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'"H AND “C NMR SPECTRA OF STRYCHNOS ALKALOIDS: SELECTED NMR UPDATES

Abstract. The PBEO/pcSseg-2//peseg-2 calculations of "H and >C NMR chemical shifis were
performed for a classical series of 12 Strychnos alkaloids (except for the earlier studied parent
strychnine), namely akuammicine, isostrychnine, rosibiline, tsilanine, spermostrychnine, diaboline,
cyclostrychnine, henningsamide, strychnosilidine, strychnobrasiline, holstiine, and icajine. It was
found that calculated "H and >C NMR chemical shifis demonstrated markedly good correlations with
available experimental data characterized by a mean absolute error of 0.22 ppm for the range of 8
ppm for protons and 1.97 ppm for the range of 180 ppm for carbons. Complimentary, present results
provide essential NMR update and fill a gap in the NMR data of this distinguished group of the vitally

important natural products.
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1 INTRODUCTION

It is well known that 'H and “C NMR
chemical shifts provide a powerful tool in struc-
tural elucidation of organic molecules, natural
compounds, and biochemical species. Theoreti-
cal grounds of the calculation of these parame-
ters is well covered in a handbook of molecular
electromagnetism!! and in a number of compre-
hensive and prospective reviews on computa-
tional and theoretical aspects of NMR (see, for
example, basic reviews>>*>¢7 8L g py-
merous references given therein). In this vein, a
representative family of Strychnos alkaloids pre-
sents a rigorous test and a challenging task for
modern NMR computational facilities, used for
the calculation of 'H and “"C NMR chemical
shifts of large molecules.

The family of Strychnos alkaloids in-
volves several dozens of compounds and is rep-
resented by thirteen basic structures including
the parent strychnine, mostly known toxic
terpene indole alkaloid. Qur previous paper''”
was devoted to this prominent alkaloid alone, so
that in this study we consider the rest of the
twelve Strychnos alkaloids shown below in
Scheme 1. Among those are akuammicine (1),
isostrychnine (2), rosibiline (3), tsilanine (4),
spermostrychnine (5), diaboline (6),
cyclostrychnine  (7), henningsamide  (8),

strychnosilidine (9), strychnobrasiline (10),
holstiine (11), and icajine (12) without paying
more attention to strychnine itself.

The vivid progress in the total synthesis
of Strychnos alkaloids was reviewed very re-
cently by He er al. ' Relating to their origin
and biological activity, akuammicine (1) is a
monoterpenoid indole alkaloid, isolated from
several plant species including Alstonia
spatulata, Catharanthus roseus, and Vinca ma-
jor. It has a role as a plant metabolite. From a
chemical point of view, it combines the structur-

al features of a methyl ester, a ter-
tiary amino compound, being an  organic
heteropentacyclic compound and a

monoterpenoid indole alkaloid. Isostrychnine (2)
was originally isolated from the sceds
of Strychnos nux-vomica. It has a role of a plant
metabolite and an antineoplastic agent, being the
substance that inhibits or prevents the prolifera-
tion of neoplasms. Rosibiline (3) was extracted
from the root bark of S. variabilis. The structure
of rosibiline was confirmed by its preparation in
the reaction of desacetylretuline with formalde-
hyde in the presence of acetic acid. Tsilanine (4)
belongs to the stem bark alkaloids of Strychnos
henningsii showing convulsive, hypotensive,
and cardiac depressant activities, due to their ef-
fect on the central nervous system.
Spermostrychnine (5) was isolated from the
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leaves, stem, and root barks of Australian
Strychnos psilosperma. Diaboline (6) is a curare
alkaloid, extracted from the flowering plant
Strychnos diaboli. It was synthesized in con-
junction with a total synthesis of structurally re-
lated strychnine. Diaboline is a glycine receptor
antagonist and, like strychnine, is a convulsant.
Cyclostrychnine (7) and henningsamide (8) the
effective anti-depressants, have been isolated
from the leaves, stem, and root barks of
Strychnos  henningsii  collected in Tanzania.
Strychnosilidine (9) was extracted from the
trunk bark of Strychnos brasiliensis, growing in
the northeast tropical forest of Argentina.
Strychnobrasiline (10) is a major alkaloid con-
stituent of S. myrtoides. It has been shown that it
lacks both intrinsic antimalarial activity and
cytotoxycity effect, but exhibited in vitro signif-
icant chloroquine potentiating action against a
chloroquine-resistant strain of Plasmodium fal-
ciparum. Holstiine (11) was isolated from the
plant Strychnos henningsii and subjected to a to-
tal structural assignment through the concerted
application of a number of two-dimensional
NMR techniques that included COSY, HC-
COSY, HOHAHA, NOESY, and proton-
detected long-range HMBC performed by Mar-
tin and coworkers. ') The twelfth representative
of this family, icajine (12), was found in differ-
ent species of Strychnos, especially in S. nux
vomica providing some specific biological activ-
1ty.

