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A summarxy of the experiments relating to the biosynthe-

sis of various indole alklaoids and performed.in the author's

1ab0rato;y is presented. The results as they‘re%ate'to the 'Fh, .
latexr stages of the biosynthetic pathways in thglAspidosperma ﬂm
and Iboga bases are discussed in Ferms.of the experiments per- ;:_ ix
formed in Catharanthus roseus G. Don (Vinca rosea L.) with the :r;, iﬁ
alkalqids vindoline and catharanthiné. The plant, Vinca minor gxi ¥

L., has been employed for obtaining some information about the
eburnamine-vincamine series of alkaleoids. The implications of
these results and the remaining gquestions to be answered before

definitive pathways can be proposed are also discussed.

The area of indole alkaloid biosynthesis has received a great deal of
attention particularly during the last fifteen years. Numerous
I =17

reviews have appeared and these summarize the various experiments

which have been carried out in the different laboratories. It is therefore
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not the purpose of this article to provide yet another review on the

subject but rather to focus attention on particular aspects of the bio-
synthetic pathway for which much definitive information is unavailable and
which have continued to maintain an interest in our most recent investi-
gations. This article will deal specifically with the later stages of
various alkaloids which retain the two carbon side chain of tryptophan,

now normally considered as the indolic building unit while Part I will con~

cern itself with systems in which these carbon atoms are not evident.

As the above reviews indicaté much information ié now available on the
earlier phases of the biosynthetié pathway but an objective analysis of
published data reveals that most aspects of the later stages still remain
in the realm of .either pure speculation or, :at best, approximations of

the true'in yive processes.

With respect to the later stagés our initial investigations! 821911517
were stimulated by our syntheﬁic'studies'in the indole- alkaloid area wherein
we had demonstrated that the transannular cyclization of appropriate mine-

membered ring systenis in the:Aspidosperma and Iboga families could provide

a particularly versatile and general approach to a considerablefnumber

of these bases?? "25." Thus in vitro conmversations of quebrachamine (I) +
aspldospermidine (II1), vincadine (iiI, R = H) *+ vincadifformine (IV, R = H)
and cdrbomethoxydihydrocleavamine (V) ¥ coronaridine (VI) could be accom-
plished via the iminium salts of I, IIT and V generated by means of mercuric
acetate (Figure 1). It was thus logical to inquire whether this type

of cyclization may play a role in the in vivo processes. Wenkert2®
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Figure 1. Schematic outline of our initial objectives as they pertain
to later stages of Aspidosperma and Iboga alkaloid biosynthesis.
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had already provided a postulate which invoked such a reaction in the

late stages of the biocgynthetic pathway (Figure 2},
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Figure 2. Wenkert's postulates as they relate to. later stages.of

Aspidosperma and Iboga alkaloid biosynthesis.
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In spite of numerous experiments (more than thirty} invelving the

incorporation of tritium-iabelled derivatives of quebrachamine (experi-

ment 9 in Figure 3) and cleavamine {experiment 11 in Figure 3) into the

alkaloids of Vinca rosea L. under varying conditions, the results were

not definitive, Figure 3 provides a brief summary of these various

experiments.

Expt.
No.
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"
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Figure 3. Results of incorporation of various intermediates into

Vinca rosea L.

— 173 —

1, 1976




Although these experiments did not allow definitive evaluation

of the importance of the transannular cyclization reaction in the
biogynthetic pathway one set of important data did emerge from such
inves£igations. Experiment 10 (Figure 3) performed in order to deter-
mine the plant's ability to utillze higher molecular weight substances

in the biosynthesis provided a surprising result. The pentacyclic Vinca
alkaleid tabersonine, labelled with tyritium in the aromatic ring, was
observed to incorporate inte the Iboga system portrayed by catharanthine
to the extent of about 0.05%. This experiment was repeated several times
to ensure its authenticity. In an independent investigation with V. rosea
seedlings ScottZ%Q%bserved a similar transformation and subsequently con-
firmed cur findings in V. rosea plants. This bioconversion demands a
considerable number of transformations since the structural features of the
two alkaloild families are substantially different. In a formal sense the
rearrangement requires the breaking of several bonds (see dotted lines in

