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I. BIOSYNTH ESIS OF ALKALOIDS 

1. I ntr-oduct ion 

The study of the bios ynthes is of al ka loids has become an 

inc reas ingly i mpo rt ant f acet of alka loid chemist ry. A proper 

unde r standing of the biolog ical processes involve d in the synthesis 

of these nitrogenous s ub st ances bega n when or ganic compou nd s labe l le d 

with ca r bon-14 an d wi t h othe r i sot opes became read ily ava ilab le . Yet 

lon g be fo re trace r s became a va i I ab le organic chem ists we~e won de rin g 

abou t the bi os ynthes i s of these nat ura l products and specu lat ed about 

the ir mode of f ormati on . 

Hypothet ica l bi ogenetic schemes v1e re proposed, \'1hi ch vie re based 

on the recogn iti on that f am ili es of a lka loi ds cont a ined common structura l 

f ea tu res . Th us, the st r ud ura l unit~ was observed in ma ny alka loi ds , 

pa rt i cu I ar I y those of the i soqu i no Ii ne gr-oup . Anot her exarnp I e of a 

structu ra l f eat ure common to a large numbe r of al ka loi ds is reprnsente d 

by structure ~, as found in al ka loids of the in do le group . 

0 

N 
o· 

BA 
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These two structural units are also present in the amino acids phenyl 

alanine and tryptophan, respectively, and this relationship suggested 

that amino acids mi ght be implicated in the biosynthesis of alkaloids. 

Thus, Pictet suggested, as long ago as 1906 (1) that the indole nucleus 

is derived from the amino acid tryptophan and Winterstein and Trier 

postulated, in 1910, that the isoquinoline alkaloids were derived from 

phenylalanine (2). 

This biogenetic approach, i.e., of structural relations, was 

compleme nted by a correlation of alkaloidal structures on the basis of 

a unifying react-ion mec hani sm . Thus , the biosynthesis of a wide vari ety 

of alka loidal structures was r-ation a li zed, .in chem ical terms , by the 

operation of a fe w si mp le orga nic reactions, e . g., aldol condensation s , 

· oxidative coupling of phenols and Mannich - type reacti ons. This last 

reaction, of pa rticul a r releva nce to the bios ynthetic work discussed in 

the fol lowin g sections , cons ists of the con~ensation of an amin e , a 
I I I I I I 

carbonyl compou nd and a carba nion (-C:+ CHO+ NH-'C - C - N) (3).
I I I I 

These hypotheses and more rece nt contributi ons by Ba rton (4), 

Woodwa rd (5), h'enkert (6 ) and othe r s , establishe d the ma in out lines of 

alkaloid biogenes i s . Fol lowin g deve lopment of isotope labe l I in g 

techniques , in the late 1940 1 s, and un de r the s tirnulus of. these biogenetic 

postul at es , exper i menta l work v1as beg un. Since then, t he kn ow ledge 

accumul at ed has not on ly r evea le d the stri kin g si mp licity by which these 

natura l product s a re formed, but has a lso shown t ha t many of these 

biogenetic specul at ions wei-e bas ica lly cor rect. 

The i sotopic trace r method cons ists in feed ing to the intact 
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organism a postulated precursor which is labe l led with an isotopic atom 

at a single known position. Carbon- 14 has found the widest application 

in invest igations of a lka loid biosynthesis, but other radioactive 

isotopes, e.g., tri·riurn, as wet I as stable isotopes such as deuterium, 

carbon-13, nitrogen-15 and oxygen-18 have also been use d. Radioisotopes 

are preferred because of the greater sensitivity of the methods of 

meas urement of radioactivity, as compared with measurements of heavier 

isotopes. This permits the quantity of labe l led precursor which is 

administered, to be kept at a minimum, a condition required to minimize 

alterations in the no1-ma l steady-state conditions of the living or.ganism. 

After an arbitrary period of grov1th of the pl ant in contact viith the 

tracer, the desired compound i s isolated, purified and degraded to loca li ze 

the l abel within it. If activity \vithin it i s confined to a single site, 

or to severa l specific sites, in corpo1-ation of radioactivity i s shown to 

have taken p I ace in a non-random manne r. The substrate is then sa id to 

have been incorporated spec ifica lly and is r egarded as a precur·sor . 

Further proof that the intact carbon skeleton of the precursor 

has been incorporated into the preduct can be obtained by feed i ns.1 other 

radiomer·s of the precursor·, fol IO\ved by recover·y of the activity at the 

predicted positions of the product. Multiply labe l l ed precursors of 

defined isotop i c distribution, are particularly useful in this respect. 

Thu s , intact incorporation of the precursor is proven if the product retains 

the same i sotop ic distribution as that of the precursor. 

Comp l ementary to a · study of spec ificity of conversion of a 

precursor into a product is the study of the efficiency of precursor 

incor·porat ion, i.e., the extent to wh ich ~everal r e lated or alternative 
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substrates are incorporated into the same product. Unfor tun ate ly, several 

ambigu iti es involved _in work with plants, make any conclus ions de rived 

from such comparative exper· i ments of doubtful validity. Some of the 

factors involved a re the fol lowing : 

a) permeab i I ity, rate of tran sport and rate of uti I ization befor-e 

reach ing the actua l site of synthes is can be quite different 

for diffe rent substrates which are administered, so that 
,__ 

express ing yi e lds as a fract ion of subs·trate suppl le d i s 

mi s I ea d i n g . 

· b) natura l var iat ions in a s rna l I number of in d ividua ls make 

compar i sons under "standard condition s " difficult. 

c) 	 the amount of fin a l product i solated i s a functi on of past 

rates of synthes i s and of furthe r mefabo l i sm and ne ver 

measu re s the amount of fin a l product which has been f orme d 

du r in g the l;i iosy nthet i c exper- iment . 

The most powerful s i ng le approach to the study of precursor-

product re lation sh ips in bios ynthetic stud ies is the spec ifi c ity of 

precursor incorporation and it i s from studies of thi s type that most 

of the present knowledge of a l ka lo id bi osynthes is has been obtaine d. 

The tra cer wor-k has bee n successfu l in re lati ng ma ny of t he a lka loida l 

structural grou ps to in termed iates of pr-imary metabolism and in 

establishing the biosynthetic anatomy of the ir origin. 

For many fa mili es of a l ka loids this first stage of the 

biosynthetic investigat ion is now c omp let e . The next step wi 11 involve 

t he t est in g of the biosynthetic sequences which have been proposed on 

t he bas i s of the preli minary incorporati.on studi es . Thi s will require 

http:incorporati.on
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the iso lat ion of proposed in termediates and the stu dy of the mechan i sm 

of each step in the metabo li c pathway. This, in turn, wi I I requ i re the 

isolation of the enzymes invo lved in each of these transformations and 

also a knowledge of the kinetics of the processes involved . These tasks 

are expected to be far more difficu It to achieve ' than the rat her simple 

in it i a I 'precursor-p roduct' stage. 