However, the most prominent biological
activity in this series is exhibited by a parent
strychnine (not considered herewith and being
the subject of our recent more thorough investi-
gation'"*! together with that of a number of the
carlier studies!'®'71%1%2021.22 l), a classically
known highly toxic terpene indole alkaloid used,
in particular, as a pesticide for killing birds and
rodents.

Herewith, we use the most effective DFT
computational scheme, PBEO/pcSseg-2//pcseg-
2, derived in our most recent study of strychnine
to perform verification and additional clarifica-
tion of the earlier structural assignments and re-
port 'H and “C NMR data of 1-12 missing in
world literature.

2 COMPUTATIONAL DETAILS

Geometry optimization of 1-12 together
with all their 62 diastereomers was performed
with GAUSSIAN 09" code at the M06-2X/cc-
pVQZ level (for nitrogen and oxygen atoms, the

extended aug-cc-pVQZ basis set was used to
take into account the effect of the diffused lone
pairs). The solvent effect was accounted for in
the calculations within the Integral Equation
Formalism Polarizable Continuum Model (IEF-
PCM).>**! Cartesian coordinates of the opti-
mized structures of 1-12 are given in the Sup-
porting Information.

All calculations of 'H and >C NMR iso-
tropic magnetic shielding constants (and, ac-
cordingly, chemical shifts) were carried out at
the DFT level for a liquid phase by implying the
GAUSSIAN 09 code. In these calculations, we
used the PBEO/pcSseg-2//pcseg-2 computational
scheme introduced in our previous publication.
(3] Namely, the generalized gradient functional
of Perdew, Burke, and Ernzerhof”** with a
predetermined amount of exact exchange known
as PBE0.” was employed throughout. This
functional was used in combination with the
segmented contracted basis sets of Jensen
pcSseg-2 and peseg-2.% In these calculations,
the locally dense triple-zeta quality pcSseg-2 ba-
sis set was used on the atoms of interest (i.e. on
those, for which chemical shifts were calculat-
ed), while the pcseg-2 basis set was employed
for the atoms in the rest of the molecules.

Calculated 'H and "C isotropic magnetic
shielding constants were converted into 'H and
“C NMR chemical shifts as recommended by
the International Union of Pure and Applied
Chemistry (IUPAC)." To take into account the
systematic error of calculated 'H and “C NMR
chemical shifts, we have established correlations
between their calculated and experimental val-
ues. These correlations were used further on to
find out the linear correlation equations of the y
=ax + b type. The slope @ and intercept b were
then used for recalculating theoretical chemical
shifts into experimental d-scale using the equa-
110N Oregae = (Ocat - &)/ a.

3 RESULTS AND DISCUSSION

Interpretation of 'H and °C NMR spectra
of strychnines 1-12, each having multiple
asymmetrical centers, presents a difficult and
sometimes even a challenging task. In the series
of natural products under study, a large number
of hydrogen and carbon atoms has similar
stercoclectronic environments and, therefore,
very similar, or even equivalent, chemical shifts.
As a result, most of their 'H NMR spectra pre-
sent a superposition of the individual second- or
even higher-order multiplets forming complex
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series of strychnines under study. It is seen that bons. For the full details, dealing with the reas-
taking into account performed reassignments no- signments and additional assignments in the pro-
ticeably decreases MAE from 0.23 to 0.22 ppm ton and carbon NMR spectra of 1-12, see Tables
for protons and from 2.06 to 1.97 ppm for car- 2 and 3, respectively.

Akuammicine, C,H,,N,0, (1) Isostrychnine, C;H»:N,0, (2)

Tsilanine, C,,H,6N,05 (4) SperrnOStrYChr(uSr;e’ CoHaN0

COCH;  CH,0COCH, 18
25 26 17 27 28

Strychnosilidine, C,H34N,O¢
t)) 9)

Stry"hn"brastlllgi’ CoFaNa0s - hotstiine, CooHLeN,0, (1) Teajine, CyoH,uN,05 (12)
Scheme 1. Chemical structures and enumeration of carbons of twelve basic Strychnos alkaloids

(excluding parent strychnine).
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605 (5)
C-15 ol E]g ND R e E;; ND a 653
C-16 2‘2‘2 E]g ND R/ ;:ﬁ E;; ND a 3.0
C23 7 ((1;)) ND R o E;; 5.07 B 43
C-2 [ E]g 68 4 s ol % ND B 203
C-3 o E]g 608 s o E;; ND « 812
C-7 o5 E]g 514 R 602

s C-15 o E]g 30.6 s e E;; ND a 62.2
C-16 i;g E]g 406 s ;g} E;; ND « 19.9
C-19 ;?161 E]g 75.7 R/ g:(l)g E;; ND a 25
C-20 i;(; E]g 369 R %g; E;; ND « 113
C-2 i E}E)) 653 s v on E;; 4.20 B 353
e BB | o N e 29