Figure 4) to provide an intermediate VIII which would cyclize to the

Figure 4. Outline of foxmal bond-breaking snd bond-making process

in the skeletal rearrangement of Aspidosperma to Iboga

systems.,
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Iboga skeleton X. In consideration of our previous results involving

the transannular cyclization it was obviously attractive to consider
intermediate VIII for the later stages of both Aspidosperma and Iboga
bases.  Thus cyclization of VIIY could proceed to the nine-membered
cleavamine system (EX) and the pentacyclic skeleton X as shown in

Figure 4, while Figure 5 reveals the possible pathways to the nine-membered

quebrachamine (XI) and pentacyclic Aspidosperma alkaloids (XII)..

d ——qg

XxIl

Figure 3. OQutline of formal bond-making process in the biosynthesis

of Aspidosperma alkaloids from intermediate VIII.
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Thus the most impertant consideration which arose from the above

results was the possibility that a common late stage intermediate bearing
the structyral features portrayed in VIII could be employed by the plant

enzymes for the biosynthesis of all the alkaloid systems mentioned above.

It was now of interest to consider the nature of the functional groups
which intermediate VIII may possess. Such considerations bring us back
to the original Wenkert postulate (Figure 2) in which he suggested that
the Strychnes alkaloids (for example, XIV) could serve as the precursors
to the Aspidosperma and Iboga bases, Support for this postulate is now
available from Scott's experiments on germinated V. rosea seedlings mentioned
earlier in which it was shown that stemmadenine (XII;), merely a.reduced
form of the Wenkert intermediate XIV, does incorporate into these alkaloids. %
These results, when considered with our investigations noted above allowed

us and Scott1927to postulate a rationale which is summarized in Figure 6.
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Figure 6. A possible rationale for the implication of intermediate "A"

in the biosynthesis of Aspidosperma and Iboga alkaloids.
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The rearrangement of stemmadenine to the “isostemmadenine system
is purely speculative and simply allows a convenient mechanism for the
ring fission to intermediate "A" (XVII). The close similarity of these

latter stages with those proposed by Wenkert (Figure 2) is of interest.

It was now clear that some experimental support for intermediates
bearing the structural features portrayed in VIIT and XVII was required.
Unfortunately suitable compounds of this type are not readily available
from natural sources so a suitable laboratory pathway was essential.

The most desirable synthetic route should possess sufficient versatility to
allow introduction of label at various positions in the molecule and,
simultaneously, take account of the well-known instability of dihydro-
pyridine systems and the high reactivity of acrylic esters, both features
of which were present in intermediate "A'". Consideration of these various

factors led to the development of the pathway summarized in Figure 7.
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Figure 7. Synthesis of 16,17-dihydrosecodin-17-¢l1 (XXIV) and secodine (XXV).
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The positions of tritium and carbon-14 (asterisk carbons) which could

be achieved in this manner are shown in XXV,

Initially our synthetic investigationé led to ‘16,17-dihydrosecodin—
17-0l (XXIV). Since the latter is a stable compound its utilization in
the biosynthetic experiments was considered. It was hoped that the
required dehydration of XXIV to the acrylic ester side chain and oxidation
of the tetrahydropyridine unit to the dihydre stage, as required in XVII,
could be readily achieved by the plant enzymes. Unfortumately all attempts
to incorporate this substance inte various alkaloids present in V. rosea,

V. minor and Aspidosperma pyricollum met with failure (Table I). Whether

TABLE 1

Results of Incorporation of [ar3H]~'l6,17-D1‘hydr~osecod1‘n-1 7-01
into Different Plant Systems

Plart Species Feeding Feeding Activity ¥ Incorporation
\. minor Period Method Fed Minovine Vincomine
1 24 hrs* "éi‘;;"rg"’g'f 186 x I dpm o <0.001
2 96 hre* " 240x107dom | < 00O <0001
vindeline | Catharonthine
V. roseo 216 hrs Wick 1.89 x 107 gpm
<Q.00Qi <Q0.001
Apparicine Uteine
A, pyricotium 5 days H‘y::lorg’;;c;mc 9.20x1 dpm
<Q.00I <0001

*Morked plant deterioration after 24 hrs,
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these negative results were an indication that the plant systems employed
were incapable of the required conversions, XXIV * XVIL, for example,
remained an open question at this point in time., It was thus decided
that a chemical conversion of the alcohol XXIV to secodine (¥XV) was

an obvious requirement.