Thus, ~:::_itr~ studies of alkaloid 'biosynthesis using enz ymes 

extracted from plants have, so far, given f e\'1 resu lts (7, 8). These 

negat ive findings may be an indication that a l ka loid synth es is requ i res 

. contri but ions from othe r pads of the plant. It is difficult to 

detennine the rea l s ite of alka loid synthesis because of trans locat ion s 

of in t e rmediates and becau se dif ferent steps in the synthes i s may not 

t ake place in the same tissues . 

A serious I imitation of the tracer t echnique not mentione d so 

fa r is the fact tha t tracer re su lts a lone do not estab li sh the norma l 

and ob I i gatory occurrence of a metabo I i c pathway . It i s Ii ke I y that 

many non-specific enzyme s and reaction pathwa ys ex i si· in p I ants . Thus, 

f ore i gn substances , v1h i ch have bee n force d ·into the organism, may be 

utili zed in the synthes is of an alkaloid even though they are not 

norma lly present in the system. Examples of contrad ictor-y results 

obtaine d in biosynthetic exper· i ments wh ich can be attr ibuted to the 

existence of these alternative path ways wi I I be ment ioned in the 

fol lowin g sect ion. 

Idea lly, it shou ld be shown that t he compound fed is a norma l 


constituent of the system and that the rate of the proposed steps is 
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consistent with the norma I overa 11 rate of formation of the product. 

The enzymes respons ible for the synthesis of the alkaloid should also be 

isol ated and characterized. Only when this has been done can obligatory 

routes of biosynthesis be rigorously defined. 
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A substituted piperidine ring is found in nature in a vari ety 

of alkalo ida l structures, e.g., pel letierine C!>, coniine (~), sedam ine (3) 

anabas ine C±>, lupinine (~), lobina line (§._),etc. CFigure 1). According 

to class ical biogenetic theory, the pipe ridine ring present in these 

alkaloids i s de rived from lysine. Robinson, who made this proposal, 

envisaged the biogenes is of these bases to proceed by a condensation of ' 

lysine, or of its der ivat ives , 5-aminopentana l or A1-piperide ine Cl), with 

an "acetone de r- ivat ive", such as acetoacetic acid or other- appropr i ate 

metabo I i tes (3) .• The fact that sorne of these a lka loids were synthes ized 

in the laborator·y using these hypothetical intenned iates gave further 

support to this view and stimulated work a long these I ines (9,10 ). 

The tracer work of the last ten years has confirmed the ge ne ra l 

validity of this hypothes i s , but has a lso shown th at the ripe r idi no ring 

may be de rived from precur·sors other than lysine , name ly, acet ic acid 

and mevalon ic acid. In these instances , stn1ctural ana logy proved to 

be misl ead ing. 

Lysine as the precursor· of the pipe ridine r·in g 
---~----·---·--------·-------·----··- -

In highe r plants, the carbon skeleton of lysine i s de rive d from 

pyruvate and aspartate with the intermed i ate formation of diaminopime lic 

acid (11). This reaction pathway, known as the di aminopime lic pathway 

is outlined in Figure 2. In certain algae and fung i the biosynthesis 

of lysine is known to take place by a different and di st inct pathway 

involving acetate and a-ketog lutarate. The catabol i sm of ly s ine in 

plants is not wel I known, but work on animals and micro-organ isms has 
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shown that pipeco l ic acid (~) is an intermediate in the degradation, 

which leads to acetic acid and carbon dioxide as ultimate products. 

Pipecolic acid has also bee n found in plants andtracer work has conflnne d 

its metabolic rel ationship to lysine. According t o a re ce nt paper, 

pi peco I i c acid is forme d f rorn I ys i ne in bean p I ant s and in ~edum aci:-~- by 

way of 6-amino···2-ketocaproic acid (9) (12). This conclusion wa s infe rred 

beca use the 3H: 14c ratio found in pipecolic acid was identica l with that 

of the 6-.3H,6- 14C-lys ine administe re d to bean pl ants and to -~e d ':!_'.!.~ ac:_re . 

Lysine has indeed been shovm to supp I y the c5N uni t present in 

seve ra I pi pe ri dine a I ka Io i.ds . In !i_is;ot!a r~-~- _g~uc~.' activity from 

2- 14C-lys ine wa s shown to be incorporat e d exc lu s ive ly at C- 2 of the 

piper idine ring of an abas ine (4) (1 3). In ~~j_u rn ~cm, al I t he activity 

present in sedam ine (~), after the pl ant had been fe d 6- 14c- lys i ne , was 

found at C-6 of the piper idine rin g ( 14). Likewi se , 2- 14c- lys ine and 

6- 14c-lys ine admini s t ere d in se parai-e expe ri ments to 2ecl~.!.!_~ s a_r:_r:i_1~ ntosum 

yi e lde d radioactive N- methylpe l leti er ine (10) labe l le d so le ly at C-2 

and C-6, re s pective ly (15). These res ult s cl ea rly indi cate th at lysine 

is the spec ific precursor of the pipe ridine rin g of these alka loids. 

They also show that incorporation of lys ine t akes pl ace by way of a 

non-symmetr·ica l inte rme diate , probably 6--a mlno-2--ket ocaproic acid (9 ) 

or its cyc li ze d de rivatives A1-pipe rideine-2-carboxylic acid (11) and 

A1-piperide ine <1>, as shown in Figure 3. The inte rmediacy of the 

derivative 7 has bee n ve rified in the biosynthesi s of anabas ine (16). 

Fu1~he r evidence that the 2-amino nitrogen of the precursor 

is los t duri ng the biosynthe tic seque nce and th at the r- amino nitrogen 
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is incorporated into the alka loid was obtained by feeding doubly l abe l l ed 

precursors . Thus, when 
15 14 .

6­ N,2­ C-lys1ne was administered to Nicotiana 

. 15 14 
glauca , the anabasine nucleus showed a N : C r·atio ident ical with that 

15 14 .of the precursor. When 2- N,2- C-lys1ne was tested as precursor, the 

15radioactive anabasine was not enriched in N (17 ) . Somewhat si mi l ar­

exper i ments were carried out \'Jith Sedum acre and Sedum sarmentosurn. The 

3
al ka l o ids isol ated from specimens of these plants to wl1ich 6- H,6- 14

c­

3 14
lysine had been f ed , shovte d a H : c ratio identical with that of t he 

precursor·. Since l oss of the 6·-am ino nitrogen would have been accompanied 

by loss of tritium from C-6, it i s the 2-amino r-ather than the 6·-amino 

nitrogen \'/hi ch is l ost fr-om lys ine in the biosynthetic sequence (1 2) . 

The or igin o f the subst ituents at the ring carbon adjacent to 

nit r-ogen in these a I ka Io ids has a I so been invest i gated. CI ass i ca I I y, 

sedam ine and N-methy l pel leti er ine were conside red to ar i se by condensation 

of a lys ine derivative, 5-aminopentan a l or its cyc l i zed deriva1·ive , 

1A -piperidcine , with the B-keto acids benzoyl acetic ac id or aceto acet i c 

acid, der ived from phenyl a l anine and acetate , r espect i ve ly. The 

exper i menta l r es u l ts are in comp lete agreement vlith these expectations . 

