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Abstract: 15N chemical shifts of yohimbine, reserpine, and several structurally related alkaloids and model compounds as well
as those of several trifluoroacetate salts have been obtained at the natural-abundance level. Both the nature of the quinolizidine
ring fusion at N-5 and substituents in a y-gauche conformation markedly affect 1SN resonance positions. The latter factor in-
duces shieldings of magnitudes (7-12 ppm) comparable to those observed in 13C NMR. Where v effects are absent, a cis-fused
quinolizidine nitrogen is shielded by 13-15 ppm compared with a trans-fused one. Protonation deshields nitrogens in both se-
ries, but the displacement is larger for the cis-fused case and serves to characterize this geometry. Hyperconjugation between
the nitrogen lone pair and adjacent antibonding C-H orbitals is tentatively proposed to rationalize the shift difference between
the cis and trans cases. The structure of sparteine is confirmed as existing in the all-trans configuration. Nitrogen resonance

positions are solvent sensitive in a predictable manner.

Introduction

Nuclear magnetic resonance (NMR) spectroscopy has
proven to be a highly effective tool in elucidating structures
of natural products. Both 'H? and 13C* NMR have been em-
ployed extensively for this purpose; the latter has been espe-
cially useful in characterizing subtle differences in geometry.
Neither technique, of course, can give explicit information
about the nature of any constituent nitrogen atoms, which in
many cases markedly determine the properties of these sub-
stances. With the demonstration that nitrogen-15 spectra of
several classes of compounds can be obtained at the natural-
abundance level within reasonable time periods,>® natural-
abundance "N NMR is expected to play an increasingly im-
portant role in structure elucidation despite the low isotopic
natural abundance (0.365%) and sensitivity (0.1% relative to
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an equal number of protons). We have used this approach to
characterize the nitrogen resonance positions of representatives
of the Rauwolfia family of indole alkaloids, because these were
expected to allow distinctions to be made between effects of
substituents and effects of bridgehead nitrogen geometry in
the indoloquinolizidine skeleton (1). We have found that ni-
trogen resonance positions at N-5 reflect both factors in a very
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sensitive manner; hence the method can serve as a means for

characterizing the nature of the C/D ring fusion.

Experimental Section

With the exceptions noted below, alkaloids were obtained from
commercial sources and were used without further purification. 3-
Isoreserpine (6) was prepared from reserpine by literature methods.”
The syntheses of indoloquinolizidines 3, 4, and 12 have been report-
ed.82b Trifluoroacetate salts were prepared by addition of 2-4 molar
equiv of distilled trifluoroacetic acid to chloroform solutions of the
amines.

Nitrogen-15 spectra were obtained in the Fourier-transform mode
on a JEOL PS/PFT-100 spectrometer equipped with the JEOL
EC-100 data system and operating at a resonance frequency of 10.09
MHz. !5N spectra of 8,9, and the conjugate acids of yohimbine and
reserpine were determined under similar conditions on a JEOL
FX-100 spectrometer. Samples were run in 10-mm o.d. tubes in
CDCl; or Me;SO-dg, which also served to provide the internal lock.
Nitrogen chemical shifts, obtained with complete proton noise de-
coupling, were measured with respect to the resonance positions of
a 2.9 M solution of I’N-enriched ammonium chloride in 1 M HCl or
of '3N-enriched nitromethane contained in a 2-mm capillary held
concentrically within the 10-mm tube. Values are reported with re-
spect to anhydrous liquid ammonia,? which is shielded by —380.2 ppm
from nitromethane and —23.6 ppm from the NH,Cl used in this study.
Normal operating conditions employed 15-30° pulse widths and 2-3
s repetition rates, with acquisition times corresponding toa 4 or 5 kHz
range using 8K of memory for FID accumulation. Exponential fil-
tering to improve sensitivity induced line broadening of 1.2 Hz.

