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Abstract: Conceptually new schemes of synthesis of indole alkaloids are introduced. The yohimboid ring system is constructed
by the sequential treatment of I-tryptophyl-3-(3-ketobutyl)pyridinium bromide with base and acid. Hydrogenation of the
product yields d,/-pseudoyohimbone. The ajmalicinoid ring system is formed by the exposure of I-tryptophyl-3-acetylpyridin-
ium bromide to sodio dimethyl malonate and then to acid, followed by hydrogenation. Subsequent reduction and dehydration
of the products leads to the racemates of the alkaloids tetrahydroaistonine and akuammigine as well as isomers of ajmalicine.
Complete carbon shift analyses of yohimboid and ajmalicinoid alkaloids of normal, pseudo, allo, and epialio configuration have
been executed. Shifts of specific carbons are found to be of stereochemically diagnostic value. A general shielding +y effect is
observed for the interaction of carbon-hydrogen bonds with spatially rigid and directed electron pair orbitals.

The syntheses of the skeleta of a large number of structur-
ally distinct alkaloids have been executed in recent years by
the exploitation of a two-step, general scheme of quinolizidine
construction—partial hydrogenation of 1-alkyl-3-acylpyri-
dinium salts and acid-catalyzed cyclization of the resultant
2-piperideines.? In the field of indole alkaloids this procedure
is illustrated most simply by the preparation of the naturally
occurring indoloquinolizidine 3 through the reduction of the
nicotinic ester salt 1a and subsequent decarbomethoxylative
cyclization of 2.5 The structure of the 2-piperideines used in
the cyclization step is not limited to the tetrahydropyridine
type, e.g., 2. Thus, dithionite reduction of the pyridinium salt
1a yields a 1,4-dihydropyridine derivative (4) which, without

R
5a, R=R’'=H
b, R=Me; R"=H
¢ R=H; R =Me

isolation, is converted into tetracycle 5a on mild acid treat-
ment.® A similar two-step reaction sequence on salts 1b and
1c, prepared by the N-alkylation of methyl 6-methylnicotinate’
and methyl 4-methylnicotinate,® respectively, with tryptophyl
bromide, produces tetracycles 5b and 3¢, respectively. The
stereochemistry of 5S¢ was determined by '3C NMR spec-
troscopy (vide infra). Despite the presence of two enamine units
in the intermediates, e.g., 4, the cyclization proceeds regio-
specifically. The vinylogous amide moiety is much less acid

sensitive than the unsubstituted enamine function and thus
stable in the cyclization process.

The two-step reaction sequence exemplified by the 1a — 4
—» Sa transformation has excellent potential of application for
the synthesis of yohimboid, ajmalicinoid, and corynanthoid
indole alkaloids, if somewhere along the reaction route a proper
substituent were introduced on the v carbon of the original
pyridine ring and this substituent and the carbomethoxy group
or its equivalent exposed thereafter to chemical alterations
necessary to lead to specific alkaloids. While, in principle, the
7 substituent could be incorporated in the original pyridine ring
prior to salt formation and the initiation of the two-step reac-
tion sequence, a more pleasing and challenging approach would
be replacement of the dithionite reduction by y-substituent
introduction as the first step of the two-reaction scheme. Since
the reduction is the operational equivalent of nucleophilic
hydride attack on the vy-carbon site of 1-alkyl-3-acylpyridinium
salts, the alternative method requires nucleophilic carbanion
involvement at the same reaction site. This type of reaction was
investigated long ago in the form of base-catalyzed conden-
sations of ketones with N-alkyl- and N-acylpyridinium salts9-1!
and used recently for the synthesis of vallesiachotamine
models.’? In the latter case base-induced condensations of
acetone with salts 1a, 6a, and 6b and acid treatment of inter-
mediates 7 had produced ketones 8a, 8b, and 8¢, respectively.
While the yields were low, the initial success in launching a new
two-step scheme for general alkaloid synthesis led to the pursuit
of v substituents more amenable than the acetonyl unit to
desired chemical alteration. After much experimentation exact
reaction conditions for the addition of dimethyl malonate to
salts 1a, 6a, and 6b and subsequent cyclization of compounds
7 were found, thus permitting the preparation of tetracycles
8d, 8e, and 8f. Not only was the first reaction difficult espe-
cially in view of its reversibility, but this tendency of frag-
mentation of 7 into the pyridine salt precursors plagued also
the second reaction.'? The stereochemistry of compounds 8a
and 8f was elucidated by 13C NMR spectroscopy and diester
8f served as an excellent intermediate in the synthesis of a
variety of admalicinoid alkaloids (vide infra).

13C NMR analysis proved to be the simplest method for the
determination of the stereochemistry of selected members of
the class of tetracycles 5 and 8. Carbon shift assignment of the
least substituted compound 5a is based on the '3C NMR data
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8a, R=CH;Ac R"=0Me
b, R=CH,Ac; R"=H
¢ R=CH,Ac; R"=Me
d, R=CH(CO,Me); R’=0Me

e, R=CH(CO,Me);; R"=H
f, R=CH(CO.Me); R’=Me

for alkaloid 3 and its relatives!®!® and methyl 1-methyl-
1,4,5,6-tetrahydronicotinate.!® The benzylic methylene shift
of 21.9 ppm is reminiscent of 3(C-6) = 21.8 ppm for compound
3, a tetracycle possessing a trans-quinolizideine unit. The
angularly methylated substance 5b reveals flattening of the
trans-quinolizideine ring system by the nuclear double bond
of the vinylogous amide unit in the form of diminished v effects
of the angular methyl group on the aminomethylene and allylic
methylene groups interacting 1,3-diaxially with it. The strong
upfield shift of the bridgehead aminomethine and the unper-
turbed benzylic methylene shift of compound S¢ compared to
the like carbon sites of 5a is clear evidence of the axiality of the
methyl group of the former tetracycle and hence of the stere-
ostructure depicted in formula Sc. Similar considerations es-
tablish the stereochemistry of substances 8a and 8f. The §
values of compounds 5a, 5b, Sc, 8a, and 8f are portrayed on
formulas 9, 10, 11, 12, and 13, respectively.

A Route to Yohimboid Alkaloids. Much of the success in the
synthesis of amide vinylogs § and 8 is associated with the
presence of the acyl function in the starting materials 1 and 6
and the intermediates 4 and 7. The acyl substituent enhances
the electrophilicity of the pyridine ring in the nucleophilic
addition step, stabilizes one of the double bonds of the diena-
mine toward acid in the cyclization step, and prevents the re-
maining enamine unit in the final product from causing acid-
catalyzed polymerization. Despite the healthy influence of the
acyl group, the two-step reaction scheme would be even more
impressive and less constrained in its applicability to alkaloid
synthesis, were it operative on nonacylated pyridinium salts.
In this event, a salt of structure 14, for example, might undergo
carbanion addition such as to produce dihydropyridine 15,
which, in turn, might be transformed into 16 on exposure to
acid. Unfortunately this proposal suffers from deep-seated
difficulties. Not only is the regiospecificity of both the addition
and cyclization steps difficult to predict, but also the stability
of 15 toward air oxidation and other environmental factors and
of 16 toward the acid medium in which it is produced are du-
bious, lending a low probability of success to the reaction
scheme. Indeed, no tractable products could be isolated from
the reaction of 14 (R = Et) with sodio malonic ester under a
large variety of conditions and from related reactions. How-
ever, the following exceedingly short synthesis of the yohimboid
ring system by an intramolecular equivalent of the 14 — 15
— 16 reaction sequence shows the method under careful
control to be successful.

Condensation of nicotinaldehyde with acetone and hydro-
genation of the product 17 yielded ketone 18, whose N-alkyl-
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ation with tryptophyl bromide gave salt 19.!7 Careful treat-
ment of the latter first with base and then with mild acid pro-
duced pentacyclic ketone 20, albeit in only 14% yield. Oxida-
tion of the latter with chloranil led to 21, while hydrogenation
yielded d,/-pseudoyohimbone (22). ldentification of this
product permitted the assignment of the stereochemistry of
ketones 20 and 21. It is noteworthy that the products of the
acid-catalyzed cyclization of 7 and 15, i.e., Sc, 8, and 20, pos-
sess uniformly a H(3)-H(15) trans configuration in accord
with the notion of the need of a trans-diaxial addition across
the double bond of the intermediate immonium salt and a
consequent, initial trans-diaxial alignment of the indole ring
and nitrogen electron pair in the product.