14
Thus, when 2,3- c -pheny l alanine , of known i sotop ic distribution, was 

2

admini stered to Sedur~~~-' the r ad ioactive sedamine i so l ated showe d an 

isotop ic distribution ident i ca l wi th that of the doub ly labe l l ed precursor 

14
(14). Likev1ise , 1- c-acetate was incor porated almost exc lus ive ly at 

the carbonyl carbon of the N-rnethylpe l l et i erinc side chain , as expect ed 

for- incor-poration v ia acetoacot ic acid (15). The N-methyl group present 

14
in these two alka loids \'tas shO\m to be derived from (methyl- c>-methionine 

(14,15). 
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It should be stressed that the exact nature and the steps by 

which these fragmGnts are forme d and combined is not yet known. \·~hat 

is known \vi th certainty from the r esu I ts of these expe riments is that 

the c N nucl eus is derived from lysine and that the side-cha in is5

derived, in one case, from a c6-c res idue afforded by phenylalanine
2 

and, in the othe r, from acetate units . The pyridine ring present in 

anabasine is derived from nicotinic acid ( 18). 

Lysine has also been shown to be the precursor of anothe r quite 

diHe r ent grnup of alka loids , the lup in alka loids . The accum!J fated 

evidence indicates th at lys ine enters the skel eton of the lup in alka loids 

by way of a symmetrica l inter med i ate . Thi s is in sharp contras t with 

the mode of inco rpor ation of lysine di sc ussed above . Figu re 4 shows 

14 14
the incorporation of 2- c-lysine and of l,5- c-cadaverine into seve r a l 

quinoli z i d ine al ka loids . App rox i ma t e ly one qua rte r of the tota l 

specific act ivity of lup inine (~) (1 9 ) and one sixth of th at of sp arte ine 

C_G_) (20), lupanine <Jl_) (21), hydroxy l upanine (14)( 2 1) and matrine (1 5 )(22) 

v1as found to be at the starred carbon atoms . These result s a r e inte r·pret ed 

as shovm in the same fi gure. Aga in, v:e must observe that the ma nne r in 

v1hich the lys ine res idues are modifi ed and comb ined is not knovm in 

detai I. Some interconverslon s between these bases have also been studi ed. 

Thus, activity from radioactive lupinine ente r s sparte ine in Lupinus 

luteus, but th is conver s ion is not reversible (23) . The same irreversibi I ity 

has been shown in the seri es sparte ine-+ lupanlne+13--hydroxy-- lupanine (23). 

The observed Incor poration of lys ine and ca dave r· inc~ Into these 

alka loids points to a symmetr ica l inte r me di at e in t he ir· biosynthesis. 
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Cadaverine itse lf, or its der ivati ves , 5-am in op~ntana f or 61-pipe ride ine 

(]_) are rega rded as t he norrna I precursors of these bases. Res u Its of 

exper i me nts with doubly labe l led precursors v1e re compat ibl e with the 

intermed i acy of cadave rine in the pathway (20). Other positive eviden ce 

in this respect is the fact that di am ine ox i dase activity, capable of 

convert ing cadave rine to 5-am inopentana l, has been demonstrated in a 

preparat ion from lupin seed li ngs (24 ). Desp ite these findings, the 

rol e of cadave rine in alka loid biosynthes i s is, in genera l, uncertain. 

Thu s , decarboxylation of lys i ne has not yet bee n demonstrated nor has 

cadaver i ne been found in pl ants. Al though di am ine ox i dase activity has 

been shown in a number of pl ants it has not bee n de t ect ed in several 

others <Nicotiana and Datura spec ies , among othe r s ) (25). The strongest 

argument against pa rticipat ion of cadaver i ne (and of putresc i ne as 

\·1e fl) comes from incorpora'f'ion studies. Since these di arnines are 

s ymmetr ica l, th e ir incorporation in to, say , anabas ine (or ni cot i ne ) 

wou ld rnquire equa l in corporat ion of both nltrngen atoms into the 

products. But it has been shown that the 2-amino nitrogen of lys ine or 

ornithine i s lost In both cases , whe reas the G (or 5)-am i no group i s 

retained. It ·fo I I 01·1s that a syrnmetr i ca I mo I ecu I e cannot be a norrna I 

interme di ate in the pathway from I ys i ne (o r· om ithine ) to these a I ka Io ids . 

Cadaver ine and putresc lne are , neverthe less , incorporate d i nto an abas ine 

and ni cotine , respect i ve ly (i n f act , they are incorporated much more 

effici e ntly than the parent aminoac ids themse lves ). These facts have 

been interprnted in a number of 1~ays but the most li ke ly exp lanai"ion of 

t hese contradictory results li es in the recogn iti on of t he ope r ation 

t hat alternat ive or pa ra I le l routes to a given product are ava i I ab le 
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and in the inab ili t y of t he tr-ace r method to di st i ngu ish true f rom 

fo re i gn prec ursors and norma I f rom abe rrant met abo li c pathl'tays . The 

hi story of the biosynthes i s of n icot i ne is h i gh ly instrud ive in th i s 

resped (26 , 27 ). 

,· Acetate ~-J~!~__pr~_c_~sor _of fatty ac i ds and stero i~ 

In recogn it ion of the key ro le p laye d by acet i c ac i d in pr imary 

and seconda ry met abo li sm and because of i ts re levance to the biogene s i s 

and bi osynthes is of t he Lycopod i um a lka lo i ds , a br ief survey of i t s 

genera l meta bo l ism and i nco r po rati on i nto nat ur a l product s is inc l uded 

here . 

Acety l-Coenzyme A ar i ses ma i nly by cat abo l i sm of suga rs , with 

py ruvic ac id as an i nte rmed iat e (28) . Othe r routes leading to acety l­

CoA a re the ox i dat i ve deg radat ion of fatty ac ids and the cata bo l i sm of 

seve ra l am ino ac i ds . Th e formation of acet ate by deg rada tion of lys ine 

was ment ione d ea r li e r . On t he ot her hand , acety l- CoA i s t he start i ng 

po in t and the bu i I d ing un it of two important pr imary mc t abo l i t es , the 

fatty ac i ds and the ste ro i ds . Var iations in the path wa y lead i ng to 

t hese fund amenta I substances g i ve r i se to nume rou s seconda ry rne t abo li t es , 

e. g., t he po lyket i des , p lant te r penes and , a lso a lkalo ids . 

The un branched hydroca rbon cha in of the fatty aci ds i s bui It 

up in a seq ue nce of t\·10- ca rbon un i ts of acet ic ac i d j oine d head-to--ta i I ( 29 ) . 