The dehydration of XXIV to XXV proved extremely difficult. The
usual reagents normally employed for such a transformation simply led
to intractable tars. The anticipated instability of sececdine was clearly
apparent from these investigations and it became obvious that its isolation
would require non-acidic conditions and an inert atmosphere. After many
frustrations it was observed that treatment of XXIV with sodium hydride
under carefully controlled conditions provided secodine and thus a pathway
to variously labelled forms of this compound became available. Tt was
now appropriate to evaluate the role of this substance in the later stages

of the biosynthetic pathway.

The initial experiments with radioactive secodine were performed in
V. rosea and V. minor. Various details concerning these results are already

published elsewhere %53

s0 only the most pertinent results are summarized..
here. As Table 2 reveals, our first observations with [a@ Hl-secodine
showed that incorporation were generally low. The reasons for this are,
at least in part, associated with the instability of the secodine molecule.
We could show in blank experiments that this substance undergoes dimeriza-
tion in the manner already described by Smith 3 to the extent of about

40% in the time period (usually 2 - 4 hours) required for the precursor

to be absorbed by the Vinca plants. Clearly unless the plant enzymes are
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TABLE 2

Results of Incorporation of [ar3H]-Secodine
into V. rosea L. and V. minor L.

Plont Species Faeding Feeding Activity % Incorporation
W minor Pariod Method Fed Minovine | Vincomine
1 zahrs |HYArORONic {5 4610 dpm| < 0.001 | < 0.000
(ocetate)} o
2 9Ghrs " 2.65x10  dpm 0.0027
Tween 20 ¥
3 26 hrs Suspension 2,51 x 1G dpm < Q.00 < 0,00
V. rosea Ajmalicine [Catharantine | Vindoline
Wick 8
1 216 hrs (ocetata) | 33 % 1Ccpm < 0.0 < 0.001 o.01

capable of converting these dimers to the secodine system, at least
this portion of the substance is lost for the biosynthetic purposes.
The results as quoted in the various Tables are not corxrrected for such
lgsses and thus the ievels of incorporation are actually significantly

higher than reported. A low but definite incorporation of secodine was

clearly established by repeated experiments with various plants at

different stages of development. Subsequent experiments employed doubly
labelled secodine to determine if the entire secodine molecule is being

utilized by the plant and Table 3 provides a brief summary of some of the

pertinent results,
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As Table 3 shows experiments were performed in three different
plant systems and the indicated alkaloids were isclated and evaluated
for their tritium and carbon-14 levels. It is clear that there is an
insignificant exchange of tritium in the aromatic ring, a result consistent
with that observed previously in the tryptophan incorporations?’?’ It was
also obvious that the carbomethoxy group of the secodine molecule was

being retained and subsequent degradation experiments as discussed below

established the position of the carbon-14 label.

TABLE 3

Results of Incorporation of [ar3H,1%CO0CH;]-Secodine
into Different Plant Systems

E Flant fed Ratio of activity Ratio of octivity
t fa] &
*P " fed (*H/C) isolated (3H/"C)
Vindoline
1 V. rosed 6.8 .
Vincamine

2 V. minor 8.4 a.s :
3 A.pyricollum Apparicine

i az 8.4

Since the levels of incorporation of secodine into the alkaloid
vindoline were consistently higher than the other alkaloids isolated from
V. rosea, this alkaloid was first investigated in texrms of further incor-

poration experiments and degradation of the isolated alkaloid.
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Additional imcorporation experiments with different labelled forms
of secodine included samples in which the tritium label was present
in the piperideine unit (Figure 8) and the ethyl side chain (Table 4).
In the series of experiments summarized in Figure 8 it was observed that
60% loss of tritium occurs when this label is situated in the piperideine
unit of the s ecodipne molecule. The degradation of vindoline revealed that
the ester group of the acrylic ester side chain is retained in the ester
function of the isolated alkaloid. These results, in summary, indicated
that the indole unit of the secodine system was being utilized by the plant
with little or no alteration while the piperideine unit was being trans-
formed in some fashion so as to account for the observed loss of tritium.
The most attractive postulate to explain the loss of the latter label