Synthesis of Ajmalicinoid Alkaloids. The tetracycle 8f ap-
peared to be an ideal intermediate for the synthesis of indole
alkaloids of the ajmalicine (23) and tetrahydroalstonine (24)
type. Platinum-catalyzed hydrogenation of 8f in glacial acetic
acid produced keto ester 25'8 in 49% yield, its 20-epimer
(26)18-20in 12% yield, and their overreduction compounds 27a
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and 28a in 20 and 5% yield, respectively. Since keto ester 25
is isomerized into 26 in up to 87% yield on contact with acid,
the latter and 28a probably were not direct products of re-
duction. Hydrogenation of 8f for an extended period of time
or at slightly elevated temperature led to lactone-esters 27a and
28a as primary products and lactones 27b, 28b, and 29 as minor
products. Under these conditions more intermediate keto ester
25 had isomerized into 26, increasing the yield of lactone ester
28a at the expense of 27a.2! Lactones 28a and 28b proved to

be identical with the recently reported product of hydrogena-
tion of keto ester 26 and its decarbomethoxylation product,
respectively.?223 In view of the previous transformation of keto
ester 26 into 3-isoajmalicine and the racemic form of the al-
kaloid ajmalicine (23)?? and the conversion of 3-iso-19-epi-
ajmalicine (3-is0-30)23 into d,/-formosanine (31) and 4,/-
isoformosanine (7-is0-31),22 the above construction of 26 and
28a constitutes a formal, total synthesis of the racemates of
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ajmalicine (23)?* and the two oxindole alkaloids (31 and 7-
1s0-31).

Mild treatment of keto ester 25 with sodium borohydride
produced lactone ester 27a, the major product of overhydro-
genation of the vinylogous amide 8f, in 68% yield.?* Acid-
catalyzed hydrolysis and decarboxylation of 27a yielded lac-
tone 27b. The relative stereochemistry of the lactones 27 was
based in part on their derivation from keto ester 25 (i.e., the
ring D configuration) and partly on the subsequent conversion
of 27a into d,/-akuammigine (i.e., the H-19 configuration)
(vide infra). The carbomethoxy group of 27a was assigned an
@, equatorial orientation, thereby causing rings D and E to
assume conformation 32 in order to accommodate a trans-
quinolizideine structure, based on infrared?® and '"H NMR?7
spectral evidence regarding the H(3) conformation, and an
H(19) equatorial conformation, founded on 'H NMR coupling
data.?” Sodium borohydride reduction of lactone 27a and
acid-induced dehydration of the product yielded d,/-akuam-
migine (34). The intermediate could be isolated in 77% yield
and was shown to possess the stereochemistry depicted in 33
on the basis of infrared and 'H NMR spectral analyses.!8:25.28
The 3-acetylpyridine — 6b (—7) — 8f (—25) — 27a (—>33)
— 34 route constitutes a highly specific synthesis of racemic

akuammigine!®29 and represents the shortest construction of
the alkaloid on record. Oxidation of 34 with mercuric acetate
and reduction of the resultant 3-dehydro product with sodium
borohydride yielded d,/-tetrahydroalstonine (24).18:2%-31
Lactone ester 29, a minor product of the extensive hydro-
genation of vinylogous amide 8f (vide supra), had been as-
signed the depicted stereochemistry on the basis of the fol-
lowing facts. The ring D configuration relied on the com-
pound’s later conversion into 24 (vide infra), and the infrared?®
and 'H NMR?7 spectrally deduced trans-quinolizideine and
the 'H NMR?7 spectrally determined H(19)-H(20) trans-
diaxial relationship limited the 19-methyl group, and hence
also the carbomethoxy unit, to equatorial conformations and
the overall structure of 29 to conformation 35, Sodium bor-
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ohydride reduction of 29 yielded a 17-epimer mixture of
hemiacetals (36) which, without isolation, was transformed
into d,/-tetrahydroalstonine (24) on acid-catalyzed dehydra-
tion. The S-acetylpyridine — 6b (—7) — 8f — 29 (—36) —
24 sequence constitutes an exceedingly short, highly specific
synthesis of racemic tetrahydroalstonine (24).182°

13C NMR Analysis of Yohimboid and Ajmalicinoid Alka-
loids.32 During the period of intense research on the structure
of the Rauwolfia alkaloids in the late 1950’s and early 1960’s,
various physical and chemical methods of analysis of the
stereostructures of yohimboid, ajmalicinoid, and corynanthoid
substances were developed. Most importantly, infrared26:33
and "H NMR 2734 spectral procedures and oxidation-reduction
operations?6-3%:35 were introduced for the determination of the
H(3) configuration of the alkaloids and their derivatives. As
a consequence it is only natural that the advent of 1*C NMR
spectroscopy would lead to the application of this powerful,
new tool of structure analysis in this field of alkaloid chemistry.
While the 1*C NMR interpretation of corynanthoid natural
products has been executed already,!413.36 the following dis-
cussion represents an exhaustive 1*C NMR analysis of alka-
loids of the yohimboid and ajmalicinoid types.?”-38

The indole alkaloids under consideration have been cate-
gorized in the past on the basis of their ring D stereochemistry
in terms of normal (37), pseudo (38), allo (39), and epiallo (40)

configurations. The '3C NMR analysis of the yohimboid al-
kaloids of the normal type included yohimbine (41a),3% 3-
yohimbine (41b), and corynanthine (41¢c).3® Pseudoyohimbine
(42a) represented the pseudo type, a-yohimbine (43a) and
alloyohimbine (43b) represented the allo system, and 3-epi-
a-yohimbine (44a), reserpine (44b),3° raunescine (44c), and
isoraunescine (44d) represented the epiallo configuration.
Furthermore, the alkaloid derivatives fitted into the following
series: normal, yohimbane (41d) and yohimbinone (41e);
pseudo, pseudoyohimbone (42b); allo, alloyohimbane (43c)
and isoreserpine (43d); epiallo, epialloyohimbane (44e) and
methyl reserpate (44f).40

4la, R=Y=H; R’ =CO,Me; Y =0OH
b, R=Y=H; R"=C0,Me; Y=0H
¢ R=COMe; RR=Y=H;, YY=0H
d R=R'=Y=Y=H
e, R=H; R"=CO,Me; Y+Y =0

43a, R=COMe; R"=Y=Y"=H; Y=0H
b R=Y=Y"=H; R"=CO,Me; Y =0H
¢, R=R'=Y=Y'=Y"=H
d R=COMegR =H; Y=Y =0Me, Y’ =0TMB

Y/
44a, R=COMe;Y=0H; Y=Y"=H
b, R=COMe; Y =Y = OMe; Y’ =0TMB
¢ R=CO,Me; Y=H; Y=0H; Y'=0TMB
d, R=COMe;: Y=H; Y =0TMB; Y’'=0H
e, R=Y=Y=Y"=H
f, R=COMe; Y=Y =0Me; Y'=0H

TMB = 3,4,5-trimethoxybenzoyl

The analysis started by the utilization of the carbon shifts
of the tetracyclic alkaloid 45 obtained in a previous
study.!43742 For compounds of the normal series, e.g., yo-
himbane (41d), consideration had to be given to the effect
expected for the imposition of a trans-fused four-carbon bridge
onto C(15) and C(20) of tetracycle 45.*3 The symmetry of
substitution is revealed by the As (41d-45) value of 6 ppm for

C(14) and C(21). The ring E methylenes of yohimbane (41d)
fit into two sets of shifts, those of C(17) and C(18) which are
most cyclohexane-like and the others deshielded by the
neighboring ring carbons. The close shifts of C(17) and C(18)
and the initially surprising, more widely separated C(16) and
C(19) shifts were differentiated by the analysis of the
16,16,18,18-tetradeuterio derivative of yohimbane (41d),
prepared by the exhaustive a-deuteration of yohimbone fol-
lowed by deoxygenation. The 2.4-ppm shielding of C(19) rel-
ative to C(16) is an example of the now well-recognized -
anti-periplanar heteroatom effect** exerted by Ny. The ring
C carbon shifts of yohimbane (41d) and 45 are similar, indi-
cating both substances to possess trans-quinolizideine struc-
tures.!?

The introduction of a hydroxy and carbomethoxy group into
ring E of yohimbane (41d) causes predictable shift changes in
exclusively rings D and E. A «y-anti-periplanar effect** of ca.
—2 ppm by the equatorial 17-hydroxy group is observed in the
C(19) shift of 8-yohimbine (41b). It it be assumed that the
same magnitude of the effect is felt by C(15), the 3 effect of
the alkaloid’s equatorial 16-carbomethoxy group is ca. 2 ppm.
This 3 effect is maintained in yohimbine (41a), as witnessed
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by the difference of the v effects of the compound’s axial
17-hydroxy group on C(15) and C(I19). Comparison of yo-
himbine (41a) with corynanthine (41¢) shows the axial 16-
carbomethoxy group of the latter to exert v effects on C(18)
and C(20). The shielding of C(14) by the carbomethoxy group
of the three alkaloids is independent of the configuration of the
C(16) substituent.

