine
methiodide [31] by OH as in laurifoline methochloride [32], however,
causes large shielding effects on C(1a), C(2) and C(3a).'® Comparison of
ring A >C shifts in [31] and dicentrine methiodide [34] shows that the
normal shift changes (see [16] and [17]) resulting from replacement of a
dimethoxy unit by a methylene dioxy group are not observed in the more
crowded systems (the para C(3a) is also shielded and the ortho positions
are more strongly shielded in [34] than in [31])."¢
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'"HNMR data on a range of aporphines are available.'® The high
frequency shift of 11-H in xylopine [36]" is typical of such a structure and
the couplings involving the 6a-proton indicate its axial orientation. The
low frequency shift of two of the methoxy group protons in N -methylher-
nagine [37] indicate MeO substitution at C(1) and C(11). The observation
of low frequency shifts of the aromatic proton signals (§6:91 (d), 6:78 (d)
and 6-85 (s) in DMSO-d) in the spectrum of [37] on the addition of KOH
to the DMSO-d; solution by 0-45, 0-59 and 0-25 ppm respectively indicate
the location of the OH group at C(10).%°

The difference in '"H NMR parameters consequent upon a change in
C(7) stereochemistry is illustrated by the spectra of oliveroline [38] and

148-5 121-8

o 106-4{
e M
I e

[33] Xantoplanine methiodide (in CDCl,-MeOD) OMe

152-80 123-22

109:45* /24-63
MeO\c 62-19

149-31—__ r\f/Me 4353

d ~N
116 09&/’ V\Me 53-87
121 04T6\ 31-61 ~70-86
15016 —"

1'%126-01
MeO .
110-60 OMe 55-99
151-52 56-33 OMe 3-78
[35] Magnoflorine (in CD,OD) [36] Xylopine
6-60
O
5-96
6-08 N—Me 2:55
N
Me 2.71 7=180
( He ;47
OMe 3-49 8 ~OH
gg; 4-61(J =12)

[37] N-Methylhernagine [38] Oliveroline
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ushinsunine [39].2! The difference in chemical shift between the 6a- and
7-protons (Asa..7.1) is ¢. 1-14 ppm in oliveroline type compounds whereas
in the 7-O-methyl series (see oliverine [40]22) Aga-ni7.u is ¢. 0-64 ppm.
Marked differences in the "H NMR parameters of N-oxyoliveroline [41]
and of N-oxy-N-methylpachypodanthine [42] presumably result from the
increase in non-bonded interactions in [42]. The '"H NMR spectrum of [42]
also provides evidence for solvation by a water molecule.’

'"HNMR parameters of a variety of 4-hydroxylated aporphines are
available.”>?® The 4-proton is shown to be pseudo-equatorial in 4-
hydroxynornantenine [43] but pseudo-axial in the O,N-diacetyl derivative

[41] N-Oxyoliveroline [42] N-Oxy-N-methylpachypodanthine

HO 'H 4'51(W1/2=4)

AcO, H 5770=10,5)

MeO.
NH
MeO
. N
H MeO o Ac
7-89 H
O
\"0 OMe 3-65 0
5-97 394 0O

[43] 4(S)-Hydroxy-6a(S)-nornantenine [44]
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OMe
[45] Srilankine

1487
[46] Srilankine

[44] by the magnitudes of the vicinal coupling constants involving the
C(4) protons.?> The 3-proton shift is c. 0-30 ppm to higher frequency in
srilankine [45]** and in 4-epistep0rphine25 than in aporphines lacking a
4-hydroxy substituent. 'H NMR spectra of 4-alkoxy aporphines are avail-
able.?® The *C NMR shifts of srilankine are shown in [46].>*

2. Oxo-aporphines

3C NMR shifts of oxo-O-methylpukateine [47],>” O-methylmoscatoline
[4877" and oxoglaucine [49],” and 'HNMR shifts for oxo-O-methyl-
pukateine [50],® 11-hydroxy-1,2-methylenedioxyoxoaporphine [51],%*
splendidine [52],%° subsessiline [53],>° liriodendronine [54],>' O,N-
dimethylliriodendronine [55],*' arosine [56]** and arosinine [57]%% are

given with the structures.

151-9 1352
\ 102-1 /23.3
<0 XY144-0
__07p ZN
147-3/ 1443 182:0
104-4— 4. 5123-1 «
156.0 " "N

129-1
[47] Oxo-O-methylpukateine

(48] O-Methylmoscatoline
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o 717
6~33<
o

HO

oM

€
8:17(J=55)

OMe 4-05
4-09
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[53] Subsessiline

MeO O
-0

7-51(J =8-75)
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Ho. 635 13
‘ X 7-87
N
HO Z

9:11 O
7.87 828
754

[54] Liriodendronine (in TFA-d,)

8:62, 843
N\

N.
=
\Mc

9:35 o
8-01 852

772

[55] O,N-Dimethylliriodendronine (in TFA-d,)



NMR OF ALKALOIDS 71

MeO

7-22
[57] Arosinine (in CDCl;/TFA-d,)

[56] Arosine (in CDCl;/TFA-d,)

3. Proaporphines

Details of the '>*C NMR spectra of a range of proaporphines have been
published®® and [58] and [59] are provided as illustrations.

1477 1323 1478

\109-4 268 \109-4 26-8
O [

(59] (in DMSO-ds)
[58] (in DMSO-ds)

D. Bisbenzylisoquinolines and benzylisoquinoline-aporphine dimers
1. Bisbenzylisoquinolines

3C NMR shifts of cycleanine [60]** and of isochondodendrine [61]"°
have been published. The shielding of two ortho aromatic protons (10-
H, 11-H) of ring C' (6 5-79, 6-25) suggests the conformation [62] for
cycleanine in which these protons are shielded by the aromatic ring B'. In
this conformation the 7-OMe in ring B is shielded by the aromatic C' ring.>*
'"HNMR data on a number of new bisbenzylisoquinoline alkaloids have
been published.’*® Among these thalirugidine [63] exemplifies the low
frequency shifts of the 8 and 8' aromatic ring protons.
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129-6 122:9
OMe 560 2Me 107'31 238 124-8

109-3 1 24.8

OMe

[60] Cycleanine [61] Isochondodendrine

N—Me
3-80 MeO @ .
3-39 MeO )

NMe 2-48
2-51

OMe 3-61
3-63
3-85
381
3-81

ArH 6-6-7-2

[63] Thalirugidine
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NMe 2:46
2:56
OMe 3:15
3-38
3-73
379
3-82
ArH 5-89(s)
6:37 (s)
6-46 (s)
664 (s)
[64] Thalibrunine (in acetone-dy) 6-16 (dd)
6:36 (dd)
7:16 (dd)
7-37 (dd)

On the basis of singlet absorption for the aromatic protons of the
trisubstituted benzene ring and of the high frequency absorption of the
OH proton the structure of thalibrunine has been revised to [64].*®

2. -Benzylisoquinoline-aporphine dimers

The absence of the high frequency 11-proton signal in the spectra of
kalashine [65]>° and khyberine [66]*° is diagnostic of the position of the
ether linkage. Proton shifts for thalirevolutine and for thalilutine are given
in [67] and [68].*'

[65] Kalashine

3-83 3-83 6-51
O

[66] Khyberine
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NMe 2:36
2-43
OMe 3-59
366
3-78
3-80
3-87
3-87
396
ArH 6-18
6:42
6-52
6:57
6-75
6:75

OMe 3-83 3-94Me
O NMe 2:48
2-49
55, OMe3:58 3.76MeO™ < Al 653
656
6-58

6-63

)

’7

OMe 3 78
3-78

[68] Thalilutine

E. Cularines

The '*C shifts of cularine are shown in [69]'! and the conformation is
in accord with the dependency of *J couplings on C—C—C—H dihedral
angle.*’

1263
26:0
124-3
1104
OMe 55-8
1489~ —56 1718.3 60
MeO 43-6 56-0
OMe
144-8 0O
148.47 1051
OMe \j44.8
1473

[69] Cularine
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F. Protoberberines

The '>C NMR spectra of quinolizidine derivatives including the protober-
berines have been reviewed and the diagnostic importance of the C(6) shift
in determining the nature of the ring fusion discussed.*’ This is illustrated
by the '>’C NMR spectra of corydaline [70] and mesocorydaline [71]° as
well as by examples included in the previous review.

The '*CNMR spectra of O-acetylcapaurine [72], O,O-diacetyl-
capaurimine and capaurimine di-p-bromobenzoate at low temperatures
show signals for cis and for trans forms and at —80 °C O-acetylcapaurine
is shown to exist as a c. 3-4: 1 mixture of trans: cis forms.**

'"H NMR parameters are available for a range of tetrahydroprotober-

berines** ™7 illustrated by thalictricavine [73]*° and [74].%° Features of the
54-5
515 1286
128-5 OMe 1502
147-8 18-4 l —
\ . OMe
McO 11-7 145-1
:'\ x124-l
Me0 11090\ H\ 435,
1286 63-1
147-3
[70] Corydaline
o 1207 1265 1502
\'28-1 &OMe MeO
MeO 111:1 470
¢ OMe N
MeO
145-1
111-1 AcO
MeO]112-1\64-2 st-z O OMe
_ Me\ 133-0
146-7 y30.7 224 OMe
34-6
[71] Mesocorydaline [72] O-Acetylcapaurine
O
5-92< ArH 6:90
6-90
O o 427,3-50 (J =—16) 672
. =3y 6-62
32U =3 OMe 3-90
OMe 3:90

[73] Thalictricavine
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spectra of 4-hydroxylated tetrahydroprotoberberines‘m'49 are represented
by [75] and [761,*" which show the high frequency shift of the 4-proton in
the pseudo-equatorially C(5)—OH substituted isomer [76]. In [76] the
5-proton is relatively deshielded as a result of its near 1,3-syn axial
relationship to the nitrogen lone pair.