Results

Spectra were determined for tetracyclic model compounds
2, 3,4, and 12, as well as for yohimbine (5), reserpine (6), and
isoreserpine (7). For comparison and to test the limits of ap-
plicability, chemical shifts of cevadine (8), corydaline (9),
sparteine (10), and thermopsine (13) were also measured.
Apparently because of its considerable insolubility, pseudo-
yohimbine (11) did not give rise to a nitrogen spectrum. The
data are summarized in Table I, which also includes values for
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some small molecules useful as model compounds. Spectra
were determined for the trifluoroacetate salts of 2, 4, 5, 6, 9,

10
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Table L. "N Chemical Shifts of Alkaloids and Model Compounds

concn, 4, ppm?

compd solvent N-5 N-12

2 1.5 CDCl, 57.9 118.2

Me,SO  56.2 124.6

3 0.7 CDCl; 57.0 118.4

Me,SO 574 124.6

4 0.3 CDCl; 43.8 119.6

5 1.0 Me,SO 559 125.4

6 0.3 CDCl; 31.9 117.9

7 0.4 CDCl; 47.0 115.7
8 1.4 CDCl; 41.3
9 1.0 CDCl; 38.7

10 neat 48.6, 49.1

12 1.5 CDCl; 53.6 71.4

13 0.8 CDCl; 52.8 178.0
3-(e)-methyl-trans-quinolizi- 2.1 CDCl; 63.2

dine (14)
3-(a)-methyl-trans-quinolizi- 0.3 CDCl; 53.2
dine (15)

indole 1.0 CDCI; 124.8

1.0 Me,SO 131.2

indoline neat 67.3

2-methylindoline neat 84.6
piperidine neat 38.1
N-methylpiperidine neat 394
2-methylpiperidine neat 55.3
1,2,5,6-tetrahydropyridine neat 28.0

2 Downfield from external anhydrous liquid ammonia. Experi-
mental error £0.2 ppm.

13 14, R,=CHy R,=H
15, R, = H; R, = CH,

and several model compounds in order to evaluate the effect
of removing the lone pair on the shifts of the parent compounds.
A representative spectrum is given in Figure 1.

The phases of the resonances of 2-5 were the same as that
of the ammonium resonance, which is known to undergo full
nuclear Overhauser enhancement (NOE) and give rise to an
inverted signal.'% Hence we assume that, consistent with the
large molecular size and attendant longer molecular correlation
times, the nitrogen nuclei in all the alkaloids display a NOE,
In support of this, Levy recently reported !N 7 values and
NOEs of a series of nitrogen compounds, including 2.1 Each
nitrogen displayed the theoretical maximum NOE (—4), al-
though 7 values of the two nuclei differed. In accord with
these results, intensities of N-5 were always less than those of
N-12. It may be of interest that differences were smaller in the
cis- than in the trans-fused compounds.

Small differences in chemical shift also arise as a function
of solvent. Largely from studies on enriched compounds, ni-
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Figure 1. Natural-abundance !N specirum of yohimbine, obtained after
25 100 transients, with a 30° pulse al a repetition rate of 2.5 s. The highest
field signal is that of the ammonium ion reference.

trogen chemical shifts have been shown to be sensitive to sol-
vent.!! Resonance positions of saturated nitrogen atoms which
are capable of hydrogen bonding either via the lone pair or via
an attached proton undergo downfield shifts relative to their
values in inert solvents.!2 For example, the '3N nuclei of aniline
in Me,SO and of triethylamine in chloroform are deshielded
by 7.7 and 4.4 ppm, respectively, from their corresponding
values in cyclohexane.!22 The same types of changes are dis-
played by several of the compounds discussed here. Thus, the
nitrogen of indole, as well as N-12 of 2 and 3, is deshielded,
while the tertiary quinolizidine nitrogens N-5 are shielded, in
changing from chloroform to Me,SO. These results are con-
sistent with enhanced and disrupted hydrogen bonding to N-12
and N-5, respectively, as a result of the solvent change. From
the range of values spanned by 2-4 it is apparent that the
substantially larger differences in the N-5 resonance positions
among the various compounds cannot be attributed to solvent
effects.

Discussion

The chemical shift values exhibited by the N-12 nitrogens
remain fairly unperturbed by remaining structural details,
although they are expected to change on substitution in the
aromatic system.'? In general, N-12 is shielded compared with
indole. This very likely reflects a balance between the de-
shielding influence of a 3 carbon (C-12b)!3 and the shielding
influences of y carbons (C-1 and C-7) and a « nitrogen.
However, it is important to note that these structural influences
on the N-12 resonance position are independent of the cis-
trans nature of the C/D ring fusion, whose largest consequence
is to change the N-5 spatial orientation with respect to
N-12.