Assignment of the proper shifts to the carbons of pseudo-
yohimbine (42a) requires prior recognition of the dramatic
change of the ring conformations of normal (46) vs. pseudo
(47) systems, While thus the H(3) configurational alteration

results in negligible shift modification of all ring E carbons
except C(15), carbons 3, 6, and 21 experience large shielding
in pseudoyohimbine (42a) relative to yohimbine (41a). The
cis-quinolizideine form (47) of pseudoyohimbine (42a) im-
poses a vy effect on C(15) and C(21) by C(2), axially disposed
to ring D, and reciprocal «y effects on C(6) and C(21). In view
of its benzylic nature C(6) is distinguished from other meth-
ylenes in pseudoyohimbine (42a) as well as the other alkaloids
by the difference of its one-bond, carbon-hydrogen coupling
characteristics in single-frequency, off-resonance decoupled
spectra.*> The strong shielding of C(21) in pseudoyohimbine
(42a) makes its shift similar to that of the other aminometh-
ylene group. Their differentiation depends on the invariancy
of the C(5) shift in pseudoyohimbine (42a) and 3-iso-19-epi-
ajmalicine (50) (vide infra), a pseudo system in which the
C(21) shift is perturbed by a ring E substituent. Despite the
C(3) shift similarity with the 8 value for C(16) in pseudo-
yohimbine (42a), the C(3) resonance can be identified by its
retention in pseudoyohimbone (42b).

The yohimboid compounds of allo configuration show ring
C carbon shifts nearly identical with those exhibited by the
normal series of substances, thereby revealing the presence of
a trans-quinolizideine conformation (48). Comparison of the
shift data for «-yohimbine (43a) and isoreserpine (43d) and
taking cognizance of the y-anti-periplanar,** o and 8 effects
exerted on the introduction of an equatorial aroyloxy group
at C(18) permit complete ring E shift allocation in the two allo
compounds. In particular, the vy-anti-periplanar effect dis-
tinguishes the D/E bridgehead carbons.

The difference of the configuration of the 16-substituent in
a-yohimbine (43a) and alloyohimbine (43b) is obvious from
the shielding of C(18) and C(20) induced by the axial carbo-
methoxy group of the latter alkaloid, the constancy of the
C(19) shift in both bases, and the deshielding of C(14) on re-
moval of the carbomethoxy-C(14) peri interaction, i.e., a ¥y
effect. The expected similarity of the C(20) shift of a-yohim-
bine (43a) and alloyohimbane (43¢) differentiates the & values
of the D/E bridgehead carbons of the latter. The ring E
methylenes of the unsubstituted pentacycle (43¢) fall into the
following cyclohexane shift pattern: C(18), an unperturbed
cyclohexane carbon shift; C(17), one feeling a v effect from
C(14); C(16), deshielded by an axial 3 effect; and C(20), ex-
periencing opposing shift contributions.

While the ease of Ny inversion and the H(15)-H(20) cis
configuration requires consideration of two all-chair D/E
cis-perhydroisoquinoline conformations for allo and epiallo
compounds, conformation 48 is distinctly the more favorable
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one for alloyohimbane (43c¢) and is not upset by too many axial
ring E substituents among the allo compounds inspected above.
Contrastingly, the unsubstituted epiallo pentacycle, epial-
loyohimbane (44e), is expected to be portrayed best by con-
formation 49b, whereas the alkaloids of epiallo configuration
(44) are represented best by formula 49a, since otherwise their
two or three ring E substituents would be constrained to an
axial conformation. The chemical shifts of the ring C carbons
5 and 6 of epialloyohimbane (44e) reflect a trans-quinoliz-
ideine structure, thus precluding 49a as the conformation of
this epiallo derivative. The C(3) shift differs from that in yo-
himbane (41d) and alloyohimbane (43¢) (cf. 46 and 48, re-
spectively) by an added v effect from C(16). The ring E
methylenes reflect by their shifts their mirror image rela-
tionship with those of alloyohimbane (43c).

The ring C carbon shifts of the natural, epiallo bases (44)
show them to possess a cis-quinolizideine structure (49a)
equivalent to that characteristic of pseudo compounds (47).
Since as a consequence the perhydroisoquinoline unit of 3-
epi-a-yohimbine (44a) and reserpine (44b) possesses the same
conformational disposition as in a-yohimbine (43a) and iso-
reserpine (43d), respectively, the ring E carbon shifts of the
two alkaloids of epiallo configuration are nearly the same as
the 6 values of the allo equivalents, except C(15). Carbon 15
is shielded by a v effect from C(2). The C(21) shift of 43a and
43b differs from that of pseudoyohimbine (42a) by a modified
8 effect from C(19) and the C(14) shift by added v effects
from C(17) and C(19). Comparison of the shift data of rau-
nescine (44c¢), isoraunescine (44d), and methyl reserpate (44f)
with those of reserpine (44b) shows the expected changes of
3 values on substituent modification#? In past '3C NMR
studies®® of reserpine (44b),>® deserpidine,’® rescinnamine,*°
and methyl reserpate (44f)40 the chemical shifts of C(3), C(5),
C(21), and the 17-methoxy group were assigned incorrectly
to C(21), the 17-methoxy function, C(5), and C(3), respec-
tively. The shifts of all yohimboid substances are listed in Table
[

The 13C NMR analysis of ajmalicinoid alkaloids and syn-
thetic relatives consisted of the chemical shift assignment of
five substances representing the four different structure pat-
terns: normal, ajmalicine (23); pseudo, 3-iso-19-epiajmalicine
(3-is0-30 = 50); allo, tetrahydroalstonine (24) and rauniticine
(51); and epiallo, akuammigine (34).%6
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Table I. '3C Chemical Shifts of Yohimboid Substances?

41a 41b  41c® 414  4le® 42a® 42b° 43a 43b 43¢  43d°9 44ac 44bc9 44c? 44d9¢ 44e  44fc
C(2) 1343 134.0 1358 1347 1351 1340 1321 1343 1344 1357 1329 131.7 130.2 131.3 131.3 1355 131.1
C(3) 59.8 590 605 60.1 587 537 534 60.1 60.1 604 596 537 53.6 53.5 534 546 538
C(5) 52.1 523 526 528 523 507 506 532 528 S34 528 50.8 SI.1 50.8 50.6 533 51.3
C(6) 21.5  21.3 216 214 216 164 167 21.7 21.3 217 216 16.5 16.7 16.4 16.3 219 16.8
C(7) 107.5 107.4 106.3 107.1 106.3 1059 107.8 108.1 107.1 1084 107.6 107.3 107.7 107.5 106.8 108.4 108.0
C(8) 127.0 1269 127.0 127.0 126.5 127.2 127.6 127.1 126.8 127.7 1214 1272 1219 127.3 127.0 127.7 1224
C©) 117.7 1177 1175 117.6 1174 1172 1179 117.9 1175 1179 1182 1176 1182 117.6 1173 117.7 118.5
C(10) 1188 1188 1184 1187 1182 1181 1195 119.1 118.6 119.2 1084 1189 1087 1i9.1 1187 1194 109.0
C(il) 1208 1209 120.4 120.6 120.2 120.1 121.6 121.1 120.5 121.0 1556 121.0 155.8 121.2 120.8 121.2 156.2
C(12) 110.6 110.7 11i.1 1106 110.8 1il.1 111.0 1106 110.6 110.5 948 110.8 95.0 110.7 110.8 110.7 955
C(13) 1358 1358 136.1 1358 1358 1355 1358 135.7 135.8 136.2 136.5 1356 136.1 1355 1356 136.2 136.6
C(l4) 338 338 336 363 345 322 348 276 31.0 316 276 236/ 24.1 23.7 23.5 357 243
C(15) 364 416 347 4137 433 324 366 379 374 348 370 325 32.2 31.9 325 348 327
C(l6) 526 57.1 S1.1 325 61.8 524 474 546 506 305 51.7 54.1 51.6 52.1 499 219 SI1.s
C(l17) 669 716 659 262 2057 66.6 210.7 66.0 66.7 208 77.5 657 77.8/ 68.3 738/ 26.5 8l1.6
C(18) 31.4 338 282 258 403 309 408 332 302 265 778 335 7735 769 729/ 265 75.2
C(19) 23.1 27.5 235 30.1 290 23.0 30.0 245 248 265 303 239/ 29.6 29.1 325 296 327
C(20) 402 39.1 36.5 416/ 379 395 399 364 320 367 346 35.6 33.8 33.7 34.1 342 347
C(21) 61.0 605 620 617 599 515 512 604 596 619 596 49.4 48.8 48.7 486 55.1 495
C=0 175.1 1750 172.7 169.5 172.9 174.4 174.0 172.2 1747 1725 1728 171.8 173.5
OMe 51.7  S51.6  5l.1 51.6 S51.2 51.8 S51.5 51.7 51.7 51.6 51.7 51.7 51.5

@ The & values are in ppm downfield from MesSi. Unless otherwise indicated, the spectra are from CDCl; solutions; §(MeySi) =
5(CDCl3) + 76.9 ppm. ¢ In Me;SO-dg solution; 5(MesSi) = 6(MerSO-dg) + 39.5 ppm. ¢ 6(11-OMe) = 55.6 and 5(17-OMe) = 60.5 ppm.
4 The carbon shifts of the 3,4,5-trimethoxybenzoyl group are as follows: 6(C-1) = 124.9, §(C-2) = 106.7, 6(C-3) = 152.5, 6(C-4) = 141.9,
6(3-OMe) = 56.0 and 6(4-OMe) = 60.6 ppm. The carbonyl shift in 43d and 44b is 165.0 ppm, while in 44c and 44d it is 165.8 ppm. ¢ A
trace of ethanol added to increase solubility. / Signals in any vertical column may be reversed.