The '>C NMR spectra of the berbine N-oxides [77] and [78] show the
low frequency shift of C(6) in the cis isomer [78].>°

6:58 2.70

OMe

OMC/Q& 3-87

[74]

OMe OMe
[77] trans-Xylopinine-N-oxide [78] cis-Xylopinine-N-oxide

'H shifts for the 8,13-dioxo-14-hydroxyberbine and for the derived
aporhoeadine are given in [79] and [807' and for compounds derived from
berberidic acid in [81]-[83].”> The deshielding of the peri proton by the
carbonyl group is seen in [81] and [82], and [82] shows a complex pattern
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for the lactam methylene and the 8-proton in contrast to the two singlet
absorptions for the analogous set of protons in [81]. "H NMR parameters
typical of protopines are provided by [84].%*

6:53 2:6-3-0

5-75

(81] (in TFA) o

[83] (in TFA)
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G. Spirobenzylisoquinolines

The '°C shifts of fumaritine N-oxide [85] and those of fumaritine [86]*
are displayed. The conformation depicted in [87] for fumaritine N-oxide
is suggested by NOE measurements. In alkaline D,O the 13-methylene
protons of [87] absorb at $3-90 and 334 (Jem — 15-5 Hz).>* The 'H NMR
spectrum of parviflorine is shown in [88].>° J,.,. for the NCH,O protons
in 1,3-oxazolidines of the type [89] is —7 Hz.>®

[85] Fumaritine N-oxide (in D,O + NaOD)

2-87
€ 0 405
\ /

N
O
668 HoH g_/
MeO OH 6:40 5.33
372 8-81 3-67 MeO o]
[87) Fumaritine-N-oxide (in DMSO) 5:35(J=73)H OH
O
OH
CH,
| OH

HO
[88] Parviflorine (in pyridine-ds)
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H. Benzophenanthridines

Following the establishment of the structure [90] for chelirubine the
"H NMR shifts may now be assigned as shown.’” This structure also permits
rationalization of the chemical shift changes of the C(9) and C(11) protons
between dihydrosanguinarine derivatives [91] and dihydrochelirubine [92]
with the low frequency shift of 9-H and the high frequency shift of 11-H
in the spectrum of [92] resulting from the C(10)-placed methoxy group.’’
"H NMR shifts for dihydrochelerythrine [93], bocconoline [94],°® luguine
[951° and corynolamine [96]%° illustrate features of the spectra of these
compounds.

9:53 §.13 .
427 \, 78
OMe

(0] OCH,0 624
6-44
4-H, 9-H, 7-61, 7-87

~N
Me 4.96
[90] Chelirubine chloride (in TFA)

743 7-06 835 2.47 7.08

MeO

93] Dihyd i
[93] Dihydrochelerythrine 3-47(J =-10.5, 5:0)

3-09 (J =-10-5,10-5)

[94] Bocconoline
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~

23

»

>

vy

o
O\/O

o : Me .34
O\__o 34 ¢ (DMSO) 6\:6_0 CH,OH
OCH,0 100-78
102-62 {96] Corynolamine
C(6) 61-02
c5) 3613

[95] Luguine (in CDCl;/TFA-d,)

13C shifts for corynoline [97] and corynoline-11-O sulphate [98] show
lower frequency shifts for C(1a), C(6a) and C(10a) in the sulphate.61 'H
shifts for three isomers of 12-hydroxycorynoline are given with [99].°> The
118-OH,128-0OH isomer shows coupling between 11-H and 4b-H (4b-
H 63-28,J =2Hz).>* A twist half-chair conformation for ring C in
chelidonine [ 100] has been proposed®® on the basis of the couplings between
the C(11) and C(12) protons.

7479 12543

l 36:321107-02

[98] Corynoline-11-O-sulphate
(in DMSO-dg)

11a-OH, 12a-OH:64-72(J = 5)
4-44(J =5)

11a-OH, 128-OH:54-36(J =7-5)
4:32(J=1-5)

118-0OH, 128-OH:54-59(J = 5)(12-H)
3-90(J =5, 2)(11-H)

(99]
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O—CH,—O 5'99,5-55(J = 1-4) 3:21(J =-175)
O—CH,—O 5:93,5-92(J =1-5) 4'23HH H3.08(J=-17-5,43)
: O
2:98(/=28,3) >

o N“H3-57 J=3
[100] Chelidonine o \Me 227
O H Hy,
4-08 (J=-15-7)

I. Phthalideisoquinolines (including rhoeadine type)

13C shifts of the stereoisomeric pairs of phthalidoisoquinoline alkaloids
a- and B-hydrastine and corlumine and adlumine are shown in [101]-
[104).% In [102] and [104] C(3) and C(4) absorb at higher frequency than
in [101] and [103]. C(1’) shifts are also diagnostic of stereochemistry.® The

146-3 124:5 146-3 125-3
1108'1 26:7
<O
~N
o 66:2 Meds9
145-8 l/168.()
O
22 1416
OMeé62-2
] OMe 567
1523
[101] B-Hydrastine [102] a-Hydrastine
148-2 1234
lm-sl 265
559 MeO
49-5 Jewy-n =133-8
Jc@-u =133-5
Jc@rn = 1283
Jean-n =1552

149-1
[103] Corlumine
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'H and "*CNMR of fumschleicherine are summarized in [105] and [106]
together with the '"H NMR of fumaramine [107] for comparison purposes.®*
NOE measurements between the aromatic proton at §7:-71 and the
NMe protons establish the E-configuration of the double bond in dehydro-
bicuculline [108].°

OMe 55-6

559
Jeay-n =132-3
Jc@-u =136-0
Jc@y-n =127-9
Jean-n =155:2

148-8
[104] Adlumine

2-13

(6] NMe, 2-08
< 241 5.99,3-14 (J =-14)
O-CH,-O 5-86
© 4 : 607
OH \6\~7o,7-00 u=8 o 661
10:14 HN 6-62
O
0 o/
[105] Fumschleicherine (in DMSO-d¢)
126-9* 132:6*
145.7 ) . 1475 110-3131.5
s g 81 03 NMe, 3, NMe,
© <1158
144.7 «
111-0
o« 1487
O
113-8 o/
142-6*

[106] (in DMSO-ds) [107] Fumaramine
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'"H NMR parameters for a selection of rhoeadine type alkaloids are given
in [109), [120],°¢ [111),%” [112]°® and [113].*° The open chain derivative
[113] shows a value of J,,. intermediate between values of J,,. across the
ring fusion for cis and trans compounds (cf. 9 Hz in [109], 2 Hz in [111]).

Ar-H 7-20(s)

662 (s) .94.6-05 (J = 1-
O-CH,-0 &.15 5:94,6:05 (J =1-3)
5-96 [109] Glaudine

[108] Dehydrobicuculiine

6:69 2:61-3-30
~

3-89 MeO
N—Me2-32
H4:04(J=9)
6-78,7-08

3-89 MeO
7.31/'/,H"
5:56 (@)

3-58 MeO "~

H

H O
5.75 O\/ 578 O O
5.98,6-05 ~
O-CH,-0 5-95
[110] Epiglaudine 6-09

[111] Papaverrubine

2-34-3-80
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J. Colchicine alkaloids

The complete assignment of '>C shifts in colchicine has been determined
in DMSO-ds [114]° and in CDCI; solution [115]"" and this has resulted
in the correction of some previous assignments.”?

3C shifts of the tropolone ring permit a ready differentiation between
the normal and iso-colchicine series (see demecolcine (normal [116]
and iso-demecolcine (iso) [117]).”> The '"H NMR spectra of the same
compounds [118] and [119] show a smaller chemical shift difference
between 11-H and 12-H in the iso series than in the normal series.”>”*

153-2 134-4

108-0 | 29:4 517
56:0MeO\ l (:y 1689
--NHCOMe 22-4
60-7 MeQ ] 51-2
. /}' 130-7

[114] Colchicine (in DMSO-dg)

153-8 1344 366
\107.91 30-1 ‘[ 52.8 1700
56:3 MeO
O --NHCOMe22-7
61-5MeO 152-6
142 2/%0 130-7
1514 % 1796
61-3 1 164-3
126-0 ‘
137-2134_5 OMe

[115] Colchicine

1536 1357 409

Me 34-5

134-6

562 1414 (@)
[116] Demecolcine [117] Isodemecolcine
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'3C shifts permit a reassignment of structure to “‘epoxycolchicine’ [120]"°
and 'H shifts suggest the structure [12 1]for a product obtained by treatment
of colchicine with acetic anhydride.”®

OMe

[118] Demecolcine

153-1  136-0 1200
\109-81 316 i 495

2:60 /AC OAc 2:20
N\ 2:29
2-36

Ac

M:
5.60 OMe 3-68
3-68
5-80,6:55 OAc 3:90
3-90

[120] “Epoxycolchicine” >0

K. Emetine-type alkaloids

"H NMR shifts for emetine and isomers are given in [122]125]"" and
3C shifts for alangimarckine [126] and its epimer [127]"® show the lower
frequency shifts of C(1), C(2) and C(1') in [126] (see ochrolifuanine A and
B shifts — structures [546] and [547] in reference 2).

From a knowledge of the 'C shifts of the ethyl group carbons in [128]
and [129]"° the cis — trans isomerization [130] > [131] can be followed.®°

-.._Me0:86(J =55)

Ar-H 6:74(1H)
OMe 6-54 (3H)
OMe 3-84

[122] 11b-Epiemetine
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\_/Me 0:96 (J =5-5)

Ar-H 6-68
OMe 3-87

Ar-H 6-73 (1H)
6-54 (2H)
6:47 (1H)

OMe  3-83 (30Me)
3-80

Ar-H 6-77(1H)
6-63 (3H)
OMe 3-88

[125] Isoemetine
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'HNMR (in DMSO): OMe 3-64
372

'"HNMR (in DMSO): OMe 3-48

3-64
[127]
H H
o.__N Oo. _N
H H
“CH,—CH, “CH,—CH,

23-5 110 : : 11-9

o
COOMe
[128])
MCO@/\’
N
MeO o
H H
T 119 0T
H” ! 209 232
~Co,H CO,H
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L. Other isoquinoline alkaloids including pavines

13C NMR shifts for argemonine are given in [132]."" The aromatic proton
shifts in caryachine [133] and in [134]®' are in accord with substituent
parameters developed earlier®® and with solvent-induced changes (DMSO
to CDCl;) consonant with literature values.' 'H NMR shifts are given for
quettamine [135)], dihydrosecoquettamine [136] and secoquettamine
[1371% and for peshawarine [138].%*

A "*CNMR procedure has been described®® for a rapid quantitative
estimation of ephedra alkaloids.

1297 1473
6:39 6:75
MeO O
672 6-51

[133] Caryachine (in DMSO-d¢)

7-08, 7'1}_/-
Me 3:14
MeO 6-51 6-75 +N M 7
e — .
. =9
6-58 6-51

[134] (in DMSO-dy)

OH

669,675 #3977 Me M
'69,6: <N }2.43 670,693 278 N oMe
~N .
/ Me // N\Me 2:4.
H2:97 (J = -15-5, 87,9:0) 3:05
3-83MeO MeO
H 336 3-99

OH OH
{136) Dihydrosecoquettamine [137] Secoquettamine
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6-93
[138] Peshawarine

III. AMARYLLIDACEAE ALKALOIDS

The "H NMR spectra of clivacetine [139],% 3-epitazettadiol [140], tazet-
tadiol [141], deoxypretazettine [142], deoxytazettine [143],*" carinatine
[144],%® a synthetic analogue of the galanthan group [145],%° a sceletium-
type alkaloid [146]°° and of some apogalanthamine analogues [147]
and [1487°! illustrate some of the spectral features of alkaloids of the
Amaryllidaceae.