In t h i s sequence , acet ic ac i d is act i vate d by con ve r s ion fi rst ly to a th io l 

este r by attachment to t he su l fydry l group of Coenzyroo A and second ly , 

by carboxy lat ion to ma lony l- CciA . Equat ions 1 and 2 represent t hese 

processes. Ma lony l-CoA i s the cha in exte nd i ng agent. It i s not on ly 
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mo re reactive than acetyl-CoA but the accompanyi ng decarboxylat ion 

CEq.3) drives the reaction in the forward sense. Th is fact is important 

since the di rect se lf-condensati on of acetyl-CoA to yi e ld acetoacet y l-CoA 

is thermodynamically unfavourable. 

Mg++ CoASH, ATP 
1. CCoASH =Coenzyme A 

CH2CO-SCoA 
IBiotin,++ COOHATP, Mg 

.. 
::>. CH3CO-SCoA + CHzCO- SCoA 

i 
COOH 

K = 2 x I0-2 
(29) i 

eq 

CH3CO CHzCO-SCoA + CoASH 

-5 (30)keq = 1.6 x 0 

The cha in extend ing process in fatty acid biosynthesis involves 

reducti ons of the 8-keto group s , dehyd rat ions and hyd rogenations.-:> ·~ t~ z' 

growing acid. The po lyketides or acetogeni ns ari se by a mvd ificu~ l o~ 

of t his pr imary metaboi ic pathway . Here the red uct ion s7eps a re mlssing 

or a re incomp lete , and a I inear po lyketo ac id is generated, which is 

·furl·her transformed by internal eye ! izati ons, aromatizationsg aiKy c.t ionsp 

etc . Such events rationali ze t he biosynthesis of a large n11m=>9r of 

a romatic and homocyclic compounds found In natu re in p lants and micro­

2. 

4. 



18 . 


organ i sms (3 1). Many tracer expe r i ments have bee n unde rtake n with 

acetate as precursor and t he resu lts provi de a so li d expe r imenta l bas i s 

fo r t hi s polyacetate theory. The expected a lt e rn at ion of act ivi ty 

from the rnethy I and ca rboxy I pas it ions of acetate i s a Imost a Iways 

observed (3 1b). 

Th e second gr-our of fun damenta I substances whi ch are de r i ved 

ent i re ly f rom acet at e are the st ero i ds ; the b iosynthes i s of t he p lant 

t erpenes i s i nt imate Iy re Iat ed to t h is me t abo Ii c pathway. He r·e , t he 

in t e rme di at e i s me va I on ic ac i d v1h i ch i s de r· i ve d .from acety 1-Cof\ and 

acetoacety l-CoA. Subsequent t rans format ions of me va lonic ac i d y ie ld 

i sopente nyl py rophosp hat e , the true biol og ica ! un i t invo lved i n the 

bi os ynthesi s of thi s group of s ub s t ances (3 1). 

CH COOH2-- I - ........ .._.,,. 

CH -C·-CH CO-SCoA CH -C-CH - CH OH
3 2 3 I 2 2I 

OH OH 

meva lon ic ac i d 

These t wo met abo li c path wa ys , the po lyke t i de and the meva lonic 

routes, are the biochem i ca l bas i s of the emp i r ica l ru les known as the 

"po lya cet at e ru le" and t he 11 i sop re ne ru le" v1hich are so use f u l in 

s tructura l stud ies of natura l products . 

The hem lock pl ant Con i um macu latum conta i ns a group of 

pi pe r i d ine a l ka loids, e.g . con ii ne (~) , y-con ice ine CJ_§_), conhydr ine C..!2.l, 

etc. It has bee n cone Ius i ve Iy shown that the carbon cha in of these 

al ka lo i ds is de r ive d by l inea r comb i nat ion of acetate un i t s , i n the 
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manner shown in Figure 5 <32). Unambiguous degradations showed that 

l- c-acetate was incorporated into coniine without randomization. 

Each of the starred carbon atoms in coniine carried approximate ly one 

quarter of the act iv ity in the Intact alkaloid. The other carbons 

were essent ially unlabelled. Incorporation of ac~tate into lysine and 

then into con iine is ruled out by the label I ing pattern obtained. The 

rol e of y-coniceine as the immediate precursor of the other a lkaloids 

l n Con i um macu I atum has been shown by tracer work and by Incorporation 

studies with carbon dioxide- 14 (33,34). The exact nature of the 

nitrogen source and the stage at wh!ch it Is lntroduc~ Into the 

products remains to be e I uc i dated. 

The biosynthesis of carpa ine skeleton (~) in Ca rica papay· was 

investigated by feeding acetate g I ys i ne and meva Ionate. In ag reeme.1t 

with Leete's proposal for the polyketide origin of coniine 1 the 

exp"' r i menTs showed acetate io be by far the be.; t I ncorpor-uted of .;, -.. _, 

three precu·rsors (35). 

Other examples of acetate as a s peci·fic precwrsor o·f foe 

pi peri dine ring in n i trogenous compounds are found in a number o·f 

s·i·eroldal and ·r.10nosesqui- and diterpene 3'.Ka oids. Sk·;rran--r lne t~~-1 

from Skyt anthus acutus anu .r:lCtinl ii:.a <:9) fnri ,"'1::i'i. d"" p~t~·~:-r----- ---- -------w~ 

are examples of such compouilds. The u!timat e precursor o·r ·rhtiir cc.r')OT: 

s. e I e-ron is acetate which, as expected, has been f ouii 1 1-o o.;;: i ncorpo ·~a1ad 

by way of mevalonic acid (36,37). 

http:reeme.1t
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3. Biogenesls of the Lycopodi um a lkaloids 

The Lycopodium a lkaloids are a unique group of nitrogenous 

substances elaborat ed by the c lub-mosses of the Lycopodiaceae tami ly. 

Since 1957 when the structu re of annotinlne (21) was first elucidated 

by Wiesner and co-workers (38), the number of alkal oids isolated and 

characterized has increased great ly and new structu ral types are stj II 

being discovered (39) . Lycopodine C22) is the most commonly found of 

these bases and the majority of the Lycopodium alkaloids possess its 

carbon skeleton. Other structural types are exemplified by annot inine C2!) 

iyconnotine (23 ), annotine (24), lycodine (25), serrattnine C26)»- - -· ­
lucidu l ine (27),cernuine C28)and alopecurine (29) <R =CO c H >.