involves some oxidative processes in which a higher oxidized form, perhaps

I\\T \'r

N
LiAH, O @
H,C0 T a

N ™ oH
H o4 H5C0 | 14 Oac
COOCHS CHz COOCH3 CHz CHpOH
([«] g 4
1. 2710 dpm/mmote 4.40 %10 dpm/mmole 4.4C x1C dpm/mmole..
HSIO3
mCH;_p

4,60x10% dpm /mmols

Figure 8. Degradation of wvindoline from [1“COOCH3,3,14,15,21~3H]—secodine.
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a dehydrosecodine as shown in intermediate "A", is produced. At this

point in time no more definitive conclusions could be made.

TABLE 4

Results of Incorporation of [1%CO0CH,, 19-3H]-Secodine
into Different Plant Systems

Expt Plant fed Ratic of octivity Ratio of activity
% ant fe

P fed(CH/ C) isolated (°H/ C)

164 Vindotine
1 V. rosea . 35
. Vincormine
2 V- minor . 182,1.84 1.80,2.06
3 A.pyricolium 1.81 Apparicine Ulgine
2.80

The experiments summarized in Table 4 provide important information
about the incorporation of the secodine system into the various alkaleoids
isolated. Thus the obtained results are consistent gn_leith' the intact
incorporation ¢f the entire secodine molecule into vindoline, vincamine
and apparicine. The latter alkaleid will be discussed in greater detail

in Part II while investigations in the vincamine series are presented here.
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Vinca minor was the plant selected for biosynthetic investigations

in the eburnamine-vincamine family. Interestingly, although consider—
able attention had been given to the structural and synthetic chemistry
within this series of alkalolds, no experimental data relating to the
biosynthetic pathway were available when our experiments were initiated.
Wenkert 3% had proposed (Figure 9) that an Aspidosperma intermediate

(XXV1) was a likely precursor which via rearrangements to XXVII, XXVIII

XxV1 XXVIL

N
HO,

MeQ C

vincamine

Figure 9. Wenkert's postulate as it relates to the eburnamine-vincamine

family of alkaloids.

and XXIX eventually leads to vincamine. Obviocusly this postulate in view
of previous results&!! implicates the Corynantheinold (gelssoschizine),
Strychnos (stemmadenine) and secodine systems as precursors in the bio-

synthesis of vincamine (Figure 10).
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Supporting evidence for the above proposals was provided in
our initial experiments with various aromatically labelled compounds
which were incorperated into vincamine in V. minor (Figure 11) 30 These
investigations demonstrated that the interrelationships outlined in
Figure 10 may indeed be correct and it was now appropriate to consider

a more detailed evaluation of secodine In the late stages of the bio-

synthetic pathway.

Expt Cormmpound fed ~ N
(acetate salis) HO
MeOzC
vincamine

% Incorporation

1 [orz’w H] — Tryptophan 0.089
T{ ) -
2 " 0.005
=

MeO,c” TCHO

{corynantheinoid )

N

3 1 I A 0.076
N

HOH.C COOMe

(strychnos)

T
4 N 0.07
COOCH3

{ospidosperma)

Figure 1. Results of incorporation of various intermediates into

V. minorx.
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’

As Table 2 reveals, the experiments in V. minor were frggtrated
by low incorpora;ions which made it considerably more difficuit to
interpreé the obtained*&ésults. However numercus experiments in this
plant with‘thel;iffe;éﬁiziabelled forms of secodine were pexformed.
'These investigations also involved different time pefiod§ tﬁ'days - 3 months)
for the plants to pé;fg}m the -desired biosynthesis: The 3 month period
was employed sincel'Scott35 had shown in the Strychnos series that