Table II. '3C Chemical Shifts of Ajmalicinoid Substances?

23 50 24 51 34 34-52 34-53
C(2) 134.0 132.4 134.4 134.3 132.8¢ 134.0 130.9
C(3) 59.8 53.8 52.6 58.0 54.5 55.2 53.5
C(5) 52.7 50.9 53.3 52.8 52.2 52.8¢ 51.7¢
C(6) 21.3 16.8 21.7 21.1 19.2¢ 21.3 16.3
(o@))] 106.1° 107.46 107.6 107.1% 106.8% 107.4 106.5
C(8) 126.6 127.3 126.9 127.0 127.2 126.6 126.6
C(9) 117.3 117.6 117.8 117.7 117.7 117.8 117.8
C(10) 118.4 119.1 119.0 119.1 119.1 118.7 118.7
C(11) 120.5 121.3 120.9 121.0 121.2 120.8 120.8
C(12) 110.6 1.1 110.6 110.6 110.8 110.5 111.2
C(13) 135.9 135.7 135.8 135.8 135.7 135.5 135.1
C(14) 32.1 31.2 34.2 32.5 30.6 30.3 30.3
C(15) 30.1 30.8 31.2 29.5 25.7 24.8 25.7
C(16) 106.5% 107.76 109.3 107.7% 107.6% 103.8 109.2
Ccy7 154.5 155.9 155.5 154.3 154.8 154.8 155.6
C(18) 14.5 18.0 18.4 19.1 18.4 18.2 18.7
C(19) 73.3 75.3 72.3 76.4 73.2 74.7 71.4
C(20) 40.2 43.8 38.3 34.2 37.2 36.3 36.8
C(21) 56.2 46.8 56.0 53.7 50.39 55.2 44.4
C=0 167.3 167.2 167.8 168.0 167.5 167.8 167.8
OMe 50.6 50.9 51.0 51.0 50.9 51.7 51.7

@ The & values are in ppm downfield from MesSi; CDCls solutions, (MesSi) = 6(CDCls) + 76.9 ppm. # Signals in any vertical column
may be reversed. ¢ Broad, low-intensity signal. 4 Signal missing; shift taken from high-temperature spectrum. ¢ Signals may be inter-

changed.

Carbons 16, 17, 18, and 19 of all ajmalicinoid substances
reveal 13C NMR signals of characteristic field position and
multiplicity,*? while the ring C carbon shifts, except those for
akuammigine (34) (vide infra), fit into the patterns of either
trans- or cis-quinolizideine structures. Comparison of the shift
data for the normal with the pseudo bases and the allo with the
epiallo alkaloids permits allocation of the C(15) and C(20)
shifts. The shifts of all ajmalicinoid compounds appear in Table
il

The extensive broadening of the C(2) and C(6) signals in
the spectrum of akuammigine (34), the unexpected absence

of the C(21) signal, and the incompatibility of the C(6) shift
with a structure based on either of the two stable conformations
of an epiallo system, 49a and 49b, suggested that the alkaloid
might be involved in a fast equilibrium of conformers in deu-
teriochloroform solution at room temperature. As a conse-
quence, a study of the temperature dependence of the 13C
NMR spectrum of akuammigine (34) was undertaken. Above
room temperature the C(2) and C(6) signals sharpen and a
C(21) signal appears, while at cold temperatures each carbon
is represented by two signals, indicative of the presence of two
conformers in solution. Since some of the signals are charac-
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Table III. Characteristic Shift Ranges of Yohimboid and Ajmalicinoid Substances

Epiallo
Normal or allo Pseudo or epiallo (C/D cis) C/D trans C/D cis and trans
C(3) 60 £ | 53.5+0.5 54.5+0.5 544 |
C(6) 205405 16.5+0.5 215405 16-22

teristic of a trans-quinolizideine system and others of the cis
equivalent, it is reasonable to assume the conformers to be
represented by formulas 52 and 53. On this assumption the
shifts of all carbons for both conformers can be assigned (cf.
Table II). Thus, for example, the 19.2-ppm methylene signal
at room temperature correlates with the 21.3- and 16.3-ppm
signals at low temperature, which are identifiable as C(6) shifts
for trans- and cis-quinolizideine units, respectively [cf. 8(C-6)

of 21.3 ppm for ajmalicine (23) and 16.8 ppm for 3-iso-19-
epiajmalicine (50)]. Similarly, the 50.3-ppm aminomethylene
signal, observed at high temperature, is associated with the
low-temperature 55.2- and 44.4-ppm signals, recognizable as
belonging to C(21) in trans- and cis-quinolizideine structures,
respectively. While there is a small shift dependence on tem-
perature, it is possible to analyze the conformer ratio at room
temperature from the three sets of shift data. With the use of
the shifts of C(6), C(19), and C(21), carbons which exhibit
large Ad values between conformers, an equilibrium constant
of 1.3 + 0.1 for the 52:53 ratio and a AG value of 150-200
cal/mol at 25° are obtained.

T\

H Me CO,Me
| H
H
N
=
/‘/
52

Several facts of interest in alkaloid chemistry emerge from
the above, overall 13C NMR analysis of yohimboid and
ajmalicinoid substances. The chemical shifts of C(3) and C(6)
can be used for configurational and conformational assign-
ments. For D/E trans compounds 8(C-3) and 5(C-6) values
of 59-61 and 21-22 ppm, respectively, reflect a normal con-
figuration, while values of 53-54 and 16-17 ppm, respectively,
mirror a pseudo configuration. The shielding of C(6) among
pseudo compounds is a consequence of this carbon’s 1,3-diaxial
involvement with C(21). Among D/E cis substances the 5(C-3)
and 6(C-6) values of normal substances are characteristic also
of allo compounds.*” In view of the facile equilibrium 49a =
49b the two carbon shifts are variable for epiallo compounds,
but diagnostic of their conformational state. The 6(C-3) and
8(C-6) values are those of pseudo compounds in case of con-
formation 49a, 54-55 and 21-22 ppm, respectively, in the event
of preference of 49b or 53-55 and 16-22 ppm, respectively, in
case of a mixture of conformers. These correlations, summa-
rized in Table III, show that two carbon shifts identify the
stereochemistry of the C/D ring juncture. Since the signals of
these carbons are easily recognizable, C(3) being the lowest
field methine*® and C(6) being the highest field methylene,*
their shifts can be of serious aid in the structure analysis of
indole alkaloids of the yohimboid, ajmalicinoid, and cor-
ynanthoid types. While, finally, C/D trans and conforma-
tionally impure epiallo compounds can be identified by their
C(3) and C(6) shifts alone, differentiation of D/E trans from
D/E cis systems, i.e., normal from allo and pseudo from C/D

cis epiallo arrays, rests on their C(14) shifts.

