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Alkaloid Biosynthesis* 

By ERNEST \ V E N K E R T * *  

The last decade has witnessed rapid progress in the 
chemist 's  understanding of Nature 's  methods of syn- 
thesis of whole classes of natural ly occurring sub- 
stances. The acetate-polyacetate pathway,  long ac- 
cepted as the route to lipids 1, has been established as 
the basis of the biosynthesis of natural  phenolic-enolic 
compounds 2 and has been suggested as that  of macro- 
lide antibiotics 2-4. A slight variant,  the acetate- 
mevalonate path, constitutes the acknowledged route 
to terpenes and steroids 5. In  contrast to these dramatic  
developments only little headway has been made in our 
knowledge of the biosynthesis of alkaloids 6. 

The determination of the structures of alkaloids and 
their synthesis for tile last forty years have led to the 
build-up of a vast  body of biosynthetic theory whose 
main common thesis is the assumed intimate relation- 
ship between alkaloid biosynthesis and amino acid or 
protein metabolismL This postulated consanguinity 
has yielded the impetus for experimentation on many  
in vitro syntheses of alkaloids from amino acids or their 
equivalents under 'physiological conditions' 7. I t  has led 
to C ~a tracer experiments being carried out almost ex- 
clusively with radioactive amino acids as starting sub- 
strates ~. For a long time it even formed the basis for 

theories a t tempt ing to explain the reason for the 
existence of alkaloids in higher plants 8. Despite this 
overwhelming unanimity of opinion it has been ap- 
parent  for some time that  parts  or the whole of the 
skeleta of some alkaloids cannot be derived from a bio- 
synthetic alkaloid-amino-acid affinity. The acetate 
unit appears to play an important  role in the formation 
of alkaloids. Thus it appears as such or in a masked 
form 9 in many  systems. As acetoacetate it is responsible 
for the 'acetone'  moiety in the following types of bases: 
hygrine, cuscohygrine, cocaine, isopelletierine and 
pseudopelletierine7, ~°, for the butyryl  unit in pilo- 
carpine v and for the hydroxybutyl  sidechain in leloba- 
nidine (I) and lobinine: 

--.NH z CHO ~ ___~,,~ N "N 
CO 2 H M 

C02 CO 2 

c0 _ 
r-ed-~ C6H ( ~ "-r~- " - - /  - ~ "  

He 

* From a lecture, entitled Alkaloid Biosynthesis, presented ou 
October 8, 1958, as one of a series of ten lectures on Recent Advances 
in the Chemistry of Natural Products sponsored by the New York 
Section of the American Chemical Society during fall of 1958. 

** Department of Chemistry, Iowa State College, Ames, Iowa, 
U.S.A. 

1 H. J. DEUEL, Jr., The Lipids, Vol. I l l :  Biochemistry (Inter- 
science Publishers, Inc., New York 1957). 

2 A. J. BIRCH, Biosynthetic Relations o[ Some Natural Phenolic 
and Enolic Compounds, in L. ZECH~tEISTER, Progress in the Chemistry 
o[ Organic Natural Products, Vol. XIV (Springer Verlag, Vienna, 
Austria 1957) ; A. J. BIRch, R. A. MASSY-X,A, ZESTROPP, R. W. RICKARDS, 
and H. Smith, J. chem. Soc. (1958), 360. 

3 R. 13. WOODWARD, The Structure and Biogenesis o/the Macrolides, 
A New Class ol Natural Products, in FestschriJt Arthur Stoll (Birk- 
h~iuser, Basel 1957). 

4 V. MusiLEK and V. ~EV(~IK, Naturwiss. 45, 86 (1958). 
5 H. RILLINO, T. T. TCIIEN, and K. BLOCK, Proc. Nat. Acad. Sci. 

44, 167 (1958).-J. W. CORNFORTII, R, H. CORNFORTH, G. POPJ)~K, and 
[. Y. GORE, Bioehem. J. 69, 146 (1958).-D. ARIGONI, Exper. 14, 153 
(1958).-A. J. BIRCH, R. }V. RICKARDS, and H. SMITH, Proc. chem. 
Soc. 1988, 192.-A. J. BIRCH, R. W. RICKARDS, H. SM{TH, A. HARRIS, 
and W. 13. WHALLEY, Proc. chem. Soc. 1938, 223.-J. J. BRITT and 
D. ARIGONI, Proc. chem. Soe. 1958, 224. 

s L. MARmN, Bull. Soc. chim. France 1958, 109. 
7 C]. R. ROBINSON, The Structural Relations o/Natural Products 

(Clarendon Press, Oxford, England 1955). 