It is the saturated nitrogen N-5 which demands closer
scrutiny. The chemical shifts of these nitrogensin 2, 3, 5, and
13-15 lie in the range for similarly substituted piperidines,®®-d
and hence can be considered characteristic of a normal
trans-quinolizidine nitrogen. Flattening of the C ring because
of the indole double bond appears to shield N-5 in 2 and 3
(5.3-6.2 ppm) compared to the resonance positions in 14, This
is apparent also in the ~10-ppm difference between piperidine
and 1,2,5,6-tetrahydropyridine. A similar but substantially
smaller difference is seen between the C-4 shift of cyclohexene
(23.4 ppm) and that of cyclohexane (27.5 ppm). Part of the
15N shielding may be attributable to the effect of N-12, owing
to the known shielding effect of y-oriented heteroatoms.!4 The
shielding is larger (—9.6 ppm relative to 14) when N-12 is
gauche to N-5, as in 12, In a similar manner, changing the
v-methyl orientation from equatorial in 14 to axial in 15 shields
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Table II. 15N Shifts of Trifluoroacetate Salts of Alkaloids and
Model Compounds®

concn, M 0, ppm
compd solute TFA N-5 N-12 Adn.s?

2 1.5 3.0 59.1 118.3 1.2
4 1.0 2.0 50.8 116.3 7.0
5 1.0 2.0 59.1 119.1 3.2
6 1.0 2.0 439 117.4 12.0
9 1.5 3.0 48.9 10.2
12 1.0 2.0 60.6 54.0 7.0
indoline¢ 1.0 2.0 60.6

2-methylindoline 1.0 2.0 71.9

@ In CDCls, reported with respect to anhydrous liquid ammonia.
b Protonation shift, A8 = 85y — 8amine- Positive value denotes that ion
is deshielded. ¢ In CH,Cl,.

the trans-quinolizidine nitrogen by —10 ppm. More strikingly,
the highly shielded nitrogen of 8 may be associated with two
axial substituents as shown in 16.

CH, H

16

The behavior above follows trends displayed by '3C reso-
nances in similarly constituted compounds.!® More recently,
y-methyl substitution on piperidine !'*N shifts was shown to
have the same geometrical origins.®d Furthermore, the mag-
nitude of the shielding induced by y-methyl groups on acyclic
aliphatic amine !°N resonances was shown to decrease as the
extent of substitution at the o and 3 carbons increases.¢ This
was attributed to the influence of such substitution on con-
former populations, and hence on the contribution from each
of these on the overall observed shift. Thus the actual magni-
tude of the - effect very likely reflects a subtle balance of steric
and electronic factors, and possibly the orientation of the
lone-pair orbital.

From the data above, the range of values which the v effect
displays appears not to exceed ~10 ppm. Hence the 24-ppm
difference which exists between the N-5 resonance positions
of 5 and 6 must reflect structural factors in addition to that of
the y-gauche carbon of ring E in 6. The obvious factor is the
C/D ring fusion. The magnitude of this effect is evidenced in
the difference between 3 and 4 (13.2 ppm) and between 6 and
7 (15.1 ppm); in each pair, other structural components are
held constant. These differences are considerably larger than
the corresponding value for cis- and trans-decalins (7.3
ppm),'® part of which was attributed to a sterically induced
bond deformation in the cis isomer. That spectroscopic prop-
erties can be influenced by a geometrical difference of this type
has been known for almost 20 years, since Bohlmann!” and
Wenkert!3:1° noted absorption bands in the 2800-2700-cm™!
region of the infrared spectrum, which were characteristic of
the presence of at least two axial hydrogens on carbons adja-
cent to nitrogen atoms of a quinolizidine system.2° Quinoliz-
idines with a cis ring fusion show weaker or no “Bohlmann
bands” because this geometry allows only one axial C-H bond.
To explain this apparent weakening of the C-H bond a hy-
perconjugative interaction between the nitrogen lone-pair

17
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orbital and antibonding orbitals of adjacent C-H bonds has
been proposed.2° Depicted qualitatively in 17, this interaction
has been shown by extended Hiickel calculations to be favored
when the two interacting orbitals are indeed antiperiplanar.?!
The consequent increased electron density at the o proton may
rationalize the higher field position of H-4ax in quinolizidine
itself relative to H-4eq. The difference between the two, 0.93
ppm,2? is substantially larger than the 0.5-ppm difference
normally exhibited by cyclohexane. The deshielded !3C nuclei
of C-12bin 2 and 3 (60.4 and 60.3 ppm, respectively) com-
pared to that in 4 (54.3 ppm)?* may be rationalized similarly.
The associated increase in the C==N x-bond character in the
trans isomer would thus be expected to result in a downfield
shift for both carbon and nitrogen. This inference follows for
nitrogen from the well-known fact that nitrogen is deshielded
by delocalization of its lone-pair electrons into a 7 system.24
For example, aniline is deshielded by ~14 ppm compared to
cyclohexylamine.!* This is presumed to arise from enhance-
ment of the 7 bond order to the conjugated nitrogen, which
increases the paramagnetic part of the chemical shift expres-
sion. To the extent that the hyperconjugative interaction de-
scribed here is important, a similar downfield displacement
would be expected in the trans C/D system. Hence shielding
of the cis-fused nitrogen resonance may reflect inhibition of
hyperconjugation because fewer antiperiplanar C-H orbitals
are available.