542(/=3,3,3)
2:96
7-81 (”) ;
C—CH,—C—Me
6-03 < 3.49 2:2
(J=12,3)
MeO H3.93
C JH172 - P
— < 45=
H™ Me Jog=
"N 2.37 _ 14.7:1 =2
0 . 2| JoH2:37 (., =~10) Jra76=—14
5:90( M "H2-96 Jr86=10
o OH "4.36 (J, ;5 = 6, J3 2, =1) Jra7a=2
6-96 (I:Hz Jra6=5

OH \4-84, 472 (J=-12)

[140] 3-Epitazettadiol



90 TREVOR A. CRABB

N| JH2:23 = =
. . ‘ (Jxem = _11) -,7“‘7'“ =2
}:l 0H‘H3-62 J1p6=10

CHZ 4-36 (J3 24 =6;J325=5)

6-87

OH 1 478,4:54(J=-12)
[141] Tazettadiol

341
MeO H4-14
L H17707=-14,9,2)
5-87
292 Me2-48

H 2:62(J=-10,8)
N H 294 (J=-10, 11)

O H3g6(7=11,8)

648 4-99
[142] Deoxypretazettine

4
lele(:;) H4.03 4.51 OMe 3:43

/  H170(J =-13,10, 3)
.-H2-24

6-02 2:64
*;*/ﬁez-sg o
o e | HZS1U=-11,3)
s5-88¢ [y "H3-430=-11,5)
3:80MeO
o O 4000=5,3) 6:57 411
6:50 459 3-48(J =-14)
[143] Deoxytazettine [144] Carinatine

MeO 3:42
OMe 342

5:61 u=3-2,3-2)\ OAc
H | _.Hs503(J=78,4-8,32)
AcO._

3210 =13,32 )~y H

Ar-Hé6-75-6-80

3.93(J=13,9,2)

[145] [146]



NMR OF ALKALOIDS 91

[147]

IV. ERYTHRINA, DIBENZ[d,fJAZONINE AND
CEPHALOTAXINE ALKALOIDS

The relationship between 14-H chemical shifts and stereochemistry in
erythrinane derivatives outlined in a previous review' has been exten-
ded®*™®* to 1-bromo- and other 1-, 2-, 3- and 7-substituted derivatives.

a-substituents at the 1-position in cis-erythrinanes normally deshield
14-H. This is not observed in [149] (cf. shift in [150]) and the value of J; ¢
of 11-5 Hz (in DMSO-ds) in this compound indicates an equatorial bromine.
Thus in 1,2-disubstituted cis-erythrinanes stereochemical decisions must
not be based on 14-H shifts.°” In the B-bromoketone [151] the conforma-
tion is solvent dependent. Thus in DMSO-ds the compound adopts the
equatorial bromo conformation [152] and shows deshielding of 14-H as a
result of the close approach to 1- and 3-H,,. In CDCl; [151] adopts the
axial bromo conformation [153] and 14-H absorbs “normally”.”

The influence of the axial OH and OAc in the oxides [154] and [155]
on the chemical shifts of 14-H is marked.®*

Differences in 14-H chemical shift are seen in the spectra of the trans-
erythrinane [156] and the ring-enlarged derivative [157].%°

Comparison of the '*C NMR spectra of [158] and [159] show that C(14)
is not influenced by the steric compression shift. The C(5) shift is also
rather similar in both compounds.96 Differences in C(1) to C(3) shifts are

14-H 6-90 (in DMSO-dj)
17-H 6-68 (in DMSO-dj)
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[152] (in DMSO-d,)

4:57(J12=47,J16=50) 527
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noted in [160] and [161] and in [162]-[163] the effect of the angular
substituent on shifts is marked.”’

The '"HNMR spectra of a number of alkaloids exemplified by ery-
sopinophorine [164]°® have been reported”®'* and some parameters for
the homoerythrinane phellibilidine [165]'°" and of the synthetic C-homo
erythrina derivative [166]'> are given. Some '*C shifts for the
dibenz[d,flazonine derivative [167] have been published.'®

78.7 171-6

OMe 56-2
577
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'>C shifts for a range of Cephalotaxus alkaloids are given in [168]-
[172]'** and "H NMR shifts for harringtonine'®® and for the acyl C(2)
epimer in [173] and [174] respectively.'?®

73-6
[165] Phellibilidine

OH 146:0  128-2
CH,NMe 58-2
\110-21-31-7

56-0 MeO 64-1
33.5 o
/ 100-8<

N—Me 474

OMe 146-8/ N
134-3 ~ 97-6
MeO OMe 160-5

OH 801 73.2 58-1
[167] [168] Cephalotaxine
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573

70-7

RO K
'\ .
/ OMe 157-6

74-8  56-2
O OH 748 OHMe 29-6
W L 370 1/
R=—-C—C—CH,CH,—C
173.9* 33-1 701\
Me 28-8
CH2C00M651.5
42-8
" 170-3*

[169] Harringtonine

1302
1077 l 78:3

73-6

OMe

Ar-H 6-54,6:62
} 3-58,3-69

OMe
COOMe

( Me\OH OH
}}; i CCH,CH,C—~COOR
: /
Me CH,COOMe

209 ABquJ=-18

[173] Harringtonine

H5-07(J=0-8)

OMe
O OH 792 Me22-7
I 1o 315
R=—-C—C—-CH,CH,—CH
17314 330
Me22:2
HO—CH-COOMe
/. 523
751 171.7*

oM 1583
573

Ar-H 6-62,6-62
OMe 365
COOMe ([ 3-67

Me OH OH
1 >CCH2CH2(lJ —COOR
Me CH,COOMe
2{0 AB qu
[174] C(2)-Acylepiharringtonine
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V. MORPHINE ALKALOIDS

"H NMR shifts for thebaine methochloride (in D,O) are given in [175]."°

The 'HNMR spectra of 14 B-carboxymethyl-88-hydroxy-8,14-dihy-
drothebaine lactone [176] and 83,14 8-epoxyethano-8,14-dihydrothebaine
[177] demonstrate the ‘“‘acylation shift”” of 0-46 ppm of 8-H between the
lactone and the ether and the low frequency shift of 7-H typical of enol
ethers of the morphine series.'®” The isomers [178] and [179] are readily
differentiated on the basis of the value of Js ¢ (5-H: §4:61 (J =6) in [178]
and §4-50 (J =2-2) in [178)).""

OMe3:83

6:25(J=7) H14;568 (J25=22)
[175] Thebaine methochloride (in D,O) & O
[176]
OMe
(¢

[178] R'=0OH,R*=H
[179] R'=H,R*=OH

In the '"H NMR spectrum of the codeine derivative [180] the value of
J7.8s of 4-8 Hz indicates a dihedral angle ¢, of 40-50° consonant with a
deformation of ring C.' In a rearranged derivative [181] 5-H absorbs to
higher frequency of the aromatic protons (8 6-62) as a result of its position
in the plane of the aromatic ring and interaction with the phenolic OH.'*®

Coupling constants in the 9,17-secocodeine [182] are similar to those
for codeine' and indicate 6-H to be axial."” NMR studies (particularly
13C shifts of C(5), C(6) and C(7)) show an equilibrium in CDCl; solution
betweflr:) the 5,6-dehydromorphinan [183] and its Michael addition product
[184].
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- CONMCZ
H 4-93 (Js_g = 1'2)

576 (Jss=34)"

5-90 (-’6.7 = 11, .’7'3 =48)
[180]

OMe
OH 6:00
N /) 677 Us =105, J5,=1-2)
5 53(-’67=22
199 Ha64(s,5=5)

3:66

15.6 = 55
Me Jo7=20
~ =13
COOMe Jos=35
-’6.0H =10-0

3C NMR: 13C NMR
C(7)199-2 C(7) 2069
C(5)158-8 C(5) 90-0
C(6) 1259 _Me Cc6) 451
/Me

’l—[ax O
2:67 (Jpem =—15;J56=17)
[(184]




98 TREVOR A. CRABB

13C shifts for ocobotrine and O-methylpallidinine are given in [185] and
[186]''' and 'H shifts for 1,2-dehydroreticulinium chloride and N-
norsalutaridine in [187]''* and [188].'"

The C(3) stereochemistry in {189] and [190] is reflected in the C(7)-Me
proton shifts''* and in the 'H NMR spectrum of the benzomorphan [191]
the absorption for the C(9)-Me at §1-37 indicates the B-isomer since a-
and B-C(9)-Me groups in such compounds absorb at §0-8 and §1-3 respec-
tively.''® The structure of the morphinanedione relative [192] is based on
360 MHz NMR data, particularly on the observation of coupling between

5-H and one of the protons at C(4).''®
147-8*

OMe 550
56-0
56-7
NMe42:8
401
0}
3215 36-2
[185] Ocobotrine [186] O-Methylpallidinine

OMe 379
3-96
Ar-H 6-63
7-02
7-18
7-37
6:78

MeO
O OMe 378
HO 3.92
7.58 I NH
besz
MeO
O

[188] N-Norsalutaridine
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MeO

3:02 (Jgem =—18,J12<1)
3.37 (]gem = —18, 11.2 = 65)

59 --H3-62 OMe 3:70
MeO NH 3-73
3-89

o 6-093.33 Ugem = =14, J4.5=0)

339 (Jgem = —14,J4 s=1)

13-H 191 (Jger =—12:5, 1y 13=1:5,J5,,3=4-0)
13-H' 2:37 (J5,13=1-8)

[192]

[193] Cancentrine
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*C NMR shifts of cancentrine [193], 10-oxocancentrine [194] and 9,10-
dihydrocancentrine methine-O-methyl ether [195] are given''’ and
"H NMR parameters for cancentrine and 10-oxocancentrine in [196] and
{197].""7 The C(20)-OMe in [195] absorbs at §61-5 consistent with its
sterically crowded position.

MeO

[195] 9,10-Dihydrocancentrine methine-O-methyl ether
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6:86 .65
/'." 2:37(J =-18-5)

[ 4H 318

N—Me2-50
l';\3-41

393

[196] Cancentrine

7:00

3-98
[197] 10-Oxocancentrine

VI. PYRROLIZIDINE AND PYRROLE ALKALOIDS

Since the last review in this series’ '>C NMR shifts for a range of
pyrrolizidine alkaloids have been reported. Comparison of the '*C chemical
shifts in monocrotaline [198] and its N-oxide [199] and in retronecine
[201] and its N-oxide [202] shows the expected deshielding of C(5), C(3)
and C(8) on N-oxidation (C(5) is less deshielded than C(3) and C(8) as a
result of the y-shielding effect of the C(7)-O). N-methylation produces
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comparable shifts to N-oxidation (see [200] and [203]).''® On the basis of
the N-oxide shifts the values of 74:6 and 96-4 are assigned to C(7) and
C(8) in monocrotaline N-oxide [199] and this suggests“8 reversal of the
assignments in the published values''® for europine N-oxide [204] (the
reported''® C(9) shift of 77-9 for europine N-oxide is probably in error
since the C(9) shift in lasiocarpine [205] is 62-3'%%). The shifts shown in

[204] incorporate the suggested corrections.''®'*° The C(7) and C(8) shifts
118

reported'?! for senecionine [206] have been reversed.