) C-7 B E]g 529 R 3011
C-15 o8 E]g 291 R o E;; 3.39 « 679
C-16 oo E]g 475 R T % 1.51 « 188
C-17 1913(5(.)2(?52) 94.1 R g:gg E;; 553223 a 8.4
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] 77.7 (R) 4.10 ()
C-2 816 (5) 67.4 122 () 4.78 B 42.3
99.5 (R) 329 (o) | 3.23-
C-3 65.2(S) 65.8 367 (8) 31 a 75.1
554 (R)
C-7 76.9 () 50.9 98.1
1.9-
46.4 (R) 234 (@) '
C-15 336(9) 36.0 2146 (§) lrf a 594
418 (R)
C-16 57.0(5) 41.6 545
] 108.0 (R) 4.88 ()
C-17 100.7 (5) 100.4 5.08 (6) 4.75 B 5.7
66.2 (R) 451 (a)
C-19 814 (5) 73.4 381 (6) 3.82 a 6.6
1.9-
36.9 (R) 1.73 () '
C-20 $2.1(9) 36.6 185 (6) lrf a 14.0
40.7(R) ¢ 2.90 ()
C-15 35.9(9) 34.1 281 () 2.90 a 51.9
482 (R)" 2.90 (a)
C-15 359 (9) 34.1 380 (6) 2.90 a 74.8
73.9 (R) 4.44 ()
C-19 797(S) 745 143 () 4.47 a 9.4
36.7 (R) 2.30 ()
C-20 633 (5) 36.8 277 () 225 a 39.5
74.0 (R) 4.73 (o)
C-2 72.4(5) ND 507 () ND B 47.7
66.9 (R)
C-7 593(5) ND 353
56.4 (R) 2.70 ()
C-15 36.6(S) ND 313 () ND a 50.2
48.9 (R) 2.07 (o)
C-16 136 (9) ND 292 (§) ND a 10.7
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c2 e E}g 632 S o E;; 4.64 B 145
-7 o2 E}S)) 548 R 345
10 C-15 b E}g 410° R P E;; ND a 518
C-16 e E]g 43¢ R o E;; ND « 337
C-19 o E}g 770 R i E;; ND « 6.5
c2 [y E}S)) 672 S o E;; 4.84 B 30.7
-7 o E}g 5538 R 138
" C-15 e E]g 34.1 R i E;; 321 a 34.6
C-16 ol E}S)) 424 R e E;; 233 o 41
C-24 e ((g) 928 S o E;; 5.34 B 42
C2 o E}S)) 58.7 S s E;; ND B 28.6
C-7 By E}S)) 548 R 235
. C-15 o E]g 354 R o E;; ND a 42.1
C-16 o E]g 46.4 R i E;; ND « 173
C-17 ;251 E]g 779 s i:i’g E;; ND « 5.1