long term fééﬂiﬁgs;can provide interesting results. Unfortunately such

-
was not the case in our -studies. Various degradations on the isclated

radioactive vinga@ine ﬁere:carried oﬁg-aﬁé if”waé.clear thatlthe éntire
secodine;molecule ;as béing incorporated into the alkaloid. The most
pertinent r%§ﬁlt§=§§;-éﬁmmarized in Figure 12. Due to the frustrafions
associated with iow levels of incorporation in V. minor plants, further
experiments to derive additional blosynthetic information were discontinued.
Our'inﬁérests'néw turnéd ‘to tHe investigations ‘édncernirg the
iate phases of Iboga alkaloid biosynthesis since, as already‘mentioned,
only speculative mechanisms had been advanced. Ca;hgranthine, one of the
major alkaioiaé.inhﬁ. roseé'washﬁhe.obvioué.candidate"sincéﬁas Table 2
reveals;‘we géé‘élgeé&y éoﬁe'datarf;oﬁ eérlier in;eséiéati;né. égbefi—
ment 11 in‘Tabléﬂi revééleﬂ be3Z incor#oration oflaféﬁaégcéiiy iaBelied
carbomethoxycleavamine into catharanthine but subsequent blank'éxpériménts:
(experiment 12, Table 2) indicated that this result was simply due to
aerial oxidation of precursor. In the latter experiment, the precursor
was allowed to stand in solutien for an identical period normally required

for its uptake into the plants and then processed for alkaloids. It was

clear that the level of activity in the isolated catharanthine was compar-—
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1.508 x 1d°dpm /ramole 7.537 % 10° dpm/mmole
LiAlH,
Hg 1O
cH,0 56 |
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C:FE;]%
-

Figure 12. Degradation of vincamine from incorporation of []“COOCH3,193H]—

secodine.

able with that obtained in the plant experiments. Iﬂ-summary, these
experiments did not shed any informatiom on the overall significance
of the transannular cyclization reaction in the later stages of this

Iboga alkaloid.
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Pue to the availability of variously labelled forms of secodine
from the above-mentioned iInvestigations it was appropriate to evaluate
its role, if any, in the biosynthesis of catharanthine. A more detailed
discussion of rhese experiments has already been published?® so only
a summary of the most pertinent data is provided in Table 5. A few

comments concerning the data are in order.

Table 5. Results of Incorporation of Secadine inte Catharanthine,

Expt. Cempound Fed % Incorporation Ratio of Ratio of
nctivgty Activity
Fed (°H/  Isolated
“’C,’l (JH/.-vCJ
1. [ar-3H}-secodine (1} 0.005
2. [ar®-H1-secodine 0.002
3. ["coocH;]-secodine 0.006
4, {3,14,15,21-30, % co0ci, 1- 0.003 {,*C) 5.02 1.93
secodine 0.001 {°H)
5. [ar®H, ' *CODCH ]~ secedine 0.0008 (1“C) 3.93 3.39
0.0007 {H)
3014 - L]
6. far"H, COOCH3)-secodine ¢.001 { 3C} 3.96 3.53
0.0009 {°H}
7. [1e-31,"00CH; )-secodine 0.001 (}"C) 1.91 1.95
0.001 (°H)
8, £19-3K,4C00CH; )-secodine 0.0006 (;"c) 5.55 4.58
0.0005 (°H)

First of all, the incorporations of secodine into catharanthine
are extremely low, a situation which has plagued other investigators
as well.3” In spite of numerous attempts to alleviate this problem in
terms of different feeding methods, varying time periods for the bio-

synthesis, different ages of plants, etc., lew incorporations met only
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of secodine but other "precursors” continue to persist. In contrast .

to vindoline biosynthesis in V. rosea, where reasonable levels of incor-
poration are obtained with all the various precursors administered by
various research groups, the problems. associated with catharanthine still

remain unsolved.

In spite of these difficulties, the humerous experiments which
we have performed in terms of the various forms of secodine administered
at various times coupled with numerous dégradations as shown in Figure 13,
have cornvinced us that a low but definite incorporation of secodine is

observed.

14

1 P
] R P + o,

S ——
2y N-NHp

3.80 x103 dpm /rmole
L93 >'<103 dpm/mmoie

1)
COCH,

385x ‘lozdrim/mmole (expt 3)
1. 90x 10'dpm/ mmole (expt 7)

Figure 13.- Typical degradation of catharanthine isolated from. the

_ secodine incorporation experiments.