[198] Monocrotaline (in pyridine-ds) [199] Monocrotaline N-oxide (in D,0)

[202] Retronecine N-oxide (in D,0) [203] Retronecine methiodide (in D,0)
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o)
v lse1

[204] Europine N -oxide (in D,0)

26-5* 24-6*
Me Me
\N_/
73.0C—OH
1739 l 789 130
—O0—C—C—CH—Me
’ |
O /OH OMe
838 565
543 623
[205] Lasiocarpine
11(\)48 Me 246
€ €
150Me\C 15.6 . | (l:
=C~—CH,—C—C —OH
f | 3 I R
1332 766/ " Me 24.9 H w05y C=
142-5 C=0 | 176-9
-0

1359
529 59.9
{206] Senecionine [207] Madurensine

13C shifts for madurensine [207),'%° retrorsine [208],"*° swazine [209],'*
isoline [210],'** hygrophylline [211],'* bulgarsenine [212] and doronenine
[213]'?? are provided with the structures.

'HNMR data are given for senecionine [214],"%" europine N-oxide
[215],'" parsonine [216],'** ligularidine [217],'** petasinine [218] and
petasinoside [219],'*® yamataimine [220)'?" and [221].'?®

121
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669
g 1323 Me CH,OH
N 1312 [
C=C—CH,—C—COH
7 I 347 I I
14-9Me (37-8) C=0 “g13
1366 AC=0 H (') 1757
(134-4) ]
167:3 0 CH,62-7
(75-3)77-4 es_{132:4
(34:5)37-9 1347 (136-5)

529 61-0
[208] Retrorsine (values in parentheses taken from reference 122)

16-9 41-7

35.6 '?48 o (I)H
\
122:0 H,C=C—CH—C—C+—Me219

143.1/| 94 | 774
C=0
168:1C=0 / 1766
O
/
0] CH,62-6
759 e 131-8
341 “N136:6
N
531 612
[209] Swazine
159

OH Me OCOMe
33.3 | | (I: M

74 Me—CH,—C—CH,—CH—C_—Me14-9

el 396 373 | 836

78-8 —
/CZO /C Q61
1721 \ ?
o) CH,63-3

769 131-6
34-6 75\y135.7
N

532 60-6
[210] Isoline
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5-9
OH Me OH

135-1 1335 | I I
15.6 MeCH=C—CH—CH—C_—Me25.7
\ 70-0 407 | 781
=0
167-6C=0 | 1782
P
CH265'2
73-5>75'4_{41-9
29-8
522 544

[211] Hygrophylline

281 15-5 283 117
Me Me OH Me Me OH
1183 | | I 1185 | | I
HC=C—CH,—CH—C—Me26:8 HC=C—CH,—CH—C—Me24.6
1544 373 360 |757 \151-8 411 346 |757
C=0 C=0
166.9C=0 | 1877 167.7C=0
(o)
|
CH,67-4
72-6 37-6
37-0 32-7 341
526 506 526 634
[212] Bulgarsenine [213] Doronenine
5.7 253 1'6% 92
71T =715 : 1-68
OH3-18
1-83Me” D Me1-32

325,253 3:95,3:42 (Jyom = - 16)

[214] Senecionine



106 TREVOR A. CRABB

0~ 0 520,445 (J = —12-8)
0-84
A\ . 0-98
N 59 isopropyl Me 0-98
1-04
[216] Parsonine isopropyl CH 1:79,1-93
/Me
“OCOCH;2-00

5:11,4:38 (J =-12-0)

Me 1:45
Me 0-94

[217] Ligularidine
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3-68
CH,OH
H .

O

y 2:03(J=17)
() —C Me

H —

533 Me

(J=4,4) 190 615

[218] Petasinine

[219] Petasinoside

5-52,4-30 (J =-11-5)
6-10

[220] Yamataimine
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|O| Me 2:01

~C .~

2:60  2-60
[221] (in CD;0D)

The '"H NMR spectra of 3-oxo-dehydroheliotridine and of the related
isosenaetnine are summarized in [222]'*° and [223]"*° respectively. The
chemical shifts of a 14- and of a 19-proton in the 'H NMR spectra of the
isomeric acylpyrroles [224] and [225]"' result from differing
stereochemistry with respect to the 11-carbonyl group (effect on 14-H)
and from the acetoxy function (effect on 19-H).

*C and 'HNMR parameters for roxburghilin/odorine are given
in [226] and [227]. The *CNMR spectrum of [226] in CDCl; solution
shows evidence for both C(2) epimers.'””> '"H NMR parameters for the
relation odorinol [228]"*? are provided.

132,133

_»CH,OH OH
536 (J =7,2-5)

634 298 (J = ~18,25)

=3 \_N-/ 337(/=-18.7)

7:02

J=3 O

4-22,4-88(J =—-12-5)

[222] 3-Oxo-dehydroheliotridine

1:75(J =2)
1-75,2:70 (J = —~13)

\ X1-74 OAc2-06
5-98

1-00
(J =7)]5-37,5-00 (J =-13)

364(J=-19,7) __,
3:01(J =-19,2)
7:12(J =3)

0]

[223] Isosenaetnine



109

NMR OF ALKALOIDS

1-78
3.46 (14)., OAc2:07 112'3.:3'159
6-06 2-85(14") J:s,=5.5
J6':7=2

J79=0-5

Joo=-14

Jis1a=-17

J1417=1:0

Jis18=1-5

J1419=0-5

Ji417=0-5

Ji418=1-5

Jia19=1-5

Jia19=2
1-68
3:11(14)%  OAc2-05
6-05 2-85 (14°)
O
216 34:5 628,627 Ar 134-8(s)
429 _
42.7t 129-9(d)
462 H 128-8(d)
N NHCO 273 128-8(d)
| 1759 Me 27.0% 128-3(d)
142-8 \ 17-3t
1182
Ph

[226] Roxburghilin/odorine ($both C(2) epimers present CDCl; solution)
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2:00_2-00
R]
3as_, [ N\ HE1Z oy

374 !
sl N NHCO—A_ .
(e 2) | 7 Mo 1-49

CO 460 112 Me0:90

6-94 \
7-66 (J = 16)

Ph
[227]
7-6
\ O
6-9 2.
N 3-2-3.9
1-4Me  HN
3.5sHO H //1-5—2-4
06-2
0-9Me 1-6
[228] Odorinol

VII. INDOLIZIDINE ALKALOIDS

jZ-H.NH =80

13C and "H NMR parameters for an indolizidine alkaloid isolated from
an Ecuadoran frog (Dendrobates tricolor) are given in [229] and [230]."**
In the ">*C NMR spectrum of dendrocrepine [231] recorded at 25 °C the
phenyl group gives rise to six resonances due to restricted rotation of the
phenyl group. (Four resonances are observed at 57 °C.) A similar effect is
observed in the low temperature '*C NMR spectrum of the related 2,6-

dimethyl-1-phenylcyclohexanol [232].'%°

507 (J = 10)
HO ﬁ{ Me 098 (J =7)
1-16 Me_ 216 C\'/\/\
: ~ C Me 0-89
J 3'1822H“ |
J=12) '
1.73 2%7
2:36 --H3-09 (J =-10, 4)

H H
1-73 2-24

[229]
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Me14-2

40-7 64-8 13C NMR at 57 °C:
15-4 , Ar 143-1C1’
Me 135“;‘/30-6 127-8 m
210 126:3 p
1241 764 1259 0
1266~ ~g3.5 507
1276 OH:
127-8° CH, 429
1262 143-0 C=0206-7 1252
! 1280 l
157
126-1 Me 262
/ forl\l;e\ 306
146-8 /
H 78-2 41-8
[231] Dendrocrepine [232]
334 2.61-2-42

HO

H. 317(J =8,8)
H, 262

eq

332 (J=-16)

Me N
H H

[233] Juliprosopine
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'H and ’CNMR parameters for juliprosopine are given in [233] and
[234]."%° (See also spectaline [283] in Section IX.)

The 'H NMR spectrum of vinceten is summarized in [235]."*’

Com-

parison of the chemical shifts in [236]-[238] shows the effect of C(12)

137

hydroxylation on the 1-proton shifts.

[234].
OMe Ar-H 7-40
MeO 7-13
7-07
OMe 399
3.97
N

~ A

CH=CH—CH(OH)Me 1-29
6-54(J =11-5) 5-

78(J=11-5,9)

[235] Vinceten

OMe OMe 398
4-00
3.93
OMe
3.93 MeO 4-91(J=8)
H
7:05 7-03
H.xHeq
1 4220=-159)
6-87 3.51(J = —15-5)

[237] [238]
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VIII. QUINOLIZIDINE ALKALOIDS

The *C shift of C(6) in benzo[a Jquinolizidines [239] provides a reliable
indication of the cis/trans ring fusion'*® 1% (see also protoberberines,
Section IL.F of this review and previous review?). The chemical shift of the
4-proton in 4-phenylquinolizidines is well known as a probe in the determi-
nation of the cis/trans nature of the quinolizidine ring fusion (Section
VIIL.C in previous review?) and additional examples are provided by [240]
and [241],*"'*? by 7-methyl-4-phenylquinolizidin-2-ones,'*’ by lasubine-1
[242] and lasubine-II [243]'** and by various nupharidine derivafives
[244]."*° 13C and "H NMR shifts for the nuphar indolizidine [245]**¢ and
'H shifts for nupharopumiline [246]'*” are available. '>C shifts for myrtine

H3.20(0=12,35)

H4-21(J =6,4-5)
[ 77
J ph N Ph
[239] [240] [241]
OMe 3-88,3:87 Ar-H 6-86
oM 6-86

€ 6-83

»CNMR: Ar  120-5

111-8

4-10 110-6
C4) 135-5

--H4-10 OMe 148-6
147-7

[242] Lasubine-I

OMe 3-88,3-86 Ar-H 6-84
6-84
OM

€ 692

3:33(J=56,95)
N

--H4-14
H OH

{243] Lasubine-II
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3.52(J =8,6) 3C NMR: 18:2(q)

H 089 20-2(1)

Me Me 29-2(t)

34-1(1)

N 645 36-5(d)

Me I Ns.36 53-3(t)

736~ 60-0(d)

AN 71-6(d)

\ 139-7(d)

0 143-1(d)

[244)] [245] Nuphar indolizidine
Me  Haagu=12,4) Me 0-93
1-03
=
N .
Me

o

[246] Nupharopumiline

[247]"*® and 4-epimyrtine [248]'*’ indicate the stereochemical dependence
of these shifts.

53-6
\11-1
23-5 34

Me \ H
. (o) 24-0 o)
-3/ 48 34-3 .
15N 51- TN
259 g\ 487 26:0 M\

62-1

e 49-85
57.2 208 59.3
[247] Myrtine [248] 4-Epimyrtine

In the monocations of sparteine-N¢-oxide [249] and of 2-phenyl-
sparteine-N-oxide the bridge proton absorbs at very high frequency
(518-2-18-8)."*° "H NMR shifts for chamaetin [250]"°' and of methyl
12-cytisineacetate [2511"°% are provided with the structures.