“ See text for references. ” Energetic preference of the predominant (original) diastereomer. ¢ Not assigned. ¢ No data or not determined. ¢ Reassigned in the
present paper./ Original assignment suggested by the authors. ¢ C*,C'*-a-configuration. ” C*,C'*-B-configuration.
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(5.90-5 81) (5.32-5.23) (4.75) (6.41)
17, 2.96 412 433 453 431 4.06
(3.63) 4.15)
17, 343 3.65 3.62 411 3.56 341
(3.80) (3.83)
18 193 1.78 1.71 1.08 1.16 145 1.79 134 1.72
(1.60) (1.64) (1.60) (1.15) (1.21) (1.20) (1.37) (1.61)
18, 4.40 444 421
(3.71-3.64)
18, 4.64 481 428
(4.83)
19 564 572 571 6.05 415 5.64 451 444 594 4.65 5.75 6.54
(535)  (559)  (533) (5.56) (5.84) (3.82) (4.47) (5.51)
20 2.01 1.73 2.30
(1.9-1.8) (2.25)
21 581
(6.01)
21, 3.74 3.05 3.79 385 2.92 3.66 2.88 337 434 333 3.29
(3.89) (3.63) (3.71-3.64) (2.93) (3.33) (6.20) (3.56)
21, 288 2.92 2.74 3.02 2.16 2.62 2.88 3.30 357 3.85 3.13
(2.95) (3.05) (2.68) 2.65) (3.33) (6.20) (3.42)
22 3.0 1.98 2.12 1.92 1.96
(3.81) (1.96) (2.22) (1.91)
22, 5.16
(5.19)
22, 472
(4.53)
23 501 2.38 2.26 3.86
(5.07) (2.38) (2.00) (3.86)
23, 3.05 2.19 447
(2.37) (4.48)
23, 3.10 357 4.85
(3.04) (4.69)
24 351 3381 221 541
(3.58) (3.86) (2.34) (5.34)
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12 108.4 1132 1175 1264 114.1 1179 116.6 116.8 125.7 1127 116.8 115.0
(109.1) (114.7) (117.0) (1199  (115.7) (115.7) (119.1)  (116.9)  (115.3)
13 143.7 140.7 1641 155.0 153.0 1428 140.5 135.5 146.4 140.7 140.1 139.8
(136.8) (141.4) (143.9)  (142.1) (135.4) (1414)  (139.9)  (140.3)
14 204 244 234 284 25.1 223 224 35.0 527 414 45.0 426
(30.8) (26.0) (25.8) (25.9) (22.8) (35.2) (40.4) (43.5) (41.5)
15 332 36.4 36.0 33.6 254 288 33.6 35.9 56.4 41.0 375 37.1
(29.6) (34.8) (30.6) 29.1) (36.0) (34.1) (42.3) (34.1) (35.4)
16 1043 152.9 428 54.9 429 50.6 4138 102.3 489 434 438 46.8
(101.1) (137.6) (40.6) (47.5) (41.6) (102.4) (41.0) (42.4) (46.4)
17 1634 1199 69.4 69.5 682 93.0 100.7 1492 715 65.9 63.0 774
(167.7) (120.5) (71.0) (94.1) (100.4) (146.7) (68.4) (74.3) (77.9)
18 15.5 64.1 16.3 18.8 113 63.0 18.4 16.1 16.8 17.3 14.6 64.0
(13.1) (58.0) (17.6) (55.7) (17.2) (17.3) (16.8) (13.0) (65.3)
19 1239 129.5 1339 1364 76.6 1259 66.2 73.9 138.7 747 1283 1315
(120.0) (126.6) (75.7) (126.2) (73.4) (74.5) (77.0)  (125.8)  (130.2)
20 140.8 1378 1543 153.0 37.0 139.7 36.9 36.7 155.1 1588 139.3 146.9
(139.2) (142.2) (36.9) (142.8) (36.6) (36.8) (135.6)  (141.3)
21 53.9 54.1 594 58.4 503 50.6 417 415 66.0 133.1 70.2 61.1
(56.8) (54.1) (49.0) (53.7) (41.6) (42.3) (134.1)  (69.4) (62.4)
22 50.4 1645 76.4 179.0 179.9 170.9 171.7 1717 425 412 38.0 36.8
(50.6) (168.7) (1702)  (173.5) (172.2) (41.8) (40.0) (39.4)
23 36.6 108.6 24.0 22.0 52.1 61.6 587 167.9 165.7 164.6
(36.9) (23.3) (23.4) (48.3) (62.7) (169.5)  (167.9)  (167.2)
24 61.4 64.9 26.7 941 428
(23.3) (92.8) (43.0)
25 182.1
26 25.6
27 185.1
28 23.6
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4 CONCLUSIONS

The PBEO/pcSseg-2//pcseg-2 calculations
of '"H and >C NMR chemical shifts were per-
formed in a series of classically known twelve
Strychnos alkaloids (except for the studied earli-
er parent strychnine), namely akuammicine,
isostrychnine, rosibiling, tsilanine, spermo-
strychnine, diaboline, cyclostrychnine, henning-
samide, strychnosilidine, strychnobrasiline,
holstiine, and icajine. It was found that calculat-
ed 'H and ’C NMR chemical shifts provided a
markedly good correlation with experiment
characterized by a mean absolute error of 0.22
ppm in the range of 8 ppm for protons and 1.97
ppm in the range of 180 ppm for carbons.

Speaking about computational °C
NMR data, first it should be noted that for all
twelve strychnines, established earlier absolute
configurations of all 62 asymmetric centers in
all 12 compounds are in a good agreement with
the results of the present calculations. Further, in
some particular cases we report reassignment of
the individual resonances, while the assignments
of the unresolved signals and/or computed ex-
perimentally unknown “C NMR chemical shifts
are also provided.

Up to date, experimental 'H NMR param-
eters are not available (not assigned or not de-
termined) in about half of the cases, so that the
results of the present calculations successfully
filled this gap. Complimentary, performed in a
number of cases are the unambiguous assign-
ments of protons in the 'H NMR multiplets rep-
resenting strongly-coupled spin systems, which
have not been assigned explicitly in the original
publications.

In general, present results provide a solid
NMR database for this group of the vitally im-
portant natural products.
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