6 5

The pol yketide hypothesis 

Shortl y after the struc 1ure of annoi"'ini n became know11, 

Conroy ~roposed a biogenetic sc11eme to acco int foi the origin of tne 

alkal oids C40). He postulated t hat they aros by the conde.1sati on ,-:.1· ! • •~ 

unbranched eight -carbon chains, whi ch were i n turn 1 der ived fr0m ac3i·cd·a 

According to this hypothesis, the biog~ne_, ls of lyc0podlne proceedr 

by the sequence s.hown be Iow CScheme i ). Even ·;·hough ~-he order of ·:ne 

steps is arbii"rary 11 each one !s plausib l e i n terms o f t h.e 11ech ~:-!~ .1•.s 

of known reacti ons. ihus; the r ing j unctions are formed by a 

condensati on between an activated methylene group ( aceta~e r.~thyl i 3r. 

a carbonyl carbon atom (acetate carboxyl) in the mc.11riv l ot an a ldo 1 

condensation. A Mannich type reaction between ·he carbonyl ca rb~n C~l 3, 

the methy I ene group C-·4 and ammonia wouId Iec:d ~-o the I nterrned l .Ji"c 32 , 

\vhich upon lactam formai'lon with i"he free carbcxyl group gives foe 
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immediate precursor 33 of t he lycopod i ne -type a lka lo ids . The numbe r in g 

system wh ich i s in genera l use for the Lycopod ium a lka loi ds was or i g i na lly 

propose d by Wiesner on t he ,bas is of t h i s polyacetate hy pothes i s (41 ). 

The same hypothet i c a I in termediate 32 ca~ se1-ve as t he 

proge ni tor· of the di n itrngenous a l ka lo i ds exemp li f ied by lycod ine (25 ). 

In se rt ion of a second ni t rogen at C-5 , fol lov1e d by app ropr i ate lactam 

closure leads to the i mme di ate precursqr 34. Conroy ' s scheme prov i des 

fo r t he f ormat ion of annot inine by ox i dat ion of the methy l carbon atom 

C-8, to the leve l of carboxy l. The cyc lobutan e ri ng v1ou ld the n be 

formed by an a l t e rn at i ve a Ido li zat ion betwee n C-1 5 and C- 1 ~ , t o g ive 

t he i ntermedi at e 36 . Mann ich condensati on and lact am i zat ion (as in 3 1 

+ 33 ) then res u lt s in the annot ini ne r ing syst em. Wies ne r s uggeste d as 

an a lt e rn at i ve that annoi"in ine mi ght be de r i ve d from a n a lka lo i d wi th the 

lycopod i ne ske leton by c leavage of the C-8- C--15 bond, fo l lowed by 

recyc l i zati on of C- 15 a t C- 12 (4 1) . Thi s suggest ion imp l ie s t hat 

lycopod i ne might be t he centra l i nte rme diate in t he biosynthes i s . This 

vi m·1 i s supporte d by the fact tha t lyconnot ine (23 ) and ann ot ine C24 ), 

wh ich a m fo und i n~· annot inum t ogethe r· 1·1ith annot i ni ne , cou ld a lso be 

forme d i n the s ame way, whe reas t he i r formation by d i rect condensat ion 

of t wo po lyacety l cha ins i s not feasibl e . 

Conroy ' s hypothes i s was proposed at a t ime when the st ru cture 

of on ly a few Lycopod i um a l ka lo i ds was known. New structura l t ypes 

wh ich we i-e di scove red cou ld a lso be accommodat ed by the hypothes i s . 

Converse ly, biogenet i c cons i de rat ion s ba sed on the po lyacetate s cheme 

pl ayed an important role in structura l stud ies , notab ly in the 
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elucidat ion of the structures of cernuine and lycocernuine, lycodinc, 

serrafinine, fawcettidina and fawcettimine and, recently, lucidul ine . 

The usef ulness of the hypothesis as a tool in structural studies led 

to its general acceptance. Aye r and co-workers, for exurnp le , arr-ived 

at the correct structure of cern uine on the basis of biogenetic 

considerat ions, backe d by degradations experiments (42). The pyridine 

derivative I!_ was isolated from a dehydrngenat ion of cernuine 11ith 

palladium-c harcoa l . If the C-methyl group of the pyridine nucl e us 

re presents the C-methyl of cernuine , and if this, in turn, corresponde d 

to the t erm inal methyl group of one of the hypothetica l ei ght ,·ca r-bon 

cha in s of Conroy's hypothes i s , then a plaus ibl e biogene tic scheme for 

ce rnuin c would be as shown in Figure 7 (42 ). 

Asi mil ar and equa lly fruitful comb inat ion of ch em ica l expe ri ments 

and biogenetic reasoning led to the ass ign ment of structure 27 to 

lu c iduline , a nove l type of alkaloid i so lat ed from~_. ~~i..~L~_!_~~- (43). 

Sel en iu m de hydrogenation of luc iduline gave 2,6--dimethylnap htha lene (~ 8 ) 

in good yield. This deg radation product accounted for twelve of the 

thirtee n carbon atoms of the intact alka loid; th is findin g suggest e d 

that luciduline might contain the carbon framework 39, which was readily 

accounted for in te rrns of the scheme shown in Figure 8 ( 43) . 

The new structura l tJpe represented by the se rratinine ring 

system has al so been accommodated by the polyacetate scheme . lnubush i 

et al (44) suggeste d th at serratinine (26 ) might be fo rmed by a 

rearran gement of an intermed iate viith the lycopod ine skeleton such as 

lycodoline (40 ). The presence of lycodoline in L. ser r atum and the 
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natura l occurrence of t he hypot het ical intermed iates postu lated for such 

a rea rran gement (f a1·1cet-t-imine , ~and fa wcett idine 42 ) (45 ), lend strong 

support to the proposed biogenetic scheme (Fi gure 9). 

Exper imental ev idence in support of Conroy's hypothes is was 

sought by Leete and Loude n (46 ). Activity from l-14c-acetate was 

· incorporated in to an not in i ne in .':._. ann_?.t i num. Distribution of activity 

in the acet ic acid i so lated by Kuhn-Roth ox idat ion of annotinine was 

not compat ibl e with the Conroy scheme. 

Pe I~t i_~_r in~~ypoth_~_i2 

A nevi hypothes i s concerning the bi ogenes is of these a I ka Io i ds 

was put forward at a ti me when no exper iment a l data had yet been 

advanced in connect ion with this probl em (47). 

According to this hypothes i s the c N seri es of Lycopod i um
16 2 

alkaloids , e . g., lycod ine , v1ou ld ar i se by condensation of tv10 pe l letier ine 

units. Th e nove lty of this proposa l res i ded in the biogenetic derivat ion 

of the c N ring system of lycopod ine and t he lycopodine-type a l ka loids
16

by re a rrangement of an intermediate 1,fith a c N carbc:n ske le·ron . Thus , 
16 2 

it was postulated that the biogenetic origi~ of lycopod ine took place 

by C···N cl eavage of an c in termed iate , e.g., 43, (Figure 10) fol lowed 1 d~2 
by loss of nitrogen and rccyc l izat ion. Thi s hypothes i s re lates the 

Lycopodium alkaloids biogenetical ly to t he di me ric Lobe l ia alkaloids, 

e.g, lobina l ine (~), 1·1hose derivation from phenacylpipe ridine , the 

pheny l analog of pel le-1- ier ine has been shO\m in _Lob_e~ cc:ird_i_~~ (48 ). 