The family of indole alkaloids under consideration consists
of substances of enough structural complexity to require the
application of most known electronic and steric effects*? to
their 13C NMR analysis. Whereas the steric y effect is asso-
ciated commonly with hydrogen-hydrogen nonbonded inter-
actions of the type 54,°0 the present study reveals examples of
v shifts arising from hydrogen-= bond (55)*! and hydrogen-
lone pair (56 and 57) interactions. These involvements of a
hydrogen with a proximate electron pair are the consequence
of the rigid ring system directing the electron pair orbital
toward the hydrogen. The following represent illustrations of
7 shifts induced by hydrogen-= bond interactions: the shielding
of C(15) by C(2) and of C(21) by C(2) and C(6) in pseudo-
yohimbine (42a), 3-epi-a-yohimbine (44a), and reserpine
(44b), as compared with yohimbine (41a), a-yohimbine (43a),
and isoreserpine (43d), respectively,>? and the shielding of C(2)
by C(15) and C(21) in all epiallo, C/D cis compounds con-
trasted with epialloyohimbane (44e). As the strong similarity
of the C(3) shift in the C/D trans conformer of akuammigine
(34-52) and epialloyohimbane (44e) indicates, the same 7y
effect is induced by C(16) in either trigonal or tetrahedral
form. Related v effects at C(16) caused by C(3) and C(21)
are observed in the C(16) shift of the C/D trans conformer of
akuammigine (34-52) when compared with that of its alter-
nate conformer (34-53). An example of the approximate
equality of y effects emanating from carbon-hydrogen bonds
(54), = bonds (55), and oxygen lone pairs (56) is the similarity

ot g Lf Lt

54 55 56 57

of the C(21) shift in the C/D trans conformer of akuammigine
(34-52) and epialloyohimbane (44e). Finally, the identity of
the 27 ppm shift for C(19) of alloyohimbane (43c) and C(5)
of cis,trans-perhydroanthracene (58),%3 two substances of like

58

overall conformation, shows the + effect of a nitrogen lone pair
(57) to be equal to that of a carbon-hydrogen bond. While the
v effect of an electron pair acting on a carbon-hydrogen bond
need not be similar in magnitude to that of the well-known
hydrogen-hydrogen interaction, the above correlations suggest
that an average 4-5 ppm shielding contribution for structural
units 54-57 can be used in the analysis of natural products of
complex constitution.5

Experimental Section

Melting points were determined on a Reichert micro hot stage and
are uncorrected. In‘rared and ultraviolet spectra were recorded on
Perkin-Elmer 137 and Cary 14 spectrophotometers, respectively. Mass
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spectra were obtained on Varian CH-7, AEl MS-9, and CEC 21-110
spectrometers. Unless otherwise noted,'H NMR spectra were run on
deuteriochloroform solutions with Me4Si as internal standard (6 =
0 ppm) and registered on Varian A-60 and HR-220 spectrometers.
The '3C NMR spectra were taken on a Varian XL-100-15 FT-NMR
spectrometer and a Varian DP-60 spectrometer modified for Fourier
transform operation. The é values denoted on formulas 9 and 12 and
those on 10, 11, and 13 are based on deuteriochioroform and hexa-
deuteriodimethyl sulfoxide solutions, respectively.

The conformational equilibrium constant for akuammigine (34)
was determined by the use of the equation 634 = 4852 + (1 — A)ds3,
in which A4 is the mole fraction of conformer 52,

Pyridinium Salts (1), A solution of 1.34 g of tryptophyl bromide and
0.90 g of methyl 6-methyinicotinate” in 5 ml of methanol was kept at
room temperature for 24 h. Evaporation of the solution and crystal-
lization of the residue from methanol led to 1.35 g of salt 1b, mp
224-225°C. Anal. (C13H190,N,Br) C, H, N.

The identica! procedure for the interaction of tryptophyl bromide
and methyl 4-methylnicotinate® gave an 86% yield of salt lc, mp
204-205 °C. Anal. (C1gH,90,N;,Br) C, H, N.

1,2,6,7-Tetrahydroindolo[2,3-a]quinolizines (5). A solution of 0.72
g of salt 1a% in 70 ml of water was covered with 50 ml of ether and
purged with nitrogen. Sodium dithionite (4.0 g) was added in portions
to the vigorously stirring mixture and the stirring continued for 0.5
h. The aqueous layer was separated, saturated with potassium car-
bonate, and extracted with ether. The combined ether solutions were
dried over anhydrous potassium carbonate and evaporated. A solution
of the residue and 2 ml of concentrated hydrochloric acid in 20 ml of
methanol was kept for 10 min, then diluted with water and extracted
with methylene chioride. The extract was dried over potassium car-
bonate and evaporated. Crystallization of the residue from chloro-
form-ether led t0 0.34 g (60%) of 5a, mp 157-158 °C:ir (Nujol) NH
3.01 (m), C=0 6.02 (s), C=C 6.20 (s), 6.28 (m) u; '"H NMR
(CDCl3) 6 1.7-3.7 (m, 8, methylenes), 3.72 (s, 3, Me), 4.3-4.6 (m,
1, NCH), 7.0-7.4 (m, 4, aromatic H's), 7.51 (brs, I, olefinic H); m/e
282 (parent, base), 281, 251, 223, 169, 156; exact mass: m/e 282.1375
(calcd for C17H1802N2: 2821368) Anal, (C17H1802N2) C, H, N.

The identical procedure executed on salt 1b gave a 50% yield of 5b,
mp 256 °C: ir (Nujol) NH 3.02 (m), C=0 6.05 (s), C=C 6.20 (s),
6.28 (s) u; '"H NMR (CDCl;-trace CF3CO;H) 6 1.44 (s, 3, Me),
1.7-3.9 (m, &, methylenes), 3.74 (s, 3, OMe), 7.0-7.6 (m, 4, aromatic
H’s), 7.70 (brs, 1, olefinic H); m/e 296 (parent), 281 (base), 265, 221.
Anal. (C|8H2002N2) C, H, N.

The same procedure enacted on salt 1c produced a 35% yield of S¢,
mp 240-241 °C: ir (Nujol) NH 3.05 (m), C=0 6.05 (s), C=C 6.24
(s), 6.34 (s) u; 'H NMR (CDCl;3-trace CF;CO2H) 6 1.20(d,3,J =
7 Hz, Me), 1.7-3.8 (m, 7, methylene, CH), 3.75 (s, 3, OMe), 4.5-4.7
(m, 1, NCH), 7.0-7.6 (m, 4, aromatic H’s), 7.70 (br s, 1, olefinic H);
mfe 296 (parent), 295, 281, 265, 237, 170, 169, 156 (base). Anal.
(Ci18H2002N3) C, H, N,

1,2,6,7-Tetrahydroindolo[2,3-a]quinolizines (8), Salt 1a, (2.00 g)
was added to a solution of the sodio salt of dimethyl malonate, pre-
pared from 400 mg of sodium hydride and 1.11 g of dimethyl malo-
nate, in 25 ml of I,2-dimethoxyethane (DME) and the mixture stirred
under nitrogen at room temperature for 5 h. The mixture was filtered
and the filtrate diluted with 20 ml of dry benzene and cooled to 10°.
A solution of 20 ml of dry benzene saturated with dry hydrogen bro-
mide gas was added slowly with stirring and the mixture was stirred
at room temperature for | h. It then was poured into 150 ml of dry
ether, shaken well, and filtered. The filtrate was concentrated to
dryness at room temperature and the residue taken up in 5% sodium
bicarbonate solution and extracted with chloroform. The extract was
washed with saturated brine solution, dried over anhydrous sodium
sulfate, and evaporated. Trituration of the oily residue with methanol
yielded 780 mg of crystals, mp 213-216 °C, whose crystallization from
methanol led to malonate 84, mp 217-219 °C: ir (Nujol) NH 3.04
(m), C=05.75 (s), 6.05 (s), C=C 6.20 (s), 6.28 (m) u; uv (MeOH)
Amax 224 (e 31 300), 282 (35000),-291 (36 900) nm; 'H NMR
(MesSO-dg) 6 3.48 (s, 3, Me), 3.54, 3.68 (s, 3 each, malonate meth-
yls), 4.49 (dm, |,J = 11 Hz, NCH), 6.7-7.4 (m, 4, aromatic H’s),
7.49 (brs, 1, olefinic H); m/e 412 (parent), 381, 353, 282, 281 (base),
280, 279. 221. Anal. (C23H2406N2) C, H, N.

A mixture of 2.24 g of tryptophyl bromide and 1.07 g of nicotinal-
dehvde in 4 ml of absolute methanol was heated at 72° for | h and then
evaporated. The residual oil was washed with ether. Trituration with
4:1 ether-methanol precipitated 2.50 g of a solid, mp 228 °C, whose

crystallization from ether-methanol gave salt 6a, mp 230 °C dec: ir
(Nujol) NH 2.95 (w), C=0 5.87 (s), C=C 6.13 (m), 6.32 (m) u; uv
(MeOH) Amax 218 (e 36 400), 263 (7300), 282 (4600), 288 (3500)
nm; 'H NMR (MeySO-dg) 6 3.27 (1, 2, J = 7 Hz, CH,), 4.82 (1, 2,
J =7Hz,NCH,), 6.7-7.5 (m, 5, indole H’s), 8.02 (dd, 1,/ = 6,7.5
Hz, pyridine §’-H), 8.46 (brs, 1, pyridine a-H), 8.75 (dt, 1, J = 7.5,
1.2 Hz, pyridine v-H), 8.97 (dt, 1,J = 6, 1.2 Hz, pyridine «’-H). The
procedure for the conversion 1a into 8d was applied to 1.66 g of salt
6a. It yielded 209 mg of a solid whose crystallization from ether-
methanol gave tetracycle 8¢, mp 188-191°C; ir (Nujol) NH 2.90 (m),
C=0 5.78 (s), C=0, C=C 6.38 (s) u; uv (MeOH) Amax 224 (¢
32600), 294 (42 700) nm; 'H NMR (Me,SO-dg) 6 3.55, 3.69 (s, 3
each, Me), 4.68 (brd, 1,J = 11 Hz, NCH), 7.37 (s, |, olefinic NCH),
8.67 (s, 1, aldehyde H); m/e 382 (parent), 353, 351, 350, 251, 250,
249 (base), 221. Anal. (C21H2205N2) N.