The axial orientation of the N-oxide function in the lupin alkaloid
5,17-dehydromatrine N-oxide is established'*® from a comparison of the
'H chemical shifts of 11-H in 5,17-dehydromatrine [252] (§4:15) and in
the oxide (6 5:13) with those in matrine (6 3:81) and in matrine N-oxide
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[249] Monocation of sparteine-N,¢-oxide

342 (J=—12,5'5,2)
X 2:53(J =-13,2)

H2:86 (J =-11-5,9'5)

HO

2:59H
J=-17,5,3) 4-33(J=-13,2)

o)
224 (J =-17,11-5)
[250] Chamaetin (in CD;COCD;/CD;0D)

2:6-3-1
1-84 318
_CH,COOMe3-63

~¥ N
*y12
P )2.6-341
243

J=
\3‘85 (J=-15-5,6)
4-08 (J =-155)
[251] Methyl 12-cytisineacetate [252] 5,17-Dehydromatrine

(85-12). 'H and '3C shifts for 5a,9a-dihydroxymatrine are given in [253]
and [2155?],15 “ and those for sophoranol (5a-hydroxymatrine) in [255] and
[256].

Comparison of the '>C shifts of sophoridine [257], sophoridine-N-oxide
[258] and of an isomeric N-oxide [259] permit the assignments shown.'*®
The similar difference in chemical shift between C(2) and C(10) in [257]
and [258] suggests similar trans-fused quinolizidine systems, whereas the
low frequency shift of C(10) in the spectrum of [259] indicates the cis-
quinolizidine system. In the 'H NMR spectra of [257] and [258] there is
no absorption below 84-00 whereas the cis-quinolizidine [259] shows C(17)
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[253] 5&,9a-Dihydroxymatrine

633 292 906

[257] Sophorodine [258] Sophorodine N-oxide

'H NMR:
C(17)H, 4-08 (J=-13-5,7-5)
314 (J =—13-5,8:0)
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methylene absorption at 84-08 and 3-14. 'HNMR parameters for a
stereoisomer of sophocarpine are shown in [260]."%7

J120,13 =3-5
J12g13 =50
J17a,178 = —13-5
J17858 =50

T 170,58 =110
J13.14=10-5

Comparison of the "H chemical shifts of 6-H and 6'-H in the spectra of
thionuphlutine [261] and of its two isomeric sulphoxides [262] and [263]'*®
permits assignment of the sulphoxide stereochemistry.

[263}

The C(13) epimers [264] and [265] are differentiated by the couplings
involving the 13-protons- 13-H: §4-52 (J=2,6) in [264], §4:50 (J =
3,10) in [265].*°
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OMe

[264] R' =OMe, R*=H
[265]R'=H, R? =OMe

NMR characteristics of porantheridine are given in [266].'*° Propyleine
has been shown to be an interconverting mixture of [267] and [268] with
[268] as the major component. The protonated olefinic carbon absorbs at
higherlfrlequency in [267] than in [268], showing its proximity to the methyl
group.

BCNMR: 'HNMR:
494(d) Jéa.7nx =11
48-4(d) J6n,6eq = -’6&.7eq =25
40-1(t)
39:25(t) 9a-Me 15
Me_ /N 34:2(t) 6a-H 2-96
30-9(t) 3'-Me 0-93
o 6a 27-4(1)
23-8(q)
69-2 19-8(t)
19-4(t)
18-0(t)
Me 14-2(q)
[266] Porantheridine
0-90(*H)
0-97('H) ,
, . _Me
. _Me
H «— 4-60('H) ——147-1(**C)
He—4-75('H)
111-4(*3C)
147-0(**C) 103-9(**C)

[267] [268]
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'"HNMR shifts for some benzopyridoquinolizidine bases are shown in
[269] and [270].'*

H H5.84(J=18,1-2)
5-68(J=11,1-2)

[269]

IX. PIPERIDINE AND PYRIDINE ALKALOIDS

A. Tropane alkaloids

The enantiomorphic composition of cocaine may be determined by the
tris-d-trifluoroacetylcamphorate-induced separation of proton shifts.'®®
'"HNMR data on 3a-tigloyloxynortropan-68-ol [271],** 3a-senecioyl-
oxytropan-63-ol [272] and 6B-angeloyloxytropan-3a-ol [273]'®° are dis-
played. The shifts at §5-58, 1-92 and 2:18 in [272] and at §6:05, 1-93
and 2:03, in [273] are typical of senecioyl and angeloyl moieties
respectively.'®® "H NMR shifts for related systems are available.®’

The C(5') or C(1') signal (§59:28) in the BCNMR spectrum of
scopolamine [274] in a '*N-enriched sample shows Jisc 15y 2:9 Hz.'®®

N

_H2 “Me2.46
Nl H3-s 49H
OH
3-8HO.
H’ Hs-15 O\ H4.370=9,2)
4TH3’s sssH_ C=O
OoCO
/‘ Me2-1 |
68 H— Me” Me
Me2:02 1-92,2-18

[271] 3a-Tigloyloxynortropan-68-ol [272] 3a-Senecoyltropan-68-ol
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N
| “Me 250
5-40H P Me 1-93
5-65
J=1,26) |
Me Hé6-05

[273] 68-Angeloyloxytropan-3a -of

N/Me
O, U
¥ Ha Hg
H H (@) o HO—(IT—|C—COOMe
84376 Jap=5-38x0-12
6p3-82 Jgc=905+0-11
8c4:10 Jac=-11-240-13
[274] Scopolamine [275] Tropic acid methyl ester

A detailed 'H NMR study of tropic acid and derivatives has been made'®®

and some data for tropic acid methyl ester are given in [275].

The >C NMR spectrum of N -benzoylphysoperuvine is given in [276]
and the lﬁ NMR spectrum of an intermediate in the synthesis of cocaine
in [277].!

170

55.9
1285 129-4 Me 286
333 216 . CO,Me 3-67
1266 136-6 N_\ O { 2
60-0 28-2 N ~H4.94 (J =5)

128-5 129-4
434 40-2
9

171-0 /
Hi-24 (7=3,12:5)

2133
[276] N-Benzoylphysoperuvine [277]

B. Other alkaloids containing the piperidine moiety

'H NMR data for the simply substituted piperidine alkaloids spectaline
[2781,'"2 the related spectalinine,'”> N-methylpseudoconhydrine [279],'7*
and the pair of epimers D.L-allosedamine [280] and p,L-sedamine [281]'"°
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H
1100
HNMe L y3ssm=6)

(Cle)u
H 290(J =15
2:42 (IZHZ 2:70 ¢ )

Jsoax =Js5.4ax=9

Me2-13 ]5,6eq=J5.4eq=4'5
[278] Spectaline [279] N -Methylpseudoconhydrine
H
,;:.o\o
‘Me _l67-6
HN
374 H p 323
(CH )/C z 557 T
' 2)s 265
CH, 240
R? !
H | .R! (IZH2 43.7
N Ph _CO 206-4
Me 26-0Me
[280] R' = OH, R?=H, Allosedamine [282] Spectaline

[281]R! = H, R? = OH, Sedamine

are available. In the spectra of [280] and [281] the benzylic proton absorbs
at 85-04 (J=4,10) and at 54-84 (J=2-5,9-5) respectively.'”> The
!3C NMR spectrum of spectaline is summarized in [282].'"2

A careful analysis of the 'H NMR spectra of wisanine [283] and of an
isomer [284] establishes the structures shown.'"® Comparison of the
'"HNMR spectra of trans- and cis-2-methoxy-4,5-methylenedioxycinn-
amoylpiperidine, [285] and [286] respectively, with that of an alkaloid from
Piper peepuloides establishes the structure of the alkaloid as [286].""
'"H NMR and "*C NMR spectra of pipermethystine are shown in [287] and
[288]"7% and the '>*C NMR spectrum of piplartine dimer A in [289].7°

.’2_3 =147
]2_4=0'2
J25=0
J34=112

P2HT H
1 13_5=0'2
N .’4_5=15'7
OMe H H

376 7-14 7-44

[283] Wisanine
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12_3= 147
J24=04
Jas=
Js4=11-6
J35=06
J4_5= 11-6
(J =15-8)
7-85 3:40-3-80 Ar-H6:50
0 Oy 696
5-96< 67
O OMe
3-90 f{26-1-83
[285]
(J =12-3)
6-86
X595
5-96< Co_ 3.30,3-55 Ar-H 2:32
OMe N
3-90
1-20-1-90
[286]

3. 86 (Jgem = _15, -’S.6=5)

4:32 (Jyem = =15:J56 =5, Jas = )(156_5)

542
O— C Me 2:06

I 684(145—5 Jos=1)
6:15(J = 10)

[287] Pipermethystine
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C=0 1638

o 169:9

i 175-3
O—C—Me208

63-4 C=C 126-1(d)

and Ar 127-6(d)

128-4(d)

128-8(d)

140-2(d)

152-6 € 136.5%
[289]

Spectral data for rohitukine [290]'** and tecomanine [291]'®' are pro-
vided. Comparison of the >*CNMR spectra of xylostosidine [292] and
sweroside [293] shows differences in the C(3), C(4), C(6) and C(11) shifts
consonant with structure [292] for the monoterpene alkaloid.'®? In addition
the 360 MHz 'HNMR spectrum of xylostosidine [294] shows the cis
arrangement of the 5- and 7-protons by the values of Js¢., and 16“,7.182

OH o 13C NMR (in pyridine-ds) '"H NMR (in pyridine-d’s)
1999q  101-5d 1-57dd, J = 12(1H)
25-4t  108-5d 2-14m (1H)
382d  155-9s 2-21s, (3H)

HO 0~ “Me 46:2q  156-2s 227s, (3H)
56:8t  161-4s 2-36d, J = 12(2H)
OH 625t  168-8s 2:99d, J = 12(2H)
69-9d  183:2s 3-16dt, J = 12, <2(1H)
3-63dt, J = 12, <2(1H)

N 4-44d, J <2(1H)

| 6:17s, (1H)

Me 6-79s, (1H)

[290] Rohitukine
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28:63  49-83

Me 1:16
1-19

Me
2:35

[291] Tecomanine

4-13
31 36
[\ J35=2-7
S N -’8.10= 17
4-897 o Js9=Jg10 =10
2-18H J19=19
1.49ch Jio,10 =2
ax 3.1 X741 Js0=55
]6ax,6eq=_12'5
269 5.53 o J5.6eq=J76eq=3'5
““Hs-49 “;5.6“? i:l;
H > g O—Glu bax.7 ™
525 5.30

[294] Xylostosidine (in CD;0D)

The configuration of the sulphoxide group in the loxylostosidines A [295]
and B [296]'®*> may be assigned from a comparison of the C(6) shifts with
that in xylostosidine [292]. The small y-effect (—4:64 ppm) in [295] indi-
cates a frans arrangement between C(6) and the oxygen atom of the
sulphoxide group (cf. —8:12 ppm (syn-y-effect) in [296]). In addition the
'HNMR spectra of the sulphoxides show a deshielding of C(6)-H,q in [295]
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49-55 44-00

133-28 |
121-18
44-19
[295] Loxylostosidine A (in CD;0D)

O—Glu

ALKALOIDS 125
46-02* 47-40*
164-28
S\ N._O
0'76.74
24,356 107-62
. 414935
O
133-40 %745
121:21 O0—Glu
44-58

[296] Loxylostosidine B (in CD;0D)

by 0:33 ppm whereas C(6)-H,, in [296] is shifted to high frequency by
0-23 ppm and C(6)-H.,, is unchanged (all shifts relative to [292]).'*?