Three acetates appear responsible for the resorcinol 
unit in the acridone alkaloids ~, 7 as well as C-2 and the 
n-amyl sidechain in tile quinoline alkaloids of the 
Angostura bark  n. Finally, the presence of isoprene 
units in many  furoquinoline systems ~, in some tropane 
bases 1~ and in a few isoquinoline alkaloids la as well as 

s C/. K. MOTHES, Ober die Stellung der Alkaloide im GesamtstoJ/- 
wechsel, in Festschrilt Arthur Stoll (Birkhiiuser, Basel 1957). 

9 C[. R. I~. WOODWARD, Nature 16~, 155 (1948). 
xo The derivation of the 'acetone' moiety from acetonedicarboxylic 

acid 7 is most mflikely because of the absence of dicarboxy alkaloid 
derivatives in nature and, more importantly, because of the tin- 
availability of any realistic biochemical pathway leading to di- 
carboxyacetone (c/.: A. J. BIRCI{, Biosynthetic Theories, in A. TODD, 
Perspectives o/Organic Chemistry (Interscience Publishers, Inc., New 
York 1056)). 

n C. ScIIbPF and G. LEIIMANN, Ann. Chim. 497, 7 (1932).-C. 
SeHOPF and K. THIERFELDER, Ann. Chim. &18, 127 (1935). 

12 W. DECKERS and J. MAIER, Chem. Ber. 86, 1423 (1953).-J. B. 
JONES and A. R. PINDER, Chem.& hid. 1958, 1000. 

13 C. DJERASSI, S. I{. FIGDOR, J. M. BOBBITT, and F. X. MARKLEY, 
J. Atuer. chem. Soc. 79, 2203 (19.57).-C. DJERASSI, T. NAKANO, and 
J. M. BOmSITT, Tetrahedron o, 58 (1958). 



166 ERNEST WENKERT: Alka lo id  Biosynthes is  [EXPERIENTIA VOL. XV/5]  

the existence of monoterpene ~a, diterpene and steroid 
alkaloids illustrate further utilization of the acetate 
building block. 

Two recent discoveries have yielded clues regarding 
the biosynthetic origin of the maiority of alkaloids, 
those not derivable from acetate units. Firstly, the 
biosyntheses of the non-resorcinol-phloroglucinol aro- 
matic nucleus ~5 and the indole ring ~6 have been 
clarified and, secondly, this disclosure has been utilized 
successfully in the interpretation of the absolute con- 
figuration of the yohimbd, strychnos and cnchona  
alkaloids ~7. The brilliant work by DAVIS ~s and by 
SPRINSON ~s has shown that  such aromatic systems as 
anthranillic and oxygenated benzoic acids, phenyl- 
alanine and tyrosine are synthesized in bacterial cells 
from carbohydrates via D-erythrose-4-phosphate (II), 
2-keto-3-desoxy-7-phospho-D-glucoheptonic acid (III), 
shikimic acid (IV) and prephenic acid (V) : 
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The revelation of this biosynthetic route was followed 
rapidly by suggestions of its possible universality. Thus 
the shikimate-prephenate pathway could account for 
the origin of major structural features of depsides and 
the tannins '8, flavonoid plant constituents 's, ,9 and 
was proved experimentally to be responsible for the 
Ce-C ~ units of lignin 2o. 

The surprisingly wide distribution of C6-C ~, C6-C 2 
and C,-C 3 units among alkaloid structures, if not as 
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part of the alkamine moieties then as the prosthetic 
groups, suggests strongly that  even in this vast realm 
of naturally occuring substances the predominant route 
of biosynthesis is the shikimate-prephenate pathway. 
It  is the purpose of the ensuing discussion to illustrate 
this relationship between alkaloid biosynthesis and 
carbohydrate metabolism in light of present-day 
knowledge in biochemistry. As will become apparent, 
all alkaloids are derivable, at least formally, from 
formaldehyde, acetate, pyruvate, erythrose, shikimate 
and prephenate units by routes which are analoguous 
in every detail to well-known enzymic reactions. 

The C A Uni t  

The origin of the pyrrolidine moiety, appearing in 
both masked and unmasked fashion as part of the 
structures of many alkaloids, has been associated for a 
long time with the metabolism of ornithine or its 
equivalentsL ~. While the biosynthetic importance of 
the amino acid cannot be ignored, its equivalence at 
this time with erythrose, an early intermediate in the 
shikimate-prephenate scheme, as a pyrrolidine pre- 
cursor may be more than coincidence. Thus the tropane 
alkaloids, whose alkamines occur naturally as esters of, 
among others, benzoic acid, a dehydration product of 
shikimic acid, and tropic acid, an aldol product of 
formaldehyde and prephenate units, may well have 
their Ca-N ring originate from variously oxygenated 
succindialdehyde equivalents, themselves derivable 
from erythrose. The highly oxidized bases, e.g. teloidine 
(VI), are most likely to find their genesis in this path- 
way 21 : 

CO z 

,0, N + . . . . . .  _ ,0 0 0 
(0)~-* (o~x,LJ 

Similarly, in the absence of any knowledge regarding 
the origin of the alkaloidal nitrogen atom the carbo- 
hydrate route of biosynthesis cannot be ignored even 
for the hygrine, nicotine and senecio bases. 