Pel let ier ine has been re por·fod to occur in Sedum acre (49 ), in 

Punica ~ra~~tum (49 ) and in ~~ha__nia ~omnife1-a (50 ), but has not been 
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ob se rved in any of the Lycopodium spec i es exam ined so far. Although, 

as noted before, it is des irab le to demonstrate the occuffence of eve ry 

postulated intermed i ate of a biosynthetic sequence in the system under 

study; failure to find evidence of the prnsence of such intermed i ates 

may be due to a rapid turnover of these metabolic entities and/or· their 

trnnsforma tion to apporent ly unrelated products. An analogous case of 

an alkaloid which occurs in one plant species and serves as t he 

precursor of a more complex alkaloid in another plc.mt species in which 

its presence has not been demonstrated, . is that of hygri ne, found in 
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Nicandra physaloldes, which serves as the precursor of hyoscyamine in 

Datura stramonium C51). Hygrine has not yet been detected in Datura 

species {52>. 

The pel letierine hypothes is rationalizes equally wel I the 

biogenesis of other Lycopod ium alka loids. Thus, the origin of annotininep 

serratinine and, notably cernuine and lucidul ine , can be easily 

accommodated by this biogenet ic scheme. In fact, considering the 

Lycopodium a ikaloids of known structure, the polyketide hypothes is and 

the psi letieri ne hypothes i s cannot be distingui shed on the bas is of 

structu re alone •. Application of the tracer method, as we shal I present ly 

sho111p differentiates beh~een these alternatives. 

Other biogenetic hypotheses 

Some other hypothetical precursors have been postulated in 

connection with the biogenesis of the Lycopodium alkal oids C41 ,53L Of 

these we sha I I on I y rr.ent ion ·he s uggestion made by Wi esrit=:r that : ·;~; i f•f. 

might be involved in the bioge..etic route since lycopod ine conta ins t:-:0 

iupinine skeleton 4;·>~ whose der i vation fro:n 1y5ine has already 

bsen d 1 scussed ( ct. p. 

It was the objective of this work to study the bi osyrrthes is (y; 

the Lycopodium alkaloids and In pa rti cu la rp to test the valldity of the 

two major bl ogenet i c hypoi·heses. 



I I. BIOSYNTHESIS OF LYCOPODINE 

Clearly, the study of the biosynthesis of the Lycopodium alkaloids 

in general and of lycopodine in particular, required as an initi al stage, 

a study of the incorporation of acetate and lysine into the alkaloids. 

14Incorporation of c-labe l led acetate and determination of t he labe l I ing 

pattern in the resulting alkaloid was crucial in orde r to diffe rent iate 

between the polyket ide and the pal leti er inc hypothes is. 

According to the polyketide hypothes is, acetic acid, obtained 

by Kuhn-Roth degrada t ion of lycopodine, represent ing C-15, 16 of the 

alkaloid, should carry 1/8 (1 2.5% > of the activity present in lycopod i ne, 

14 14regard less of whether 1- C-acotate of 2- C-acetate had been utilized 

as precursors. 

l - 14 c-acetate 

0 
--·CHCOH

3 2
-.'() 

Relative Specific Re Iat i ve specific 
Activity = JOO Activity = 12.5% 

On the other· hand, the pe l let ierino hypothes is pred icts an 

enti re ly different labe lling pattern . If incorporation of acetate into 

the side-chain of pel leti e r· ine had taken place according to c! ass ica! 

bioge net ic postulates (v1hich were proven to be correct, as discussed 

-32­
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e a rli e r (page 10 ), and then in t o lycopodine by conde nsat ion of two such 

pe ll eti e ri ne uni ts , t h i s wou ld rnsul t in act ivi t y from 1- 14c ..:.acet at e 

14 eq ua lly di str ib ut e d betvmen C- 15 and C- 7 of lycopod ine , whe reas 2- C­

acetat e wou ld s ha re its labe l between C-6 , 8,1 4 and 16 . 

·-­
N 

H 


l co ,,,-... 2 
Re lat i ve spec ifi c Re lat ive spec i f ic 
Act iv it y == 100 Ad i vi ty = 50 ;~ 

A set of additiona l exper iments with acetoacet i c ac id de r ivat i ves 

wou ld comp leme nt the resu lt s obta i ned with aceti c ac id. The pe l let ie r ine 

hypothes i s demands the in t act in corporation of t wo c3- units de r i ved by 

decarboxy lat ion of acetoace·tate i nto lycopodine in such a manne r t hat t he 

labe l from 4- 14c-acetoacet ate wou ld be equa ll y d istr i bute d between C- 16 

14 and C-8 whe reas , 3- c-acetoacetate wou ld be expecte d to share it s labe l 

between C- 15 and C-7 of the a lka lo i d. 
0 

0 

N 0 
H 

I co 
~2 Re lat ive Spec i f i c 

Acti v ity = 50% 
Re lat ive Spec i f i c 


Act i vi t y = · I00 
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Specif ic incorporat ion of lysine, on the other hand, was 

demanded only by the pel letierine hypothesis. Non incorporation of this 

precursor , howeve r, would not nec~ssari ly mean that the polyketide 

Instead of the pel letier ine hypothesis was valid. No definite concl usions 

can be drawn from such negative results since failure to incorporate 

radioactivity i nto a product might be due to penneabi !tty factors, 

breakdown of the administered precursor before reaching the site of 

synthesis or lack of biosynthests of the alkaloid in the p lant at the 

time chosen for the experiment. The expected distribution of activity 

in lycopodine, after administration of radioact ive lysine, would depend 

en the mode of incorporation of this precursor into peiletierine Cvi de 

infra). Nevertheless, it was anticipated that the carbon atoms, C-5 

and C-9 of !ycopodine would harbour at least a fraction of the act ivi ty , 

., f 2 14c I . 6 I 4c I . . . I t b . t d- - ys1ne and - - ys1ne, respecT1ve y, were o e 1ncorpora e • 

Lycopodium tristachyum was chosen for the biosynthetic 

experiments carried out in the presenJr work. This species, fou nd in 

Ontario, contains lycopodine as the major alkalo id, which can be 

eas i ly separated from other minor bases. The other a lkalo i ds present 

i n L. tristachyum are lycod ine, anhydrod ihyd:-o !ycopod ine , L 15 cc2nH-; 1i\0). 

L 13 cc 16H25NO) and nicotine (54) . 

Incorporation of a number of label led precursors in t o lycopodine 

was tested. The feeding experiments were carried OiJt by l·he wick-method 

and also with fresh cuttings. Eleven feeding experiments were oe rformed 

and radioactive lycopodine was isolated in each case. Table l summarizes 

all the pertinent information. Radiochemical yields, as percent of 
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tota I activity recovered in I ycopod i ne, are Ii sted in Tab I e la. The 

resu lts obtained showed that of al I compounds tested, pel let ie rine was 

by far the most efficient precursor of lycopodine. Thus, from 

Experiment II, approximately 0.25% of the total radioactivity fed to 

.!:_. tristachyum was recovered in the isolated lycopodine , whereas this 

14 recovery dropped to 0.03 and 0.00 3% when 6- c-- lysine and 1-14c-acei-ate 

(Experiments 5 and 1 respectively) v1e re tested as precursors. Acetate 

was incorporated with a lowe r efficiency than lysine. It should also 

be note d that better in corporat ion of radioactivity was obta ine d by 

using cuttin gs th an with wick feed in gs . 