The >C NMR spectra of the compounds [297] and [298] obtained by
synthesis shows'®* that the structure [297] proposed for cannivonine cannot

be correct.

197
26-7

I 23-8

299
[297]

C. Pyridine alkaloids

42-6
Me
/
N
S0-8
181

60-8
31-8
15-9
33.3
29-2 T 25.8

34-1
[298]

The structure of melochinone [299] is assigned largely on the basis of a
comparison of the >’C NMR spectrum with those of 3-methoxy-2-methyl-
4(1H)-pyridone [300] and 5-methoxy-2-methyl-4(1H)-pyridone [301]."%°

145-1
OH
173-7
114-6
OH |

[ =
Me—CH(CH,);o\ N Me 137
257 67-8

N OMe59-4

150-3 140-8

[299] Melochinine

1754
0/}47-6
116'9| | OMe59-8
1361
N71 Me137
H
1425

[300] (in CD;0D)
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147-1 173-3

56-5 1 ?

MeO 114-6

119-6

N Me18.7
H

{301] (in CD,0D) [302} a,B-Dipyridyl

Differences in the >CNMR shifts in a,B-dipyridyl [302] and in the
perchlorate [303]'® are similar to those observed on protonation of
pyridine. Shifts for a,a-dipyridyl [304] and for B,8-dipyridyl [305] are
provided for comparison purposes.'*® '*>C shifts for 5-fluoronicotinic acid
sodium salt are given in [306]'*” and comparison of shifts for anabasine
and 5-fluoroanabasine may be made by reference to [307] and [308]."'%"

136-8

12372 I121.1 = |
149-2'x >
N 156-3

N

[303] a,8-Dipyridyl diperchlorate (in D,0) [304]

(.’C'F= 195) 135'3(jc_p= 3)

134-2 F COONa
123.8¢F N334~ 160-4———7 ¥R
| | Uer=259) ol |1464 172
148-2 : : '
A NS A Uer=25 N Ucp=39)

[305] [306] 5-Fluoronicotinic acid sodium salt (in D,0)

[307] Anabasine [308] 5-Fluoroanabasine
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165,2‘19 H Heq181
H

7-72

Mecq
8-54. _Js68\ ¥
N 302
[309] Nicotine (neat liquid)

Tritium NMR chemical shifts for nicotine are given in [309].®® In the

'*C NMR spectrum of N -methylnicotinium iodide the cis-methyl resonance
(6 46-5) appears to low frequency of the trans-methyl (6 51-1) (cf. "H NMR
spectrum: cis-Me 6§2-94, trans-Me 6 3:27).'%°

'H and CNMR parameters for some alkaloids based on the 2,7-
naphthyridine nucleus are given in [310]-[313]'°>'*! and in [314] and

[315].'%2
H4-74

2:65(/=14,5H
7-94

9-26
J=1) O

{310] Sesbanine (in CDCl3-CD;0D) [311] 10-Episesbanine (in DMSO-d;)

[312] Sesbanine (in DMSO-dg) [313] 10-Episesbanine (in DMSO-d,)
CO :15\'495
7.07 358 N
8:45 | X O 9:04 X o
N__~ NH?7.60 N__~ NH7-70

8-45 859
Me H Me H
1.58 472 1-56 4-78

[314] Jasminidine [315] Jasminine
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Details of the '"HNMR spectra of alatamine [316] and of wilfordine
193
(

[317] are now available ”° (see Section IX.C in reference 2).

. 1] < >
0—C
“~H

3\5-46 (J =3:5,3.0)
e 518 (= 30)

2 & Ne
J=10HO 'MeoOH \
Me. | Ac C=0
3-80,5-94 Me /"~
J =-12-0) OH
o0—C
'/
0O )—
N
N\ /
[316] Alatamine

4-21,5-50(J =-13)

OAc 577 (J = 3-0)

3.77,5.82
J = -13) OH

,
§ =

\

[317] Wilfordine

In the "H NMR spectra of the cathedulins and derivatives [318]{320],
6-H., is increasingly deshielded with successive hydrolytic removal of the
ester groups at C(8) and C(15). In the conversion [320]—[321], however,
this trend is reversed and in addition the 15-methylene protons also become
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875 N
73-75¢" RN 879,
8-280_ __J9-32 o

7:3-7:5 571,471

163
Me 6% OAc 1-98

5-45,4-79

[320] [321]
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markedly non-equivalent. This suggests a change in the hydrogen-bonding
preference of 15-OH away from 8-OH towards 2-OH."** The 1-acetate
methyl protons in [318], [319] and [320] are shielded relative to the
2-acetate methyl protons, possibly as a result of the presence of the
neighbouring 9-axial benzoate group.'®*

'H and ">’C NMR parameters for cathedulin K2 are given in [322] and
[323] together with data for the model compounds dimethyl evoninate
[324] and evonine [325].'%

Me 7.04 AcQ

5-49,4-49

[322] Cathedulin K2

i
138-5 176:5
C—OMe
120-6¢7
06 IMe
v 1882
Me O

C—Me 40-2,40-4
OMe 51-2,52-3
Me 15-2,17-9

[324] Dimethyl evoninate [325] Evonine
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'"HNMR chemical shift differences in cathedulin E3 [326] have been
interpreted in terms of the orientation of the cathate bridge shown in
[3261."°° In this conformation one of the 15-protons lies in the shielding
zone of the syringate related aromatic ring (6 3:92, cf. 8 5-58 for the other
15-proton); 19”-H is deshielded by the ester carbonyl attached to the same
ring (67-43, cf. §6-96 for the other aromatic proton); one of the 16”-H
protons lies in the plane of the pyridine ring and is deshielded (8 6-42, cf.
8 4-89 for the other 16"-proton) and one of the methoxy groups lies in the
shielding zone of the pyridine ring (6 3-10, cf. §4-10 for the other OMe
protons) as does the 2-acetyl methyl group (6 1-35).

The '*C NMR spectrum of cathedulin E3 is summarized in [327].!°¢

56-3,55:1 137.7
Mo N0 1211 oo
106-7, 105-9
O
O
Me
[326] Cathedulin E3 [327] Cathedulin E3

X. QUINOLINE, ACRIDONE AND
QUINAZOLINE ALKALOIDS

"H NMR spectra of dihydroquinine and dihydroquinidinine are given in
[328] and [329]'7 and '*C shifts of pumiliotoxin C hydrochloride in
[330]."%°

The '*C NMR spectra of 25 quinoline alkaloids and related compounds
have been published'®® and some of these are depicted below [331]{335].



132 TREVOR A. CRABB

[328] Dihydroquinine

27-4

1]31'8 41-0 1115 115-5
e . .
\ sz3.3 \OH 17.8‘/130 6
35.0% 25-3 : 22-

60-1 , sy
207 189 :

N
2072 346
]\H/ \H nis| N o
s¢1H H
cr 137.3 163-4
[331]

[330] Pumiliotoxin C hydrochloride

1571 116-1

1574 1164

0\n
\

123-2 Z

130-4 o
113-8 IT

Me .
1385 298 1637

[334]

1673
[335] Balfourolone

Of diagnostic importance is the high frequency shift of the NMe resonance
in 8-methoxy derivatives ({333] — [334]) and the C(2) shift in the hydrogen
bonded structure [335] (cf. [333]).'*°
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The *C NMR spectrum of 3,3-diisopentenyl-N -methyl-2,4-quinoldione
is depicted in [351].2%°

The '"HNMR spectra of a variety of quinolones are summarized in
[3371,°°" [338],°°% [339],°°* [340] and [341].>*

17.8 1352 o
12111971 845
? 257 622
1225 |
1358 7‘35‘7'60\\ N~ "CH,CH,(CH,)sMe
' |
1égs| N 10 Me
1727 372
4 M
143.4 Me [337]
[336]
1-76 1-80 1-20

4-56 Me 3-32Me

p 4.75 2.20 OH3-75
O/\)\lﬁl / H

5-47 0" 3% %o el1-20

X5-90 795 OH

3 Xy5-95 3.75

N” O N Yo

H

3-59 [339] Bucharaine (in CD,0D)

8:04
[341] Melovinone

1751
1232 [ 96.3
)

115-4 N O 1250

138.9 Me 154.0 g3.1
30-1

[342] Isoplatydesmine [343] Ribalinine
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The **C NMR spectra of a variety of furoquinolines and pyranoquinolines
are summarized in [342]-[346),"%° [347],>" [348] and [349].°* The furo-
and pyrano- compounds isoplatydesmine [342] and ribalinine [343] may
be distinguished by differences in C(11) and C(12) shifts (see also araliopsine
[344] and ¢-ribalinine [345]). The linear and angular systems (e.g. [343]
and [345]) differ in the chemical shift of the carbon of the carbonyl group. 199

21-9 24:8 792
"

113-8] |

114~5/ | \ 138-6 Me 163-2
29:2

140-5 Me 162.3
29-1

(3441 Araliopsine [345] ¢-Ribalinine
rah

170-4

138:3
[348] Zanthophylline [349] Flindersine



NMR OF ALKALOIDS 135

"H NMR shifts for furoquinolines and pyranoquinolines are given for
skimmianine [350],°®> glycarpine [351]>”" pteledimerine [352]%°®
geibalansine [353],% veprisine [354]*'® and 8-methoxyflindersine [355).2!!