The C 4 unit appears to be an important structural 
moiety in alkaloids derivable from anthranillic acid 
(VII), itself probably produced from shikimate 15. 
A combination of an aminated CA unit and reduced 
anthranillate leads to vasicine (VIII)¢, 22, while a 
slightly varied anthranillate-erythrose complex may be 

21 Unfo r tuna te ly  former label l ing exper iments  ~ in this  field are 
i nadequa t e  to di f ferent ia te  be tween  the amino  acid and  ca rbohydra t e  
routes.  Cont ra ry  to claim, the in vivo C 14 incorpora t ion  of a t ropine  
from label led  orni th ine  does not  prove the l a t t e r  to be a progeni tor  of 
the t ropane  base. I t  mere ly  i l lus t ra tes  t h a t  the amino acid is an 
efficient producer  of a suec india ldehyde  equiva lent ,  ROB]NSON'S 
br i l l i an t ly  conceived hypo the t i ca l  precursor  of the t ropane  a lka lo ids  
(R. ROBINSON, J. chem. Soc. 111, 762 (1917)), bu t  leaves the ac tua l  
origin of the C 4 un i t  open to question.  
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the phytochemical precursor of the indole bases co- 
existing with vasicine in Peganum Harmala. The 
reaction sequence responsible for the formation of the 
indole ring has ample analogy in the indole biosynthesis 
in bacteria, which recently has been shown to emanate 
from anthranillate and simple monosaccharides 1~, and 
whose pathway can be portrayed mechanistically in the 
following manner: 

o o o 
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While a combination of thus-derived indole and an 
anthranillate unit can account for the structure of 
cryptolepine (IX)7, most indole bases are substituted 
tryptamines or tryptophols whose origin has been con- 
sidered to be t ryptophan 7, itself arising from anthranil- 
late, via indole, as above 10. But again, the amino acid 
pathway is indistinguishable from its carbohydrate 
counterpart  at this time. Thus the following dehydrative 
break-up of an anthranillate-erythrose complex pre- 
sents a simpler, alternate route to indole alkaloids : 

¢0 

H H rle H 

IX  

The Piptadenia 23, Physostigma ~ and Calycanthus: 
bases evolve readily from the resulting aldehyde. 
Plants producing the Harmala and Evodia bases appear 
to utilize only the shikimate-prephenate scheme- the  
biosynthetic components being tryptamine, pyruvate,  
formaldehyde, and anthranillate 7. Even the structur- 
ally unusual 'canthine' bases ~ are derivable from 
similar precursors, t ryptamine and erythrose: 

o 0 (o) 

23 M. S. FISH, N. M. JOHNSON, and E. C. HORNING, J.  Amer. chem. 
Soc. 77, 5892 (1955). 

A slight variant of the above interactions of anthra- 
nillate and erythrose lead to the furoquinoline alkaloids, 
e.g. dictamnine (X): 

0 0 0 -, 
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The demonstration of the derivation of the sidechain 
and two nuclear carbon atoms of histidine from carbo- 
hydrate sources ~4 strongly suggests that imidazole 
alkaloids also are derived from sugars in paths'parallel 
to the biosynthesis of histidine 7 It is of interest that a 
prephenate unit, histamine and hexose moieties make 
up the structure of casimiroedine, a recently described 
imidazole alkaloid 25, while a prephenate is part of the 
condensed carbon skeleton in the Jaborandi alkaloid 
pilosine (XI). 

Me 
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XI 

The C6-C 1 Unit 

The variously substituted benzoate group, derivable 
from shikimate (C6-CI), has been shown already to be 
a conspicuous part of many alkaloid structures. In 
most previous cases it has appeared along side C a or 
acetate units, but in many alkaloids it is revealed in 
conjunction with a prephenate moiety, e.g. the 
alkaloids of the Angostura bark and the Lunasia base, 
4-methoxy-2-phenylquinoline (XlI) 26: 
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Another shikimate-prephenate interaction is apparent 
from the structure of colchicine (XIII). The tropolone 
ring may arise either from a C,-CI+Cv change or, in 
analogy with mold metabolites ~7, directly from acyclic 
carbohydrate precursors as. The following portrays a 
possible biosynthetic route: 

° . 