An alternative rationalization for the N-5 shift differences
between the cis- and trans-fused compounds might appear to
be the change in the orientation of the indole nitrogens N-12.
However, N-12 of 12 is more nearly synclinal to N-5 than is
N-12 of 4 or 6, but the difference between the N-5 shifts of 12
and those of the trans-fused alkaloids is only 2-4 ppm. Fur-
thermore, the differences in the N-5 shifts are reduced on
protonation (see below), although the geometrical factors re-
main the same. Thus, while some contribution from the spatial
disposition of N-12 to the shielding of N-5 cannot be excluded,
this is unlikely to be a major factor.

Additional support for the argument above may be found
by examining the effect of protonation on the nitrogen shifts
(Table II). Protonation generally deshields an aliphatic amine
nitrogen, although the magnitudes of the changes can be a
function of solvent, concentration, and counterion.2’ Indeed,
in recent studies by Duthaler et al.,®®-4 protonation-induced
changes on cyclic and acyclic aliphatic amine chemical shifts
in methanol ranged from 0.4 ppm for l-adamantylamine to
18.2 ppm for N,N-dimethyl-fert-amylamine. However, one
of the factors expected to influence magnitudes of protonation
shifts is extent of lone-pair interaction with adjacent orbitals,
whether via conjugative or hyperconjugative mechanisms. In
the former case, e.g., in anilines, nitrogen nuclei of ions are
shielded relative to those of free bases, and the extent of
shielding is roughly proportional to the extent of lone-pair
delocalization.2 Hence nitrogen nuclei whose lone-pair orbitals
are hyperconjugatively delocalized would be expected to be
deshielded less upon protonation than those whose lone pairs
are localized. This is the situation which obtains in the alkaloid
models: the trans compounds 2 and 5 are deshielded less (Ad
= 1.2 and 3.5 ppm, respectively) than are their cis analogues
4 and 6 (A6 = 7.0 and 12.0 ppm, respectively). Similarly,
protonation of 3-(e)- and 3-(a)-methylquinolizidine deshields
the "N nuclei by only small amounts, even allowing for pos-
sible effects from differences in the solvents used.®-4 The
generality of this behavior to other types of aliphatic nitrogens
remains to be clarified.ob<

In light of the above arguments, the protonation shift of N-5
in 12 seems unusually large. However, under the experimental
conditions, N-12 is also protonated, and the effect of a posi-
tively charged center held synclinal to N-5 conceivably could
deshield the nucleus further. Similarly, the nitrogen nucleus
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Figure 2. Natural-abundance '’N spectrum of sparteine, obtained after
1900 transients, with a 30° pulse at a repetition rate of 10 s. The highest
field signal is that of 1the ammonium ion reference. The separation between
the sparteine resonances is 0.5 ppm.

of the protoberberine alkaloid 9, which is thought to exist in
the conformation indicated,2’2 is shielded to the same extent
as a cis-fused alkaloid. A molecular model reveals that only
the C(14)-H bond is antiperiplanar to the nitrogen lone pair;
hence, hyperconjugative delocalization is not possible (see
above). The shielding resulting from this adds to the shielding
effect of the nearly gauche methyl group at C-13. The sub-
stantial (10.2 ppm) deshielding experienced on protonation
is consistent with these suggestions.28

The observations described here may be applied to the 15N
spectrum of sparteine (Table I, Figure 2). The 0.5-ppm dif-
ference in resonance positions shows that the two nitrogens are
in a similar environment typical of the trans-quinolizidine
system and consistent with the generally accepted configura-
tion 10.27 Specific assignment of the resonances is difficult;
however, the somewhat greater proximity of N-16 to C-8
(which, it should be noted, does not bear a precise y-gauche
relationship to N-16) suggests that the higher field value may
be attributed to this nitrogen. More importantly, the chemical
shift data exclude the suggestion?? that the C/D rings are cis
fused.
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