OMe O
6-98 OMe 4-4
| | a5 Ar—H 7.0
MeO N (e} 7-28
|
Me
3-8

[351] Glycarpine

[352] Pteledimerine
28 oMe 393
390
5-45
285 U=-17.6) 7'67’6'}/ 669 (J = 10)
3-96 312(J =-17,4)
MeO H
OH MeO o
X H3-77 |
MeO M
=z 1-30 3_7'36
N" 707 13y

4] Veprisi
[353] Geibalansine (in DMSO-de) [354] Veprisine
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NMR parameters for some acridones are given in [356]-[360],%"*
[361],%'® [362] and [363],>"* for some camptothecins in [364]*"° and
[365]°'° and for a new 4-quinazolone alkaloid in [366].>"

120-5
176-7
(J =10) \O
125-9
O | O 120-9
1333
N
H 1117-2
140-8
[355] 8-Methoxyflindersine [356]

1780 122-7

\o
| 127-8

85-8
|
35.9Me /37-6 ﬁ
100-7 169

[360]
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Me
142-83
141.53 426
90-45 108-84
143-35
181-56 9893 [362] (in DMSO-ds)
103-65  160-19
118-89 0 OH
12568~ \, 103-81
121-10 \
144-95
134-81 N o
) 115-77 | 87-53 \ Ar—H 7-70(s)
Mg 160-19 8:406)
34-69 ' 7-14-8-33(4H
140-10 142-54 5.31 (4H, m)

[363] (in DMSO-de)
0]

5-42
(ABquJ=-16)

161-4
115-4 128-4*
[365] 7-Methoxycamptothecin (jn TFA) o) 128-9 126-4
1289 34-0

122-8

L=l
432
1349 PY
11373 T'\O 138:6
Me

306 140-4
1507

[366]
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XI. IMIDAZOLE ALKALOIDS

Pilocarpine [367] and isopilocarpine [368] may be differentiated by the
chemical shift of the methylene group carbon (between the lactone and
imidazole rings) and of the methylene group carbons of the ethyl group
on the lactone ring.”'®

470 388 135 2 48-.8  40-8
139 20-4 233 242 283 1388
12:6
73-7 Z )1380 bus Z )1379
119 4
184 6 Me HNO, 184 g 195 | HNO,
357 35.7
[367] Pilocarpine nitrate (in D,0) [368] Isopilocarpine nitrate (in D,0)

XII. INDOLE ALKALOIDS

A. Simple indoles, carbazoles, carbolines and physostygmine-type
alkaloids

NMR parameters for a number of naturally occurring halogenated indoles
are available (for example 2,3,7-trichloroindole [369],>'° 1-methyl-2,3,6-
tribromoindole [370], 1-methyl-2,3,5-tribromoindole [371] and [372]**°

7.48 Ci 125 9 23 1
. C—Br 1157
2 | Br 1168
732 N7 Cl | Ar 1127
N~ Br 1202
a H Br | 1343
[369] 137.0 Me
[370]
Br 7% Br Br 738 Br
7 32[ I II 7 38[ I II
71e D 749 Br
Me Me
378 3.88
[371] [372] (in CD3COCD;)

and 6-chlorohyellazole [373]'). The '"HNMR spectrum of 1-methyl-
2,3,5-tribromoindole shows a high frequency shift of 7-H on changing
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solvent from chloroform [371] to acetone [372].>*° The >C NMR spectrum
of 3,6-bis(vy,y-dimethylalkyl)indole ( '"HNMR spectrum summarized in

13C NMR:
152-6(s)
137-5(s)
136-8(s)
133-6(s)
129-5(d)(2C)
128-9(d)(2C)
127-5(d)
125-5(s)
125-3(s)
124-5(d)
124-0(s)(2C)
119-5(s)
119-3(d)
111-4(d)
99.9(d)
56:1(g)
13-7(g)

[374)). confirms the substitution at C(3), (C(2) 123-3, C(3) 110-3 —cf.
3-methylindole C(2) 122-7, C(3) 111-4).%*? *C shifts for borrecapine are
in accord with [375].**> The '"H NMR spectrum of melosatin B [376]***
shows the high frequency shift of the benzylic C(4) methylene resulting
from the peri C(3) carbonyl. 'H NMR shifts are also available for melosatin
A (6,7-dimethoxy derivative of [376] - 5-H, §6-37)*** and for melosatin

[373] 6-Chlorohyellazole (in acetone-ds)

134-90
[375] Borrecapine



140 TREVOR A. CRABB

C (7-methoxy derivative of [376]-5-H, §6-84; 6-H, §7-06).>*° The
angular structure for mupamine [377] is shown by the high frequency shift
of 1-H.?*® "H NMR shifts for ellipticine [378] and the 5-carboxaldehyde

7-53 7:63

Me2:33

[377] Mupamine

3-18

7-14-7-52
7-85(J =6)

H
11-31 271
[378] Ellipticine (in DMSO-ds)

= 8;60
7-85 E 915t/ =69
12.80 CHO WV =63
11-05
[379] 17-Oxo-ellipticine (in DMSO-d,)
111 SI I (g
8:13 7-83
18-4
. X8
1346 1405 7-29 838
[380] Harmane (in DMSO-dj) 7-5 N =N
7-51
H Me
2.83

[381] (in DMSO-dq)

H
138-8 1193
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derivative [379]*%" are displayed. The "H NMR spectrum of 7-hydroxy-
ellipticine shows 8 8-H 7-06, 9-H 7-12, 10-H 7-86.?**

C and 'H shifts for harmane are given in [380] and [381).2%° Shifts for
harmalol and harmaline are also available.?* '3C shifts for N -methoxy-1-
vinyl-B-carboline are given in [382] and the '"H NMR spectrum shows
87-71 (J =17, 10-6), 6564 (J=10-6) and §6-60 (J =17) characteristic
of the vinyl group.>** NMR shifts for some other carbolines are given in
[383],%*! [384]** and [385]-{387].%*

The results of detailed NMR studies of flustramine A are summarized
in [388] and [389].7** Differences in '"H NMR parameters for racemic and

126-7 125-3
124-8 X l 27
127-1 | 455
127-3 _N
128 / TTI Yl.g
: COMe
155-2 75.3 146-4
{383}
7-85 7-76 (J=5)
701 8:72
N
MeO
3.96

_~7-96 (J =10)

6:90
[385) 8-Methoxycanthin-6-one

402
8:15 9-05
. COOMe
7-10—7-80\\ N7 NP N
H
. COMe
1035 292
(384]

6-93

€

|1209:* 37'8*
153-6 _1134-6 893
25-6% 18-1

[388]
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meso-folicanthine [390] (racemic isomer: N,-Me 2:40, N,-Me 3-00,
NCHN 4-:36; meso isomer: N-Me 2:40, NCHN 3-6-4-6) have been

235
d.

note

Me Me

=z '
S N)\N]
e
. Me €
1737 172
[389] Flustramine A [390] Folicanthine

B. Mould metabolites

More '"H NMR dita on tryptoquivalines (see [344] in Section XIL.B of
reference 2) are available”*®*™**® and the spectrum of tryptoquivaline L is
summarized in [391].2%8

H STl NH 1276
(J =10, 10) 5-06 (J = 18) :
5.57 Y / 9-59
H | :
0] N - 125

o

0o
---43:03 U = -13)
_.Hs21
N~ >N—OH 874
}—k--Me
o /
Me /*1:26,1:36

[391] Tryptoquivaline L (in DMSO-ds) [392] Oxaline

The results of detailed NMR studies of oxaline and neoxaline are given
in [392]-{395].%*° The values of the proton—proton vicinal coupling con-
stants involving 9-H in the spectrum of neoxaline [393] suggest an
equatorial orientation of the hydroxy group.”** '"H NMR data on paraher-
quamide and ditryptophenaline are summarized in [396)**° and [397].**!
In the *C NMR spectrum of cryptoechinuline G [398], C(3) absorbs at
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497
5-11

(J=18)
6-12 / 1.3

1944 (=-12,12)223 7 =-12, 6)
1.31
7.58 * ¥ OHn

7-02 ' 5
H4:60 (J = 12, 6)
7-27 .
N

«—171-6

7y

N
H

[394] Oxaline [395] Neoxaline

Me 0-86
1-10
1-45
1-45
1-65
3.03
1-85 (J =15)(1H)
2:55 (J=11)(1H)
2:67 (J = 15)(1H)
3-58 (J=11)(1H)
4-87 (J =8)(1H)
6-30 (J =8)(1H)

Me. 6-64 (J = 8)(1H)
o) 6-78 (J = 8)(1H)
Me' A= OH, NH 2-58, 8-33

[396] Paraherquamide
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1-59 (7 =12,12)

T " 0 ?\'403 2:05(J=12,5)
/\VJ\N/ ¢ 321(J=14,5)
3.55(J =14, 4)
A . 3.65(J =12,5)

N 4-25 (br.m.)

489 (s)

6:5-69 (m, 2H)
6-95-7-3 (m, 4H)
7-4-7-7 (m, 3H)

[397] Ditryptophenaline

124-99 5 156-0

145.41 111-07
[398] Cryptoechinuline G

¢.5101-3, whereas in similar metabolites unsubstituted at C(4), it absorbs
at 8 103-104.2*? '3C shifts for aflavinine are given in [399]*** and NMR
data on paspalinine in [400]{401].* In the ">’C NMR spectrum of pas-
palinine the singlet at § 76-0 (C(13)) replaces the doublet at § 39-2 present
in the spectrum of paspalicine (structure as [401] but lacking angular
C(13)-OH) and the "H NMR spectrum of paspalicine shows allylic coupling
between 11-H and 13-H which is absent in the spectrum of paspalinine
[400].>** In the ">C NMR spectrum of aflatrem (structure as in [401] but

141-1 121-8

135-9 121-3

127-6 119-6

125-5 1194

1186

111-0
437 27-6
42-4 25-7
38-5 25-4
313 219
31-0 20-8
30-1 205
291 18-1

[399] Aflavinine 157
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with a,a-dimethylalkyl substituent at C(4"), the indolylmethylene carbon
absorbs at §29-1 (cf. §27-3 in paspalinine) as a result of the presence of
the C(4') substituent.>**> ">*C NMR shifts for penitrem A are given in [402]
and Jcu and Jc ¢ values are available.?*®

4-98

OH H603U=1) Ar—H 7-0-7-8
4 o) Me 1-22
“1 1-40
1-56
--H4.650=1) 178
Me
Me
[400] Paspalinine (in pyridine-ds)
1247 110 E 760
119-1 ) i . 320 1168
27:3 | 210
1184 1966
1176 169-5/
O
87-1 _77-8
(0] /
Me
1043 Me 228

[402] Penitrem A (in CD3COCD;)
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C. Indolo[a]quinolizidines (including corynantheine type),
heteroyohimbines, yohimbines and oxindole alkaloids

1. ”NNMR of Rauwolfia alkaloids

N shifts (to high frequency of external anhydrous liquid ammonia) for
the indolo[a Jquinolizidines [403] and [404] and in yohimbine [405], reser-
pine [406] and isoreserpine [407] show shielding of the nitrogen in the cis
C/D compounds. This has been explained in terms of a hyperconjugative
interaction between the antiperiplanar C—H bonds and the nitrogen lone
pair in the trans-fused structures which increase the C—N # bond character
resulting in a deshielding of the nitrogen.**’

(9 57.0 °943-8
N
Bu'
NH
[404]
405] Yohimbi
[405] Yohimbine OMe
OCO OMe
OMe
OCoO OMe
OMe OMe
MeO
[406]
Reserpine (in DMSO) COOMe

MeO

[407] Isoreserpine
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2. Indolo[alquinolizidines (including corynantheine-type alkaloids)

The '°C shifts of C(6) and C(4) in octahydroindolo[2,3-a] quinolizine
given with structure [363] in reference 2 (Section XI1.D) should be reversed.
The interchange of shifts mentioned in the text® should have referred to
a 2-r-butyl derivative.