2 ,  0 ...... 
.B0 'q 0 

0 OMe 
X I I I  

The Amaryllidaceae represent a class of alkaloids 
whose biosynthesis also involves the union of a C6-C ~ 
entity and prephenate. In an early hypothesis the 
structure of lycorine (XVII), one of the most abundant 
bases of this class, was envisaged to be derived from 
the interaction of two dioxyphenylalanine equivalents 
and a formaldehyde unit by way of an oxidative 
phenyl-phenyl coupling and a retro-Michael extrusion 
of a twocarbon residue 29. While this accounted for the 
presence of the C8-C 1 fraction, it did not support 
readily the hydroaromatic state of oxidation of ring C 7. 
Unfortunately this drawback also plagues a more 
recent scheme 30, wherein oxidative phenyl-phenyl 
couplings led to ketonic intermediates, which would be 
expected to enolize (and thus aromatize ring C) in a 

2v R. BENTLEY, Biochim. b iophys .  Ac ta  29,666 (1958). 
28 The route involv ing  a t r ans fo rmat ion  of sh ik ima te  to t ropolone 

(or carboxytropolone)  would require  the i n t e rmed iacy  of sh ik imy l  
alcohol, or i ts  equivalent ,  which could arise b y  di rect  phy tochemica l  
reduct ion of the ca rboxy  group or b y  the in t roduc t ion  of a formalde-  
hyde  un i t  and  the ex t rus ion  of CO 2. Fur the rmore ,  the s t a t e  of 
ox ida t ion  of the subs t ra te  undergoing  r ing  expans ion  canno t  be  
described wi th  ce r t a in ty  at  this  t ime. The fol lowing schemes i l lus t ra te  
two possible ex t reme  represen ta t ions  of the Co--CI-->C 7 meta -  
morphosis :  
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0 0 "~0 

\ H20 0 
0x.~ COz .02C ~ -CO o 

L_C ° 
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Finally, the interaction of the C 7 unit with prephenate might 
occur at the tropolone or any of the pre-tropolone stages. 

211 E.  ~VENKERT, Chem. & Ind.  1953, 1088. 
3o D. H. R. BARTON and T. COIIEN, in Festschri[t Arthur Stoll 

(Birkhfiuser, Basel 1957), p. 117. 

cellular environment. However, all difficulties are over- 
come, if it be assumed that  hydroaromatic precursors 
are involved in the formation of the hydrodiphenyl 
system. Hence the C~C~ residue corresponds to a 
shikimate (or IV + formaldehyde-CO2), while the 
remaining C,-C2N moiety must emanate from pre- 
phenate. With the exception of belladine (XIV) a ,  
whose ge=esis lies in the oxidation of shikimyl 'pre- 
phenyl' amine, all Ammaryllidaceae bases most prob- 
ably originate from XV and XVI, whose own bio- 
synthesis will be discussed in the Prephenate Section. 

Me (0) 

Me0 OMB 
XIV XV XVI 

As illustrated in Chart I, internal Michael conden- 
sation of a shikimyl derivative of XV, followed by 
hydration-dehydration, oxidation-reduction changes, 
leads to alkaloid skeleta chara=teristic of the lycorine 
group of substances, e.g. lycorine (XVII), lycorenine 
(xvIII) ~. Similarly, the shikimyl derivative of XVI 
acts as the progenitor of the crinine group (XIX), e.g. : 
crinine (x×II)~, the galanthamine variety (XX), 
e.g.: narwedine (XXlII)3L and the tazettine type of 
alkaloids (XXI), e. g. : tazettine (XXIV) 35. It  is note- 
worthy that  the present scheme accounts accurately 
for the location of oxygen atoms in the Amaryllidaceae 
alkaloids 3~. 

The tannins are a group of non-alkaloidal plant 
products whose structures reveal their carbohydrate- 
shikimate originlS. To account for the presence of the 
often recurring gallate unit, usually in oxydiphenyl or 
diphenyl ether form, it has been tempting to suggest 

31 E. W. WARNIIOFF, Chem. & Ind.  1957, 1385, 
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H. YAJII~IA, J .  chein.  Soc. 1955, 4003. 
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as Since i t  is  not  clear  whether  the benzyt  ca rbon  a t o m  on the 

sh ik imate  refit is the  p e n u l t i m a t e l )  reduced ca rboxy l  carhon of 
sh ik imic  acid i tself  or a fo rmaldehyde  un i t  in t roduced  a t  an ear ly  
s tage,  the following sys t em is an a l t e rna t ive  de r iva t ive  of XV or XVI  
which requires an in te rna l  aldol condensat iori  ( ra ther  t h a n  a Michael 
reaction),  followed b y  deca rboxy la t ive  dehydra t ions  and  oxidat ions ,  
to lead to s t ruc tu res  X V I I - X X I V :  
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that oxidative phenol coupling of gallate is responsible 
for the common structure patterns among the tan- 
nins3°y. As in the case of the Amaryllidaceae alkaloids 
above, this need not be the sole biosynthetic pathway. 
Since undoubtedly gallate is derived from dehydro 
shikimate by oxidation, the latter also may be in- 
volved in the dimerization. In this event the coupling 
process, a Michael condensation, in the genesis of such 
compounds as dehydrodigallic acid (XXV) or ellaigic 
acid (XXVI) would take on a similar appearance to 
that of the Amaryllidaceae alkaloids: 