Salit 6b:3* mp 216-217 °C; ir (Nujol) NH 3.03 (w), C=0 5.87 (s),
C=C 6.18 (m), 6.33 (m) p; uv (MeOH) Anax 219 (e 33 700), 274
(6440), 288 (4010) nm; 'H NMR (Me,SO-dg) 6 2.10 (s, 3, Me), 3.38
(t,2,J =7 Hz CH,),4.95(t,2,J = 7 Hz, NCH,), 6.7-7.5 (m, 5,
indole H’s), 8.02 (dd, 1, J = 8, 6 Hz, pyridine #/-H), 8.73 (dt, |, J =
8, 1.5 Hz, pyridine y-H), 9.00 (dt, 1, J = 6, 1.5 Hz, pyridine o’-H),
9.31 (brs, I, pyridine a-H). Anal. (C,7H7ON,Br) N,

Salt 6b (5.00 g) was added to a stirring solution of the sodio salt of
dimethyl malonate, prepared from 1.04 g of sodium hydride and 3.16
g of dimethyl malonate, in 60 ml of DME under nitrogen and the
mixture stirred at 35-40° for 24 h. The precipitated sodium bromide
was filtered, and the filtrate was treated slowly with 70 ml of benzene
saturated with hydrogen bromide gas, stirred, and heated at 60° for
1 h. After cooling the mixture was filtered and 5% sodium bicarbonate
solution and 20:1 chloroform-methanol added to the filtrate. The
chloroform extract was washed with saturated brine solution, dried
over anhydrous sodium sulfate, passed through a thin layer of anhy-
drous, powdered magnesium sulfate, and evaporated. The residue was
washed with ether leading to 1.67 g of a solid, mp 237-240 °C, whose
crystallization from acetone gave ester 8f, mp 250-253 °C; ir (Nujol)
NH 3.09 (m), C=05.78 (s), C=0,C=C 6.13 (m), 6.16 (m), 6.34
(s) u; uv (MeOH) Amax 222 (e 33 200), 302 (36 900) nm; 'H NMR
(Me3SO-de) 6 2.08 (s, 3, Me), 2.74 (m, 2, benzyl CH>), 3.55 (m, 2,
NCH,), 3.57, 3.63 (s, 3 each, OMe), 4.59 (dm, 1, J = || Hz, NCH),
6.9-7.5 (m, 4, indole H’s), 7.77 (s, 1, olefinic NCH); m/e 396 (parent),
395, 364, 363, 353, 266, 265, 264 (base), 221, 131. Anal.
(C22H2405N3) C, H, N.

All aqueous solutions in the above preparation of 8f were combined
and acidified with 489% hydrobromic acid solution. The resultant
precipitate was filtered and mixed with the precipitates which ap-
peared during the chloroform extraction process, and the mixture was
air-dried. A hot methanol solution of the solid was treated with Norit,
filtered, and then treated with aqueous sodium bromide solution. This
work-up sequence led to the recovery of 3.15 g of starting salt 6b.

Modification of the initial condensation by the substitution of DME
by a 3:2 mixture of dimethylformamide and tetrahydrofuran and
variation of the subsequent acid-catalyzed cyclization by the use of
benzene saturated with dry hydrogen chloride gas produced a 28.4%
yield of 8f. Modification of only the second reaction by the use of 1:1
DME-benzene saturated with hydrogen bromide, 3:2 DME-benzene
saturated with hydrogen chloride, 1:1 chloroform-benzene (HBr),
1:1 chloroform-benzene (HCl), dry methanolic hydrogen chloride,
and glacial acetic acid led to yields of 8f of 27.4, 25.3, 28.1, 26.8, 0,
and 0%, respectively. Recovery of starting salt 6b amounted to 60-70%
in the first four cases and 94.3 and 85.6% in the last two cases, re-
spectively.

4-(8-Pyridyl-)3-buten-2-one (17). A solution of 6.0 g of freshly
distilled nicotinaldehyde and 4.5 ml of 20% aqueous potassium hy-
droxide in 100 ml of acetone was kept at room temperature for 3 h.
Saturated brine solution (200 ml) then was added and the mixture
was extracted with chloroform. The extract was washed with 5% so-
dium bicarbonate solution, dried over anhydrous sodium sulfate, and
evaporated. Chromatography of the residual oil over neutral alumina
and elution with ether gave 5.2 g of a pale yellow oil of ketone 17: ir
(neat) C==0 6.00 (s), C=C 6.20 (s), 6.31 (m), 6.39 (m) u; '"H NMR
(CDCl3) 52.39 (s, 3,Me), 6.77(d, I,J = I8 Hz, H-3),7.52(d, I, J
= 18 Hz, H-4),7.35 (dd, 1, J = 8, 5 Hz, pyridine #’-H), 7.88 (dt, I,
J =8, 2 Hz, pyridiney-H), 8.60 (dd, |, J = 5, 2 Hz, pyridine o/-H),
8.75(d, 1, J = 2 Hz, pyridine a-H); crystalline red 2,4-dinitrophen-
ylhydrazone, mp 211-213 °C. Anal. (C;5H;304Ns) C, H.

Pyridinium Salt 19. A mixture of 1.1 g of ketone 17 and 150 mg of
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10% palladium/charcoal in 50 ml of 95% ethanol was hydrogenated
under a pressure of 17 1b/in.2 at room temperature for 3 h, Fiitration
of the catalyst and evaporation of the filtrate yielded 1.1 g of colorless
liquid 8-(3-ketobutyl) pyridine (18): ir (neat) C==05.85(s),C=C6.27
(w), 6.34 (m) u; '"H NMR (CDCl3) 6 2.12 (s, 3, Me), 2.86 (m, 4,
CH,CH,), 7.15(dd, 1, J = 8,5 Hz, #-H), 7.50 (dt, I, J = 8,2 Hz,
pyridine y-H), 8.38 (dd, 1, J = 5,2 Hz, pyridine o’-H), 8.43 (d, I, J
= 2 Hz, pyridine a-H). A solution of 1.00 g of the latter and 1.00 g
of tryptophyl bromide in 5 ml of methanol was kept under nitrogen
at room temperature for 60 h. Evaporation of the mixture yielded
gummy salt 19, which was used without further purification in the next
reaction (vide infra), but was characterized as a perchlorate by ex-
traction with hot water, addition of sodium perchlorate to the cooled
solution, and crystallization of the resultant pale yellow precipitate
(1.10 g) from water. This procedure led to the perchlorate equivalerit
of 19, mp 112-113 °C: ir (Nujol) NH 3.00 (m), C=0 5.82 (s) .
Anal. (C19H2105N2Cl) C, H, N.

d,1-20,21-Didehydropseudoyohimbone (20). A solution of 5.50 g of
salt 19 and 40 ml of 5% sodium bicarbonate was rinsed twice with 30
ml of ether and added to 600 ml of ether. Nitrogen was bubbled
through the two-phase system and the mixture stirred during the
addition of 60 ml of 40% potassium hydroxide solution. The ether layer
gradually turned amber, was decanted from the aqueous phase after
15 min, and stored temporarily over potassium carbonate at 0°. New
ether was added to the basic aqueous solution and the procedure re-
peated three times over a 1.5-h period. The drying agent was filtered
from the combined ether solutions and nitrogen bubbling and stirring
resumed. Concentrated hydrochioric acid (5 ml) was added slowly
and after 2 min the mixture neutralized with saturated sodium bi-
carbonate. The ether solution was separated and dried over sodium
sulfate. An amber solid, which had separated, was dissolved in 9:1
chloroform-methanol and the resultant solution used to extract the
aqueous solution. The extract was dried over sodium sulfate, combined
with the ether extract, and evaporated. Chromatography of the brown,
gummy residue over neutral alumina (activity IV) and elution with
methylene chloride yielded a pale yellow solid whose crystallization
from ether-chloroform led to 602 mg of ketone 20, mp 223-224 °C:
ir (Nujol) NH 3.00 (m), C=0 5.90 (s), C==C 5.99 (s) u; '"H NMR
(CDCl3) 6 4.16 (m, 1, H-3),5.98 (s, I, H-21); 3C NMR (Me,SO-dg)
C(2) 134.3,C(3) 49.4 (or 49.2 or 50.1), C(5) 50.1 (or 49.2 0r 49.4),
C(6) 21.2,C(7) 106.8, C(8) 126.7,C(9) 117.3,C(10) 120.4, C(11)
118.2,C(12) 110.9,C(13) 135.7,C(14) 32.6 (or 30.0 or 31.9), C(15)
30.0 (or 32.6 or 31.9), C(16) 31.9 (or 30.0 0r 32.6), C(17) 207, C(18)
42.6,C(19) 49.2 (or 49.4 or 50.1), C(20) 110.1,C(21) 131.8 ppm; m/e
292 (parent, base), 291, 170, 169, 168, 156; m/fe (calcd for
C19H300ON,: 292.1576) 292.1577.