Accepting this situation, ?he‘Aata reve;i ﬁhe following'igportant
facts: 1) secodiné& ig incorporated intact with little or no alteration
to the indole portion ©f the molecule 2} .the egster functiomality of.
the acrylic, ester side chain becomes the.carbomethoxy group in cathar—
anthine 3} the piperideine unit of.secodine: remains essential;y unaffected

when the tritium label is: situated on .the. side. chain (experiments 6 - 8)
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but 61.5% loss of this label is observed when it is present in the

ring (experiment 4). This latter result is remarkably similar with

that observed in the corresponding experiment invelving the biosynthesis

of vindoline (60% loss of tritium) and lends support to the postulate
portrayed in Figure 6 in which intermediate "A" is implicated for both
series. The higher oxidation state of the latter intermediate would
rationalize the observed losses of tritium in the secodine melecule.
Obviously additional experiments are required for further clarification

but unless methods can be found which will allow higher levels of incorpor-
ation of the administered compounds into the catharanthine systems, such

experiments will be severely limited.

Overall Conclusions

The above discussion summarizes our experiments with secodine as
a model for a late stage intermediate in the biosynthesis of Aspidosperma
{(vindoline), Iboga (catharanthine) and Hunteria (vincamine) alkaloids.
The experiments presented are complicated by the high instability associated
with secedine and the low levels of incorporations obtained particularly
in the catharanthine and vincamine series. The data summarized do reveal
that secodine is incorporated intact but that a higher oxidized form of
secodine, perhaps a dehydrosecodine derivative, for example, XVII (Figure 6)

provides a better candidate for the late stage intermediate.

Remaining Questions and Problems

As noted at the beginning of this article the late stages of the
biosyntheses of all of the above families remain obscure and much informa-

tion is required before a definitive move from speculative mechanisms can
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be made. To be specific, information relating to the following

guestions is essential.

9

23

3

4)

5)

What is the mechanism inﬁolved in the rearrangement of the

Corynanthe to the Strychnos alkaloids? Several speculative pathways
have been proposed but none of these has received definitive experi-
mental support.

What is the nature of the Strychnos intermediate that is involved in
the steps leading to the Aspidosperma and Iboga bases? Is stemma-
denine really the true intermediate as has been popularly accepted

on the basis of a few experiments which merely suggest that it may

be invelved.

Relating to (2), what is the mechanism involved in the transformation
of the Strychnos series to the Aspidosperma and Iboga bases? Is
isostemmadenine (XVI, Figure 6) actually involved in the proposed
fragmentation to the secodine series. No experimental data relating

to this aspect are available.

What is the nature of the secodine intermediate involved in the
required ring closures to the Aspidosperma and Iboga series?

A "dehydrosecodine' has been popularly accepted by the various interested
research groups but again definitive results are lacking. Our results,
as summarized above, suggest but do not prove that such an intermediate
may be Important and they represent thus far the only experiments
which relate directly to the in vive processes;

It is clear that the dihydropyridine unit in the "dehydrosecodine"

can be expressed in the form of two double bond isomers. Are both

of these involved in the various pathways?
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The above questions highlight the most important areas as they
relate to the missing links in the late stages of the biosynthetic
sequence., Considerable effort is obviously required to obtain the
required data. In most instances there are substantial difficulties
which must be overcome before meaningful biosynthetic data become avail-
able. Two areas, low incorporations and instability of the anticipated
precursors, are major difficulties. The high instability associated
with a dehydrosecodine systen requires the development of appropriate
chemical methods which hopefully will allow the utilization of such
intermediates for biosynthetic purposes. We are presently investigating
the role of chromium carbonyl complexe53&39with this objective in mind.
More definitive information concerning stemmadenine, isostemmadenine and
related systems must await the availability of such systems in variocusly
labelled forms. The supplies of such alkaloids are limited and consider-

able development of chemistry is required for introduction of radioclabels.

In conclusion, the bicsynthesis of the above-mentioned indole alka-
loids still remains a challenging and fertlle area of research in spite
of many elegant investigations which have come forth from numercus labor-
atories all over the world. Unless the difficulties mentioned can be

overcome progress will be slow.
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