0 COs 

) , ' "  C02 0 

0 CO~ 

CO~ 0 
"-, OX. O~ "/ 

" 0 
OH ~' GOsH 

oH ~>_( oH C02H 

X X V  X X V I  
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A like interaction of shikimate and the intermediate 
XXVII, itself obtainable from prephenate (vide in/ra), 
rather than the previously proposed oxidative de- 
gradation of aporphine 3s, may represent one of the last 
stages in the biosynthesis of the alkaloid taspine 
(XXVIII). 

O-~NMe2 
MeO ~NM% 

o o 

X X V I I  X X V I I I  

\ 

0 0 0~G The hypothesis regarding the Michael addition of 
-/~-~ hydroaromatic intermediates being preferred in some 

0 -( 7--~ /-0cases to the oxidative coupling of aromatic systems is 
, C0, 0 0 best supported by the structure of chebullagic acid 

(XXIX) a9 wherein the lactone ring appears in a state 
of oxidation which makes its derivation from dehydro 
shikimate more likely than from gallate. 

Structure XXIX also reveals that a shikimate unit 
may exist naturally as an acyclic or heterocyclic 
system. Thus the lactonic acid moiety in XXIX may 

av H. ERI)TMAN and C. A. WACHTMEISTER, in Festschrilt Arthur 
Stoll (Birkhfiuser, Basel 1957), p. 144. 
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OH 

?" °" 

HO ~ 00 z ~ 0  
HO O ~  

0 OH 
CO~H HO OH 

X X I X  

arise from a retro-aldol process on dehydroshikimate, 
followed by oxidation: 

CO z CO z CO 2 CO 2 

° , 0  0He 0 
0 0 

Interaction of a slightly more reduced intermediat-. 
with a tryptamine unit leads to the skeleton of flavo- 
pereirine (XXX) : 

[EEPERIENTIA VOL. XV/5] 

or close relatives of this amino acidV, 42, nothing un- 
fortunately is known about the origin of the all- 
important nitrogen atom. In the absence of these data 
no differentiation can be made between the amino acid 
and carbohydrate backgrounds of the biointermediates 
leading to the piperidine nucleus, d-aminovaleraldehyde, 
glutaraldehyde, e-oxyglutaraldehyde, glutaconal- 
dehyde and their equivalents. The presence of pre- 
phenate units in the alkaloids of black pepper and the 
Lobelia species suggests that  at least in some piperidine 
bases the carbohydrate scheme may prevail. 

In connection with biosynthetic proposals for the 
various pelletierines and Iupanines the interaction of 
lysinc units with formaldehyde and acetone-dicarboxylic 
acid fragments, or with y-keto-o~,e'-diaminopimelic 
acid, has been invoked 7#a. While the unrealistic aspects 
of the utilization of dicarboxyacetone as a biosynthetic 
intermediate have been discussed already above, it is 
noteworthy that  its incorporation in the build-up of the 
lupanines is in violation of known biochemical pro- 
cesses. Irrespective of the exact mode of interaction, 
the ketonic precursor was considered to be responsible 
for the formation of the central carbon atoms in the 
tetracyclic system XXXII .  As no lupin alkaloids are 
oxygenated on the one-carbon bridge, as in XXXII ,  the 

c% latter required reduction to a methylene group. How- 
0 ~  J ~ " ~ ( / " ' l  ~ ever, such reductions in physiological environment pro- 

OH0 CH0 l t[ lJ. N-~L- j~,  J-~...N,. ~ ceed via alcohol and olefin stages, an unallowed route 
1 - ~ / - J " E i  .. . .  V ' ~ ' ~  ~ '  ~ " ~ .  ~ in the present system because of the impossibility of 

0He 0"~./~'El ~/~ 'Et locat ing a double bond toward the bridgehead of a 
x x x  [3,1,3]-bridge. Instead, the central two rings of an 

This scheme suggests that a shikimate or shikimate- 
formaldehyde complex 4° accounts for ring D of the 
unusual indole alkaloid. A formerly suggested route 
involving the loss of an acetaldehyde component from 
a corynantheine derivative al, presents similar dis- 
advantages to those inherent in an early portrayal of 
the biosynthesis of the Amaryllidaceae bases ~9. 