d,-18,19,20,21-Tetradehydropseudoyohimbone (21). A solution of
169 mg of ketone 20 and 166 mg of chioranil in 25 ml of dry benzene
was stirred under nitrogen for 12 h. The resultant precipitate was
filtered and chromatographed on neutral alumina (activity IV)
yielding 78 mg of yellow, crystalline solid, mp 249-251 °C, whose
sublimation at 175-180° (0.001 Torr) led to 21, mp 252-253.5°C:
ir (Nujol) C=0, C=C 6.12 (m), 6.30(s), 6.50 (s) u; uv (MeOH)
Amax 225 (e 5800), 275 (1400); 400 (3900) nm; 'H NMR (CDCl;)
64.90 (s, 1,H-3),5.50(d, I,J = 10 Hz, H-18), 6.59 (s, 1, H-21), 6.89
(d, 1, J = 10 Hz, H-19); m/e (caled for C1oH;50N2: 290.1419)
290.1424. Anal. (Ci9H13ON3) C, H, N.

d,I-Pseudoyohimbone (22). A mixture of 40 mg of ketone 20 and 10
mg of 10% palladium/charcoal in 10 ml of methanol was hydroge-
nated at atmospheric pressure for 15 h. It was filtered and the filtrate
was evaporated. The residue was chromatographed over neutral
alumina (activity V) and eluted with chioroform. Crystallization of
the eluted solid from ether-chioroform yielded 34 mg of 22, mp
249-251 °C:ir (KBr) NH 3.05 (m), C=0 5.91 (s) u, identical with
the spectrum of authentic pseudoyohimbone; 'H NMR (CDCl;) 4.49
(m, 1, H-3); m/e 294 (parent), 293 (base), 184, 170, 169, 156. Anal.
(Ci9H220N3) C, H, N.

Keto Esters 25 and 26. A mixture of 600 mg of ester 8f and prere-
duced Adams catalyst (from 300 mg of platinum oxide) in 40 ml of
glacial acetic acid was hydrogenated at 15-18° for 9 h, during which
time 1.8 equiv of hydrogen had been absorbed. The mixture was fil-
tered and the filtrate evaporated under reduced pressure at room
temperature. A methylene chloride solution of the residual oil was
washed with 5% sodium bicarbonate solution and with water, dried
over sodium sulfate, and evaporated. Crystallization of the oily residue
(626 mg) from methylene chioride and from 1:1 methylene chlo-
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ride-ether yielded 53 mg (9%) of starting ester 8f. The mother liquors
were evaporated and the residue subjected to fractional crystallization
in various solvents. Acetone-ether gave 68 mg (12%) of lactone ester
27a, mp 206-208 °C, (vide infra) and ether yielded 219 mg (37%) of
keto ester 25, mp 161-162 °C, and 57 mg of a mixture containing
mostly 25, The mother liquors and the latter mixture were separated
by preparative TLC on Brinkmann silica gel PF-254 and plate de-
velopment with 12:1:1 benzene-acetone-n-propyl alcohol. After ex-
posure of the plates to air for a week, each band was extracted with
acetone at room temperature. The R, 0.70 band gave 75 mg of a
mixture whose crystallization from ether afforded 51 mg (9%) of more
keto ester 25, mp 162-163 °C (lit.'8 mp 162 °C); ir and '"H NMR
spectra identical with literature values.'® The crystallization mother
liquor revealed by TLC the presence of a 3:2 mixture of 25 and 26.
The Ry 0.65 band yielded 33 mg (6%) of more lactone ester 27a, mp
207-210 °C, (vide infra) on crystallization from acetone-ether.
Crystallization of the solid extracted off the R, 0.60 band from ether
gave 68 mg (11%) of keto ester 26, mp, mmp 199-201 °C [lit.'8 mp
198.5 °C}, identical in all respects with an authentic sample.2® The
R;0.36 band led to 37 mg (5%) of lactone ester 28a, mp 208-211 °C,
(vide infra) on crystallization from acetone-ether.

Stirring of a methanolic suspension of silica gel and keto ester 25
at room temperature for 20 h produced a 3:1 mixture of isomers 25
and 26, respectively. This ratio dropped to 3:2 on keeping a methanol
solution of 25, containing a trace of hydrogen chloride, at room tem-
perature for 20 h and became 1:2 on mild heating of a solution satu-
rated with hydrogen chloride for 12 h. An acetone solution of 100 mg
of 25 was spotted on a silica gel TLC plate. After being dried in a
desiccator for 12 h the chromatogram was developed for a 2-cm dis-
tance with 11:1:1 benzene-acetone-n-propy! alcohol and dried for
3 h (product isolation after one development led to 59 mg of 26 and
a mixture of 25 and 26). Further development to 4 cm, followed by
3 hdrying and, finally, total development and extraction with acetone
led to an oil whose crystallization from ether gave 87 mg of 26, mp
200-201 °C.

Lactones 27, A solution of 40 mg of keto ester 25 and 25 mg of so-
dium borohydride in 2 ml of 2:1 absolute methanol-dry tetrahydro-
furan was kept at =35 to —30° for 90 min, i.e., until by TLC all
starting material had disappeared. The mixture was poured onto ice
and water and extracted with methylene chloride. The extract was
washed with water, dried, and evaporated. Crystallization of the oily
residue with acetone-ether yielded 27 mg of lactone ester 27a, mp
207-210°C: ir (CHCl3) NH 2.87 (m), CH?6 3.49 (m), 3.53 (m), 3.58
(m), C=05.77 (s), 5.78 (s) u; uv (MeOH) Amax 224 (¢ 29 800), 282
(6580), 290 (5480) nm; 'H NMR (CDCls) 5 1.48 (d, 3, J = 7 Hz,
Me), 3.79 (s, 3, OMe), 4.50 (dd, 1, J = 7, 3 Hz, H-19); m/e 368
(parent, base), 367, 309, 251, 223, 184, 169. Anal. (C3,H2404N>) C,
H, N.

A solution of 30 mg of lactone ester 27a and 0.15 mi of 2 N hy-
drochloric acid in 3 ml of glacial acetic acid was refluxed for 2.5 h and
then evaporated. A methylene chloride solution of the residue was
washed with 5% sodium carbonate solution, dried over anhydrous
magnesium sulfate, and evaporated. Crystallization of the residue with
methanol-chloroform gave 14 mg of a crystalline solid, mp 277-278
°C, whose recrystallization from methanol led to lactone 27b, mp
283-285°C:ir (Nujol) NH 2.95 (m), CH?6 3.45 (m), 3.47 (m), C=0
5.78 (s) u; uv (MeOH) Amax 224 (€ 38 000), 283 (7300), 290 (5960)
nm; m/e 310 (parent), 309 (base), 223, 221, 181, 170, 169, 155, 143.
Anal. (C19H220,N5) C, H, N.

Lactones 28 and 29. A mixture of 800 mg of ester 8f and prereduced
Adams catalyst (from 400 mg of platinum oxide) in 50 ml of glacial
acetic acid was hydrogenated at 18-20° for 62 h, during which time
6.0 equiv of hydrogen had been absorbed. The mixture was filtered
and the filtrate evaporated under vacuum at room temperature. A
methylene chloride solution of the residue was washed with 5% sodium
bicarbonate solution and with water, dried, and evaporated. The re-
sidual oil (836 mg) was separated by preparative TLC (Brinkmann
silica gel PF-254, 8:1:1 benzene-acetone-n-propyl alcohol). All
chromatographic components were extracted with acetone except for
the R,0.15 fraction, which was extracted with 2:1 acetone-methanol.

An ether solution of the oily Ry 0.80 fraction was filtered through
anhydrous magnesium sulfate powder. Concentration of the filtrate
and crystallization of the solute produced 29 mg (4%) of lactone ester
29, mp 154-156 °C:ir (CHCl3) NH 2.88 (m), CH26 3.49 (m), 3.54
(m), 3.59 (m), C=0 5.75 (s), 5.82 (s) w; uv (MeOH) Amax 224 (e
33050), 279 (7500), 290 (5680) nm; '"H NMR (CDCls) 6 1.45 (d,
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3,J = 6.5 Hz, Me), 3.80 (s, 3, OMe), 498 (dd, 1,J = 9.5, 6.5 Hz,
H-19); m/e 368 (parent, base), 367, 337, 336, 310, 309, 253, 223, 184,
170, 169, 168, 156. Anal. (C2;H2404N3) C, H, N.