The ">C NMR spectrum of deplancheine is summarized in [408].2*® The
'HNMR spectrum of the unnatural Z-isomer’*® shows a very high
frequency absorption (63-9, J =—12) for the 21eq-proton (no aliphatic
protons absorb to high frequency of § 3-6 in deplancheine).

127-4 108-3

[408] Deplancheine

The conformation of geissoschizine [409]*°° has been supported by the

270 MHz 'H NMR data®®! depicted in [409]. The >*C NMR spectrum of
geissoschizine reported previously (see structure [382] in reference 2) has
been discussed in terms of the same conformation.”*”

7-85
J3g,14p =115
13a,14a =2
J14a,148 = —13
Ji4g15a =65
-’14a.15a =11-5
-’l5a.21u = 1
-’13.215 =2
Ji9.218 = 2
D1a218 =—12-5

[409] Geissoschizine

*C NMR spectra of a variety of 1,2,3,4,6,7,12,12b-octahydroindolo[2,3-
alquinolizine derivatives have been reported.”*>*** The double bond
stereochemistry in the pair of compounds [410] and [411]*? is reflected
in the differences in C(15) and C(21) shifts. The stereochemistry of the
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CO,Me MeO,C
(411}

four stereoisomeric indolo[2,3-a]quinolizidines may readily be differenti-
ated by >C NMR shift changes. Thus the trans C/D junction in [412] and
[414] (normal and allo series respectively) is indicated by the C(3) and
C(6) shifts. The change from the 15,20-diequatorially substituted isomer
[412] to the 15eq,20ax-disubstituted isomer [414] is reflected in the shifts
of C(19) and C(14) (reciprocal y-effects). The depicted shifts in the epi-allo
compound [415] show the cis-C/D ring junction with an equatorial 15-
substituent and an axial 20-substituent but the intermediate values for the

19-6

219 17-8

MeO,C” CO, “CO,Me
[414] Me

[415]

pseudo-compound [413] suggest an equilibrium between the cis-C/D-
15,20-diequatorial conformation and a trans-C/D conformer with a non-
chair D ring.”>



NMR OF ALKALOIDS 149

The C(16) configuration in sitsirikine {416] cannot be based on C(17)
methylene '"H NMR parameters since 300 MHz data show no appreciable
difference between the C(17) proton chemical shifts for sitsirikine (§3-97,

3.25 (Jl9,20 = 10)

[416] Sitsirikine [417] Cyclositsirikine

J=-11,8;63:76,J =—11, 6-5) and 16-episitsirikine (§3-92, J =-11, 8;
8371, J = —11, 3:5).>°® The stereochemistry of sitsirikine was, however,
established**® by analysis of the "H NMR spectrum of cyclositsirikine [417]
obtained by oxymercuration of [416]. 3CNMR parameters of the
quaternary alkaloid diploceline are shown in [418].*°

[418] Diploceline (in DMSO-d)

3. Heteroyohimbine and yohimbine alkaloids

The 400 MHz NMR spectra®’ of the eight basic heteroyohimbine alk-
aloids - tetrahydroalstonine [419]), akuammigine [420], rauniticine
[421], 3-isorauniticine [422], ajmalicine {423], 19-epiajmalicine [424],
3-isoajmalicine [425] and 3-iso-19-epiajmalicine [426] - are summarized
with the structures. 270 MHz spectral data of four of these, [419], [421],
[423] and [424], have also been reported.?®’ With the exception of akuam-
migine [420] only half-chair C ring, chair D ring and half-chair E ring
conformations were considered”®’ and the spectroscopic results are largely
in accord with these restrictions. Both sets of authors interpret the results
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Sax-H 2-54 Vicinal couplings:
14ax-H 1-52 Ji14a =3
20eq-H 1-68 ]3'145 =12
21ax-H 2:72 Jsasa =4
Tsaes =11
Geminal couplings: Jspoa <1
Jsax.5eq = —12°5 Jsges =6
Jsax.6eq = -15 Ji4a1s =4
Jl4nx.\4eq =-12 ."43_‘5 =12 N M
ax,.2leq = ~12 =4 H H
J21ax.21¢eq J1s5.20 = H 3 32T 276
Jig19 =65 7.86
J19.20 =12 2:50
J2021a =3 [419] Tetrahydroalstonine
J20218=3

Long range couplings:
Jis17 =05

for rauniticine as indicating a predominance of the trans-C/D conformation
but the boat E ring for rauniticine has been proposed>®’ on the basis of
the value for Jioa20. Of 7 Hz. The values of Jisg1s 12 Hz, Ji920 6 Hz,
J20.21a for 5 Hz for akuammigine [420] have been taken to provide evidence

Me _H
H > 2019 (0}
[78] B
@ S8
H CO,Me
[420c]
{420] Akuvammigine

Vicinal couplings:

J3.14u ~9

Ji1a8~4 [420b]

-’5a,6a =6

]Sa.6B <1

Jsgea =12 3-H 348

Jsges =4 Sa-H 265 Geminal couplings:
J 18415 =6 58-H 3-00 Jsass =—12
Jrapas =12 14a-H 2:13 Joass =—15
J1s,20 ~6 148-H 3-04 J 140148 = =12
113'19 =7 15-H 2-74 JZIa.ZlB=_12
Ji920=6 20-H 186
J2021a =5 21a-H 2-98 Long range coupling:

J20.218 =7 21a-H 2-62 Ji5.17 <03
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for the third conformation [420c] in the [420a] 2 [420b] equilibrium. The
low frequency shift (8§25-7) for C(15) in the >’C NMR spectrum of this
alkaloid has been attributed to an interaction between the nitrogen lone

pair and the C(15) methylene in [420c].%*’

Sax-H 2-65
14ax-H 1-83
20eq-H 2:22
21eq-H 2-77

[421] Rauniticine

3ax-H 3-12
Seq-H 31
19-H 4-14
20-H 2-29
3.75
N 07N CO,Me

2:36
H Me _H

[422] 3-Isorauniticine

Geminal couplings:
Jsa‘sg =-12
J6a.65 =-15

Jisa1a8 =—12

J21a218 =125

Vicinal couplings:
J3140 =3
‘,3-143 = 12
]50.69 =12
.’53_&, < 1
Jsp.68 =6

J14a15 =4
-’145.15 =12
J1520 =4
Jig.190 =7
J19.20 = 6
J2021a =5
-’20,215 =3

Long range coupling:
J15,17 =05

Geminal couplings:
JSu.SB =-11
-’6a.6B =-15

J 140,148 =—12

th,_zlg =-11-§

Vicinal couplings:
J3140 =12
Ji148 =3
Jsaes <1
.,55_50, = 11
153,68 = 45

J14e,15 =4
Jiagas = 2
Jis20 =1
Jig19 = 6
J19.20 = 1
J2021a =4
]20_215 = 11'5

Long range coupling:
Jisa7 =1
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Sax-H 2-68
14ax-H 1-32
21ax-H 2:25
[423] Ajmalicine
1-75 1.
3L H MO
H
3-86
3.37
[424] 19-Epiajrhéﬂl‘ciﬂe\
14ax-H 1:70
21ax-H 2:56
Geminal couplings:
-’6a.65 = —16
J14a,048 =12
2i_(l)84 33 J 210218 =12
3.3-34 XY 2. :
// H \ 267 43 o
H

a.56—"H H : /I\:AHI
k e,
321 /HCO,Me 0-92
1-98 373

{425] 3-Isoajmalicine

Geminal couplings:

.’5,,_55 =-12
JGa.GB =-16
J14a,148 =12
J21a218 = -12
Vicinal couplings:
.’3‘]4‘, = 3
.’3.143 =12
JSa.Ga =4
-’5a.6B =11
JSB_6¢! < 1
]53_53 = 6
140,15 =3
J1sp1s = 12
115,20 =12
Jig19 =6
Ji9.20 =3
J2021a =12
J20218 =3

Long range coupling:
Jisg7 =15

21ax-H 2-20
J19,20 = 12

Vicinal couplings:

J3140 =2
Jr14g =4
JSa,Ga = 8
150.65 <1
-’58_6:1 = 10
158,63 = 4
J14a,15 = 2
]145.15 =12
Jis20 =12
Ji8,10 =6
Ji920 =3
J2021a =12
J20218 =3

Long range coupling:
115.17 =1
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14ax-H 1-59 Geminal couplings:

21ax-H 2-48 J6a6s =—16
Jl4a,148 =-12
J21a218 = —12

Vicinal couplings:

J3.14a =2
J314a=4
]Sa.6u =§
Jsu_gp <1
Jsg6a =10
Jspes =4
J140,15=2
[426] 3-Iso-19-epiajmalicine J1s20=12
J18,19=6-5
J19.20=12
J2021a =12
J20.218 =3

Long range coupling:
Jisa7 = 1

Comparison of the >*CNMR spectrum of an alkaloid from Uncaria
attenuata with that of 3-isorauniticine (provided in [374] in reference 2)
suggests the 143-hydroxy-3-isorauniticine structure [427].%°®

[427] 148-Hydroxy-3-isorauniticine

'HNMR parameters for 21-cyanoakuammigine are given in [428]**°

and suggest a conformation of the type [420a]. Similar data are available
for 21-cyanotetrahydroalstonine.”*® The spectrum of 19-epinaucleidinal
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differs from that of naucleidinal shown in [429] by shifts of 18-H §1-00;
19-H 5486, and 20-H §2:65 and by ]13'19 = 70, Jig_zo =4-0 and ]2()_21 =
0-5 Hz.**°
2:76 (J =-15'5,4:2,1:2)
3-:00(J=-15-5,11-5, 6)
H2:60(J=-11:5,11-5,4-2)
--H 3-66 (J = -11'5,6,1-2)

. g—3-37
'_H 2&8 (J20,21 = 11'5)

Me
- 135

(J=13,2)3-30 S
325 (J = -15-5,2°5, 2-5) s O 477 Urg0=1)
174 (J =-15-5,13,4:2) .
MeOOC ™ 3:09 (J1520=64, J15,140 =42, J15.145 = 2+5)

[428] 21-Cyanoakuammigine

/H

2:66 (J1520=10,J15,14=4, J15.14 = 1)¢C 2.31 '
O~ N\ Me
H j.45 3-86 (J19,20=10)
9:75(J =3)

[429] Naucleidinal

Comparison of the '*CNMR spectrum of 58-carboxamidoyohimbine
[430] with that of yohimbine and pseudoyohimbine (structures [368] and
[369] in reference 2) together with the high frequency (§4-23) absorption
of the 3-proton suggests a cis-C/D ring fusion with a boat-type ring D.?*'
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4. Oxindole alkaloids

To extend the collection of