A further consequence of the shikimate cleavage is 
the possibility of the C~-C1 system serving as progenitor 
of the piperidine unit: 

CO 2 CO z COz 

F "/~LO I/HOo2/'~Ou GHO GHO CliO CHO CHO .... R..-..N ~.R,, 
0 R' 

Whereas the construction of the piperidine bases has 
been associated usually with the metabolism of lysine 

4o Just  as i t  is impossible to assign rigorously at  this time the 
location of the shikimate ring rupture or the exact state of oxidation 
of the biointermediates, it is not certain tha t  the carboxyl group in 
shikimate becomes the starred atom in flavopereirine. The lat ter  
might originate from a formaldehyde unit in analogy with the 
alternate blosyntheses of colchicine and the Amaryllidaeeae alkaloids. 

,1 FoOtnote 14 in E. BXEHLI, C. VAlVIVACAS, H. SCIIMID, and 
P. KARRER, Heir. ehim. Acta 40, 1167 (1957). 

alkaloid such as sparteine (XXXI) must arise from the 
participation of a third glutaraldehyde unit : 

XXXI 

XXXlI 

The C~-C2 and C6-C s Units 

With the exception of the naturally occurring 
phenylethylamines, the ephedra bases, a few /5- 
carbolines and substances already discussed above, 
most alkaloids, whose structures are hypothetically 
divisible into CG-C 2 or C6-C 3 units, are composed of 
two or more of these fragments. As has been demon- 

42 C]. E. LEETE, J. Amer. chem. Soc. 80, 4393 (1958). 
4a E. ANET, G. t{. HUGHES, and E. RITCHIE, Austr. J. Sci. Res. 

3A, 635 (1950).-C. SCHOPF, G. BENZ, F. BRAUN, S.  HINKEL, and 
R. ROKOL, Angew. Chem. 65, 161 (1953).-E. E. VA~ TAMELEN and 
J. E. BARAN, J. Amer. chem. Soc. 80, 4659 (1958). 
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strated in connection with the biosynthesis of indole 
alkaloids ~7, these structural units can originate from 
hydrated prephenate (XXXIV) through almost every 
modification of hydration-dehydration, oxidation- 
reduction, decarboxylation, aldol-retroaldol and Man- 
nich condensations. Chart II portrays the formation of 
phenylpyruvate (XXXV) and phenylethylamine 
(XXXVI). A combination of these two substances may 
lead to products such as aegelin (XXXIII)  a4, or 
alkaloids of the benzylisoquinoline, aporphine, mor- 
phine, cularine and bisbenzylisoquinoline types ~. The 
creation of the diphenyl and diphenyl ether linkages in 
the last four classes can occur, as in afore-mentioned 
cases, at either the aromatic or the hydroaromatic 
stages, although recent elegant tracer studies have 
revealed that in the morphine group, at least, the pre- 
phenate units are aromatized prior to the coupling 
process 45. Formalation of phenylpyruvate (XXXV) 
yields XXXVII ,  the precursor of the protoberberine 
and protopine alkaloids ~. Since the conversion of 
XXXIV into a phenylpyruvate (XXXV) system can 
proceed by direct decarboxylation and aromatization 
or by prior 1, 2-migration of the pyruvate sidechain, the 
intermediate (XXXVIII)  resulting from such re- 
arrangement might be expected to be trapped as an 
o-carboxyphenylpyruvate (XXXIX). Indeed, the 
latter serves as the basis for the structures of taspine 
( X X V I I + X X V I I I )  and the phthalide-isoquinoline 
alkaloids 4G. 

X)0(lll 

Chari 1[ 
(o) 

CH~COCO~__~._ ; l 1 °  r / " T  ° ,_~lorOG_co~ . . . . ~ . . ~ .  ° ~ ' J ~  ° IV 
0 2 C ~ , V  "0 02C 0 CO z 

x~Iv I.H* lox. 
o o Y 

o 

o2c ' (~o~ (°) 02 c ~ °  °2 c ~ ( ° )  
)O(XVIIt f XXXV 

(o} " o® t(o) 
NHz ('~(0) ^ 'N/"~(0) 
~~/(o) o,c~(O) 

X~IX 

XXXVI  XXXVII  

44 R. N. CHAKRAVARTI and B. DASGUPTA, J. chem. Soc. 1988, 
1580. 

4s A. R. BATTERSBY and B. J. T. HARPER, Chem. & Ind. 1958, 
363.-E. LEETE, Chem. & Ind. 1958, 977. 

40 This scheme now supersedes the previous suggestion regarding 
the biosynthesis of this group of alkaloids, i.e. their derivation from 
the protoberberine bases by oxidation ~. Sir ROBERT ROBINSON has 
kindly informed the author  of his similar views on this subject. 