Crystallization of the R, 0.74 fraction (350 mg) from acetone-ether
gave 250 mg (34%) of lactone ester 27a, mp 207-210 °C (vide supra),
while crystallization of the R, 0.61 fraction from methanol produced
6 mg (1%) of lactone 27b, mp 282-284 °C (vide supra). Crystalliza-
tion of the Ry 0.30 fraction (211 mg) from acetone-ether yielded 192
mg (26%) of lactone ester 28a, mp, mmp 208-211 °C (lit.22 mp 203
°C dec): identical ir, uv, and 'H NMR spectra with those of an au-
thentic sample prepared by the hydrogenation of keto ester 262° ac-
cording to a known procedure.?? Crystallization of the Ry 0.12 fraction
from methanol led to 19 mg (3%) of lactone 28b, mp, mmp 283-285
°C (lit.22 mp 230 °C sublimed); ir, uv, and 'H NMR spectra identical
with those of an authentic sample prepared by the hydrogenation of
keto ester 2620 followed by acid-catalyzed hydrolysis and decarbox-
ylation according to a prescribed scheme.??

Another hydrogenation of ester 8f in the same mixture as above was
carried out at 30° for 42 h, at which time 4 equiv of hydrogen had been
absorbed. This reaction yielded 42 mg (6%) of lactone ester 29, 160
mg (22%) of lactone ester 27a, 18 mg (3%) of lactone 27b, 220 mg
(28%) of lactone ester 28a, and 48 mg (7%) of lactone 28b,

d,I-178-Hydroxy-168,17 a-dihydroakuammigine (33). Sodium bo-
rohydride (80 mg) was added portionwise to a stirring solution of 200
mg of lactone ester 27a in 10 ml of 2:1 absolute methanol-dry tetra-
hydrofuran at —30 to —25° and the mixture kept at this temperature
for 8 h. It then was poured into ice water and extracted with methylene
chioride. The extract was washed with water, dried, and evaporated.
Separation of the residual oil (182 mg) on preparative TLC, extraction
with acetone, and crystallization of the solute from methylene chloride
gave 155 mg of hemiacetal ester 33, mp, mmp 179-181 °C (lit.!8 mp
198 °C); melting point and ir and 'H NMR spectra identical with
those of a sample of 33 prepared by a literature procedure'8 for the
one-step reduction of keto ester 25: ir (CHCl3) OH 2.80 (m), NH 2.95
(m), CH26 3.48 (w), 3.52 (), 3.59 (w), C—=05.78 (s) &; '"H NMR
(Me2SO-dg) 6 1.28 (d, 3,J = 6.5 Hz, Me), 3.73 (s, 3, OMe), 3.78 (dg,
1,J=6.53Hz H-19),495(dd, 1,/ =7.5,6 Hz, H-17),6.25(d, I,
J =6 Hz, OH); '"H NMR (CDCl3, trace Me»SO-dg) 6 1.30(d, 3,J
= 6.5 Hz, Me), 3.73 (s, 3, OMe), 3.85 (dq, 1, J = 6.5, 3 Hz, H-19),
5.07 (d, 1,J = 7.5 Hz, H-17). Anal. (C2;H2604N>) C, H, N.

d I-Akuammigine (34), Treatment of ester 33 with polyphosphoric
acid in DME by the literature procedure'8 yielded the racemic ulkaloid
34, mp, mmp 143 °C, 199-200 °C (lit.'® mp 203 °C sublimed); ir and
'"H NMR spectra were identical with those of an authentic sample.?°
Anal. (C31H2403N5) N.

d I-Tetrahydroalstonine (24). Treatment of 50 mg of 34 with 266
mg of mercuric acetate by the 1956 procedure3® gave 33 mg of 3-
dehydro-34 perchiorate, whose reduction with 93 mg of sodium bor-
ohydride in 4 ml of absolute methanol by the published procedure?®
gave a mixture. Purification of the latter by preparative TLC on
Brinkmann silica gel PF-254 with 18:1:1 benzene-acetone-isopropyl
alcohol yielded a R, 0.75 band and a R 0.40 band from which 5 mg
of d,/-akuammigine (34), mp 142-144 °C, could be isolated. Crys-
tallization of the Ry 0.75 solid from ethanol produced 27 mg of d,/-
tetrahydroalstonine (24), mp, mmp 200-201 °C (lit.'8 mp 222 °C);

irand 'H NMR spectra identical with those of an authentic sample.

A solution of 45 mg of lactone ester 29 and 10 mg of sodium bor-
ohydride in 2 ml of 2:1 absolute methanol-dry tetrahydrofuran was
stirred at —30 to —20° for 3 h. More hydride (7 mg) was added and
the stirring continued for an additional 2 h, The mixture was poured
into ice water and extracted with methylene chloride. The extract was
dried and evaporated. Purification of the residual oil by preparative
TLC on silica gel, development of the chromatogram with 18:1:1
benzene-acerone-n-propyl alcohol, and extraction of the R, 0.5-0.6
band with acetone led to 40 mg of an oil, which consisted of a ca. 8:7
mixture of hemiacetal ester epimers 36 ir (CHCI3) OH 2.80 (w), NH
2.90 (m), CH263.49 (m), 3.53 (m), 3.60 (m), C=0 5.78 (s), 3.83 (s)
«; "TH NMR (CDCls) 6 (major isomer) 1.21 (d, 3, J = 7 Hz, Me), 3.73
(s, 3, OMe); 6 (minor isomer) 1.27 (d, 3, J = 7 Hz, Me), 3.81 (s, 3,
OMe). This oil was used in the next reaction without further purifi-
cation.

A mixture of 30 mg of 36 and | drop of polyphosphoric acid in |
ml of dry DME was kept at 60° for | h. The mixture was poured into
ice water, neutralized with 5% sodium bicarbonate solution, and ex-
tracted with methylene chloride. The extract was washed with water,
dried, and evaporated. Purification of the residual oil (27 mg) by

preparative TLC in the above manner and crystallization of the R,
0.75 solid from ethanol yielded 17 mg of d,/-tetrahydroalstonine, mp,
mmp 200-201 °C; ir and '"H NMR spectra identical with those of an
authentic sample.
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Abstract: A synthetic procedure for building phosphotriester derivatives of oligothymidylates is described which involves four
chemical steps for addition of each nucleotide unit: (1) reaction of ROPCl; with 5/-O-phenoxyacetyithymidine in tetrahydro-
furan at —=78° (5 min); (2) reaction of the resulting phosphoromonochioridite with 3’-0-mono-p-methoxytritylthymidine or
a related oligonucleotide phosphotriester which possesses a 5-OH group, also in tetrahydrofuran at —78° (10-20 minutes);
(3) oxidation of the resulting phosphite with iodine and water (a few minutes at —10to 0°); and (4) hydrolytic cleavage of the
phenoxyacetic ester at the terminal 5’ position by ammonium hydroxide in aqueous dioxane (10 min). Best results were
achieved with R = Cl3CCH,-; yields at the di, tri, tetra, and penta stage of synthesis were 95, 69, 75, and 69%, respectively.
The corresponding phosphodiesters, dTpT, dTpTpTpT, and dTpTpTpTpT were obtained from the triesters by reaction with
sodium-naphthalene in hexamethylphosphoric triamide (94, 69-71, and 59% yield, respectively). 0-CIC¢H4OPCl, was also
employed as the phosphorylating agent. This reagent was satisfactory for the synthesis of triesters related to dithymidine phos-

phate, but did not prove suitable for synthesis of longer chains.

In spite of extensive experimental work and numerous im-
provements in methodology,? the stepwise synthesis of arbi-
trarily defined oligonucleotides remains a difficult and time
consuming operation, Ideally, one would hope to automate
repetitive step syntheses of the type required in preparing
oligonucleotides. To date, however, the yields in condensation
reactions conducted on insoluble supports, which offer the best
opportunity for automation, have not been sufficiently high
to afford a practical synthetic procedure.?

In pursuing this problem we have explored new approaches
to generating internucleotide links. We report in this paper a
novel coupling procedure that invclves intermediate phosphite
links. Although the potential and limitations of the method
have not yet been fully investigated, the short reaction times

and the relatively good yields are distinctive features of con-
siderable promise.

The basis for this approach was the observation that
phosphorochloridites, such as (C;Hs0)>PCl and C¢HsOPCl,,
react very rapidly at the 3’-OH of nucleosides in pyridine, even
at very low temperatures.* By contrast, the reactions of the
analogous chloridates (RO)>POCI and ROP(O)Cl, require
several hours at room temperature.®>® The latter condensations
can be accelerated by N-alkylimidazoles;” however, such re-
actions are complicated by the fact that the base ring (e.g., the
thymine or NV-benzoyladenine moiety) may be attacked as well
as the sugar hydroxy groups.® Two subsequent findings of
importance were: (1) dinucleoside monophosphite triesters can
be oxidized essentially quantitatively to the corresponding
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