The degradation s of the radioact ive samp les of lycopod ine 

which we re ca rri e d out in orde r to i so lat e in dividual carbon atoms or 

srna l le r fr agme nts of the a lka loids ar-e out! ined be lo1L A deta il ed 

discuss ion of the chemistry of the se deg radat ive react ion s is presen t ed 

in Ch apte r I I I. 

10 

9 

II 7 

B 

9 ::....,.. 113 15 

-----> 

N 16 

2 



T/\BLE 

Nom ina l 

Expt. No. Compound Administered Specif ic 
Acti v ity 

mode of 
Admi n I strati on Date Weight of 

Dry Plant Yield 

nCi/mmo le Cg) 

Sodi um l- 14 c-Acetatea 2.0 \<Ji ck July 1966 160 8 19 

2 • 14 a
Sodium 2­ C-Acetate 2.0 wick July 1966 450 3509 

9 • 14 adSodium 3­ C-Acetoacetate 4.2 wick June 1968 35 95 

10 Sod ium 4- 14c-o L-B-Hydroxy­
'Butyrate b 8 . 6 wick August 1968 95 205 

3 2- 14c-DL-Lysinea 3.3 wick Sept . 1967 300 5409 

7 2~ 14c-~~-Lys i nea 3.3 cut't l t'gs Sept. 1967 70 230 

4 6- 14 c - DL-Lysinec 9.2 wlck Sept . 1967 :no 380 

5. 14 c
6~ C~DL-lys I ne 9.2 cuttings Sept. 1967 430 350 

3 a4p5­ H2-~~-Lys ine 2 .9 x 103 Cf resh wt> 

8 2- 14C-Pf.l lotierined 1.0 wick June 1968 55 180 

4, 5-3H
2

-Pe I i e-r l eri neu 10 wick 

I I 2,3•­ 14c
2

-Pel !ct ierined 0 . 65 wick August 1968 55 !65 

-·---·--­4--·-----­
a. M8w England MuclC.'H Co:--poration d. See Experimental 

Lycop'-·d i r:0 
Specif k: 
Activ ity f 

6.12+0 .ll 

I .84 + 0 .07 

16.9 + 0.65 

8.61 + 0 .22 

2.88 + 0.05 

13·.0 + 0.29 

0 . 91 + 0. 03 

12 .2 + 0.29 

41 .4 + o. 75 

180 + 2 .5-

c14c 

c14c 

b .- ;~adiochemica I Ccni re G. isolated by column chromatography {see expe rimental) ~ 

-I -I ·-3 
c. C.•)rtt're Fn Jrg i G f'ltont·~: '<:, ~: ''"dl1C8 .( counts min. mmole ) x 10I" 



Expt . No. Compoun d Admi niste red 

Sodium l­14 c- Acetate 

2 Sodium 2- 14 c -Acetate 

9 Sodium 3­14 c-Aceto-
Acetate 

10 Sodium 4- 14 c- OL- B-_ , 
Hyd roxybutyrateb 

3 2- 14 c - DL- Lys ine 

7 2- 14 c- DL- Lysine 

4 6­14 c- DL- Lysine 

5 6- 14 c- DL- Lys i ne 

8 2- 14 c- Pe! !etler ine 

Ii 2, 3'­14c2 - Pel letierine 

* See Appendix A 

Nomi na I 
Totai 
Acti v ity 

mCi 

0 . I 

0 . 1 

0 . 1 

0 . I 

0 . I 

0 . l 

0 . 1 

0 . l 

0 . 065 

0.072 

TABLE la 

Lycopodlne 
Specific Acti vity 
(counts/min/mmo le ) 

x 10- 3 

6 . 12 

! .84 

i6 . 9 

8 . 61 

2 . 88 

13 . 0 

0 . 91 

i2 . 2 

41 . 4 

180 

Lycopodi ne 
Total Activity* 

,.., . I 06 
m01 x 

3 . 0 

4 .0 

10 

12 .5 

9 . 4 

I • 8 

2. 0 


26 


45 


200 

Recove ry* 

<%) 

0 . 003 

0.004 

0 . 01 

0. 01 

0.0 1 

0. 002 

0 . 002 

0 . 03 

0. 08 

0. 25 

~..i- •• 

..Ji:::. 

-...J 
VI 
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Table 2 shows the rcsu Its obtained in the degradation of r ad i o­

active lycopodine isol ate d afi·cr administration of acetate and acetato­

re Iated p r ecu r so r·s . The recovery of 4 7% of tho activity of I ycopod i ne 

14 14
de rive d from 1- c acetate, and 21% of that derived from 2- c-acetate 

(expe rimen ts 1 and 2 re spective l y) , in the fragment C-15, 16 , \'/ere in 

complete disa greernent vJith the va lues predicted by the polyketido 

hypothes is; the exper i mental va lues not only differed fr'orn th e expected 

f i ~J Lffes but they di f fenC:) d from each oth er. Those r esu 11 s demonstrated 

that the po lyketide hypothes i s i s not val id . Acetic acid is in deed a 

spec ific pr-oc ui- sor of l ycopocline, but it i ~, not incorpora t ed by \'1ay of 

tv10 t eiTaacoty l cha in s , as p i-ed i ct od by Conroy ' s hypothes i s. 

The l abe l I ing pattern obiained i n these exper· i mc)nts i s consistent 

l'lith the' pel l ei i o r- in c hypothes i~.• Acco r·d in g to its pred i ctions , C·- 1'.i 

should car-ry 50% of tho ac tivity present in lycopod ine after administrat i on 

14
of l- c-a cetato , and C- I G should carry 25% of the activ ity i n th e alkaloid 

14
i solaied from the 2- c--acota·h;, exper i rnent. 

The rnsu Its obta ined fr·orn the experirnents l'lith acetoacet ic acid 

dc:r· i vativcs ci r c a l so shO\'m in Tab l e 2. It can be seen that l abe l frorn 

14
3- c-acetoacetate was incor-porated as oxpeded ( 50j; in acetic ac id) but 

no def initive conclusions r egn rding the intact incorporat i on of ucoto­

acetate can be dral'ln from thi s experiment sin ce this labe l I in g potforn 

4
cannot be di st i ngu i shed from that of 1.-1 c-acetafo. On th e other· hand , 

14
the r esu l ts shown tor incorporation of 4- c- B-hydroxybuty ra te i ndicate 

thai· th e c -unit i s not incorporated intact but by \'lay of discrete
3



TABLE 2 


PHEQJRSOR: 

EXPT. No. 