Amination of the prephenate unit (XXXV) at an 
early stage can lead to a ketamine which may act as the 
progenitor of the hydroindole portion of the erythrina 
(XL) and Amaryllidaceae alkaloids (XV and XVI)47: 

, f ~  , ~ . ~  He (orOH) ._H~o/~uured. ® _ ~ NH2-"~/~NH ox ---xv ",-~2,_ ~ ,,, 
" O" xxxlv 0 0 

H~O XVI XL 

In view of the presence of the active methylene 
group on the sidechain of the phenylpyruvate unit or 
its precursors ( X X X I V - X X X V )  it is not surprising 
that  this position would be the site of further formation 
of carbon-carbon bonds. Thus direct C-methyletion on 
the sidechain 7 leads to such bases as corydaline, in the 
protoberberine family, and corycavine, in the protopine 
class, while aldol condensation at the same site be- 
tween two prephenate moieties results in the production 
of alkaloids of the ~-naphthaphenanthridine group 4s as 
well as tylophorine a9 and crytopleurine (XLI) 49: 

G02 
Ar.~ ~ Ar. /-. A Ar 0 ~ ~ Ar ~ 

f~ -C02 "rC "y ~-H20 ~ ~ ">H20 Y Y "3 
0 N . ~-a.- 0 ! .  I - "- I I - l - ~  I~ I L 

AF~--.OH0 AF~GHoHN-v I~ AF~ N -~ red~/~.v--N-~ 

ONe 

OX. ~.. M B I O ~  

Me 
XLI 

Many of the bases in the vast realm of indole and 
biosynthetically related alkaloids have been shown to 
revolve around the all-important intermediate XLII ,  
readily derived from XXXVII117: 

R R 
0zC 0 0zC ,#  N*.. 1 0 2 g . ~  N ~  

X x x v n l - H z O ~ 0  ~ H ~  ~ 0 ~ ~  b 

O~C " ~ OIG""-J" OzC'"~ O: J 
R R 

~ 0 z  C ~ C H 0  ° -ZC0~ red. 
0 

XLII 

47 C]. H. PLIENINGER, Exper. 14, 57 (1958). 
48 R. H. F. MANSKE in R. H. F. MANSRE and H. L. HOLMES, The 

Alkaloids (Academic Press, hie., New York 1954), p. 1. 
49 T. R. GOVINDACtIARI, 3I. VV'. LAKStlMIKANTIIAMj K. NAGARA- 

JAN, and B. R. PAl, Chem. & Ind. 1957, 1,18t.-P. MARCmNI and B. 
BELLEAU, Can. J. Chem. 36, 581 (1958). 
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Not only are the above intermediates responsible for 
the genesis of the Yohimb6, Strychnos, Cinchona and 
Ipecac bases, but  they also lay the foundation for the 
creation of the oxindole 5° and the calebash curare 
bases 51. 

The monotonous consistency with which many  
alkaloids reveal a twocarbon sidechain in their skeleta 
strongly hints at  the wide distribution of one all- 
important  enzyme, a retroaldolase on the basis of the 
present theory, which is responsible for tile scission of 
the prephenate unit at a specific site. On this assump- 
tion even those alkaloids not based on X L I I  might be 
expected to have their prephenate moiety cleaved at 
the same position. Two such classes appear to exist, the 
erythrina alkaloids and the indole bases whose de- 
hydrogenation leads to 3, 5-dialkylpyridines. 

The erythrina bases are made up of two prephenate 
units, the evolution of one of which has already been 

~0 J .  C. SEATON and L. MARION, Can. J.  Chem. 36, 1102 (1957).-J.  
C, SEATON, R. TONDEUR, and L. 3IAR]ObI, Can J. Chem. 36, 1301 
(195s). 

51 K. BERNAUER, I"I. SCHMID, and P. KARRER, Heir. chim. Acta 
41, 1408 (1958), and  preceding papers . -A.  R. BATTERSBV and H. F. 
HODSON, Proc. chem. Soe. 1958, 287. 

illustrated (c]. XL). The other structural half is trans- 
formed into a phenylethyl group as in the aromatic 
bases (XLII I )  or into a C5-C ~ lactone as in ~-erythro- 
idine (XLIV)52 and its fl isomer. The following indi- 
cates their possible biosynthesis: 

OzC OzC ~ 02C 

....... ? r e  /o: .... L - /  2 ~ 3 - - / ~  ? 
0 /----l~uz o /--~c0~ o (z -~c°2  

XXXlV o ~ _ ~  0 ~ _ ~  . o . j - - ~  

0 0 0 ~red. 

0 -~0~ 

ox oo CO  

°'?0 
52 V. BOEKELHEIDE and  G. C. I~IORRISON, J.  Amer.  chem. Soc. 80, 

3905 (195S). 
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\ 
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0 

0 0 0 0 

X L I I I  

0 
XLIV 

0 0 

02c 

The structural features of several of the indole bases 
isolable from the aspidosperma, iboga and voacanga 
species reveal their derivation from prephenate, how- 
ever, not by  way of route X X X V I I I  + X L I I .  I t  would 
seem that  in these cases, as in the case of the erythrina 
bases, the unrearranged skeleton X X X I V  itself is the 
progenitor of the alkaloids under consideration. For- 
malation and ring opening at now well-determined 
positions are the initial steps in the pathway to natural  
products of such structures as quebrachamine (XLV) 53 
aspidospermine (XLVI) 53 voacangine (XLVII) ~t and 
ibogaine (XLVIII )  54. Their biosynthesis is illustrated 
in Chart I I I ,  pag. 172. 

General Observations 

The afore-going discussion has a t tempted  to por t ray 
the strong likelihood of the biosynthetic derivation of 
plant alkaloids from carbohydrates,  with the exception 
of the minor intervention of acetate and the possible 
interposition of ornithine, lysine. This novel unifying 
theory of alkaloid biosynthesis will now have to be put  

s3 Whereas the structures of quebrachamine and aspidospermine 
have not been fully established, formulas XLV and XLVI are in 
agreement with available experimental da ta .  These structures were 
first presented as working models by Professor tt. CONROY at the 
9th Annual Seminar in the Chemistry of Natural  Products, University 
of New Brunswick, Fredericton, New Brunswick, Canada, October 
23-25, 1957 (c]. H. CONROV, P. R. BROOK, M. K. ROUT, and N. SILVER- 
vitae, J. Amer. chem. Soc. 80, 5178 (1958)). Professor SANDOVAL has 
kindly informed the author of his present use of XLV as a working 
hypothesis for the structure of quebrachamine (c]. B: WIT~OP, 
J. Amer. chem. Soe. 79, 3193 (1957).-F. WALLS, O. COLLERA, and 
A. SANDOVAL, Tetrahedron 2, I73 (t958)). 

s* M. F. BARTLETT, D. F. DtCKEL, and W. L TAYLOR, J. Amer. 
chem. Soc. 80, 1'26 (1958).-W. I, TAYLOR, Exper. 13, 454 (t957). 

to a rigorous experimental test, the results of which will 
be of major interest. 

The present theory requires a drastic change in view 
in connection with at least some hypotheses regarding 
the reason for the very existence of alkaloids in plants. 
While it sheds no direct light on this question, it 
suggests that  the answer may be found in the field of 
the metabolism of plant carbohydrates, ra ther  than 
amino acids. Thus, for example, should alkaloid pro- 
duction be associated with the plant 's  mechanism of 
tangential removal of excess biointermediates from its 
main metabolic pathways, it would imply that  the 
plant 's  sugar supply may  be excessive. In fact, perhaps 
this would suggest that  alkaloid formation is related to 
the overabundance of pyruvate,  the maior inter- 
mediate in the shikimate-prephenate scheme. 

On the basis of the rapidly emerging patterns of the 
biosynthesis of plant products, both theoretical and 
experimental, it is possible to categorize, albeit yet  
crudely, natural  substances into two classes, one based 
to a large extent on acetate and, hence, on genetically 
and enzymatically easy routes, and the other founded 
to a major  degree on non-acetate material, i.e. sub- 
stances farther along in the tricarboxylic acid cycles, 
and hence, enzymaticatly difficult, circuitous routes. 
If  it be assumed that  the evolution of life processes, i.e. 
the structure and mechanism of enzymes, through 
geologic t ime proceeded from simple to more complex 
patterns,  a correlation of paleobotany with the chem- 
istry of natural  products would be on hand. Substances 
originating from acetate would be expected present in 
the oldest plants. On this basis the structure of the 
Lycopodium alkaloid annotinine 55 is no surprise, nor is 
the discovery of triterpenes from petroleum 56 and 
coalS7 deposits. 

Zusammen/assung 

Es wird eine neue Theorie der Atkaloidbiosynthese vor- 
geschlagen, die alle Alkatoidtypen vereinigt. Die Grund- 
idee dieser Theorie beruht auf der ~berlegung, dass die 
Alkaloide eher mit Kohlehydraten als mit Aminos~uren 
genetisch verwandt sind. Alle Strukturtypen der Alka- 
loide sind hypothetisch teilbar in C,, C~-C 1, C6-C ~ und 
C~-C3-Fragmente, und k6nnen daher in Beziehung zum 
Davis-Sprinson-Schema, welches die Bios~mthese aro- 
matischer Naturstoffe behandelt, gebracht werden. 

~s K. WIESN~R, W. A. AVER, L. R. FOWLER, and Z. VALE~TA, 
Chem. & Ind. 564 (1957).-E. LEETE, Tetrahedron 3, 313 (1958). 

56 D. H. R. BARTON, ~V. CARRUTHERS, and K. H. OVERTON, 
J. chem. Soc. 1956, 788. 

87 V. JAROLtN, M. STREIBL, M. HORn.K, and F. gORM, Chem. & 
Ind. 1958, 1142. 