PF~ODUCT : 

Lycopodine 

Acetic acid 
(as a- naphthyl 

amt d6 
CC- 15 , 16) 

PF:EO I CTED RS,~b 
o f -A-ce1-lc-Ac i d. 
on the basis of: 

Pol yk£ti de 
hypothes is 

F>c:: I I ei" i e r- i ne 
hypothes is 

INCORPORATION OF POLYKETIDE PRECURSORS ·-·-----­ INTO LYCOPODINE 

14I - C-Acetate 2- 14c-Acetate 143­ C-Aceto"" 4- 14c-B-Hydroxy­
Acetate butyrate 

2 9 
10 

SAa RSAb SA RSA SA RSA SA RSA 

6. 12+0. I! 100t2 1.84+0.07 100+4 c8 . 89+0.34 100+4 8 .61+0 . 22 100+3 

2.89+0 . 10 47+2 G.39+0 ,02 21+1 4.56+0. I 4 5 I+3 I • 75+0. 06 20+1 

Int act i ncorpora·r i 0~1 
of c un it 

('1 5poclfic activity 

12,5 12.5 

50 25 

50 50 

_, 
' "" l.:: ··- 1} 10-?' (u ·,.~1 i·s min ' m.. ,,,,~ x 

... r\\,!ative spo~:idc aci \·-:·i·y:pnn:;~ni (lvc0podine :::: 100} .. \0. 
c 0'··; a I n~C: L>·: f"8C !' ·.1 ~-. ;-d ' i 1 1~: a ~r1b~luru <'r 66 mg lycopod!r.o, specific activity ( 16.89 + 0.65) x i 'J.; 

C')~Jn i:;, rr:h··I rr.-mole·-1, and 50 mg c;.;,nier lycopodtnB 

3 

VI 
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acetate units. CA feeding experiment with 4- 14c-acetoacetate itselr 

failed to yield radioactive lycopodine.) The breakdown of acetoacetate p 

when administered to plants, yielding two eqt,iivalents of acetic acid 

correspondingly label led, might be due to blcloglcai degradation of th·s 

mei·abo ! i te before reach l ng -&-he site of synthes 1s of tne a! ka Io i c. T'ic. 

existence of a rapid equ i I i bri um between acetoacety 1-CoA and acety I ~of!.., 

ln favour of acetyl-CoA, was mentioned before (page 17 ). Si mi !ai~ resu· .-~ 

have been reported elsewhere (!5), 

c1s·1·ributi on of label in lycopodine octaJ_nsd frcrn lysine 

The radioactive samplss of tycoi)odl~e. .:.:Jtc:ined frorn Ex~e r}mcnt3 

3, 4~ 5, and 7 (see Tab le 3) were degraded Dy the series of rea..::TL:ms 

described earlier. 

C-5 and C-9 were l so Iated 1nd: vi dua I ! y. it was found tha~· 

each of these carbon atoms carried one quarter (25%) of the act:\' lt'f 

1

;:,1esent l n foe intact cd i<a i old, rEigarc: Iess of whether 2- ' 
/ 

C>~ ~ y~:;; :1;.c, 

1 x;:>en?TBn · ..J1 ·, -d:.x;:ienmenis· 3 an d 1 ) or 6- i 4c·-.ys 1r.e• <E · t s 4 an d .::: ' hau,).:;(,;'.· 

tested as p,-ecursors. Such speci ·(; c i:'lcorpc.1-a·i·ro.1 of actlvity f:·o,-,­

If this assumption i s made, the remaining aci" ivi~·-1 \·1c.;;_.; ')::. 

expected to be distribt;ttld between C-1 and C-13, b1.d· i·,· .. .:;sc carbon c.:r,),~S 

tvere no·r isoiated individual !y. However, C-13 -roge-'rh8r witn C-9 :s 

cc,ni·ained ir. the fraction of the molecule represented by 7··m~7~;y l '5 



- - - - - - - -

T1\BLE 3 

I NCOR?ORA.T 1ON OF LYS 1 NE ! NTO l YCOPOD i NE 

I A
PRECURSOR 2- 'C-DL-Lys 1ne 6- 14c-o~-Lys i ne 

EXPT. No. 3 7 4 5 

---------------------------------------------------------------------------------------------------------------------· 

PRODUCT SAa RSAb SA RSf1 SA RSA SA RSA SA RSA 

Lycopodine 2.88+0.05 100+2 13.01+0.29 100+2 2.87+0.08c 100+3 0.91+0.03 100+3 12.20+0.29 100+2 

e.enzoic acid 0.69+0.02 24+! 3.34+0.07 26..l.l - - 3.08+0.09 25+1(C-5) - - - - ­
Form I c l \ci d 
(as a-naphthyl­ 0.63+0.02 22+1 0.23+0.0I 25+1 
arni d) (C-9) 

7-r~ethy Itetra­
hydroqu i no i ine 

I. 35+0. 08 47+3perchlorate 
(C-7 to 16) 

. ' . . . . ( . - l . - ! -3 a Spec1r1c ac11v 1ty counts min mmo;e ) x 10 

b Relative specific activity : percent C!ycopodine = 100) 

c Obtained by recrystal ! izlnq a mi xture of 56 rng !ycopod !ne, specific activity (13.0! + 0.29) x 103 
. ' 

• • - 1 I - 1 d . 9.... . I .•counTs min mmo e , an 1 / mg ca rr ier .ycopoa 1ne 

-"" 

http:0.23+0.0I
http:a-naphthyl�0.63+0.02
http:3.08+0.09
http:3.34+0.07
http:0.69+0.02
http:12.20+0.29
http:0.91+0.03
http:13.01+0.29
http:2.88+0.05
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14 
Exper i rneni· 3 (2- c- l ys i ne ) . Si nce the in dividua l i solat i on of C- 5 and 

C-9 showed that act i v i ty from l ys ine had entered l ycopod i ne in a non­

r andom manner- , and s i nce ha lf of t he activi t y in t h i s quino line der i vat i ve 

must be at C-9 , i t i s v ery li ke l y t hat t he othe r ha lf of i ts act ivi ty i s 

in deed l ocated at C-1 3 . 

Vi sua l i nspecti on of t he l ycopod ino ca r bon ske l eton , coup l ed 

with t he incorporat i on data obta i ned so f ar , r evea l s on ly one poss i b l e 

arr angement of t he two fivo--carbon --·cha i ns der i ved f r-om l ys i ne : one of 

t hese l ys i ne fragment s i s accoun t ed f or in t he carbon atoms C-9 , 10, I I, 12 

and 13, wh il e the other l ys i ne un i t i s present in t he cha i n f rom C- l 

through to C-5 . Si nce C-5 has beon shown i o carry 25% o f the tota l 

acti vity present i n l ycopod i no, it con tJe i nfer-red tha t C-1 i s tho most 

li ke l y site to conta i n t ho re ma i n i ng, unaccoun i ed act i v i ty. I f th i s 

ass i gnment i s correct , i t can bo conc l uded that each of th e carbon atoms 

C-5 , C-9, C- 13 and C-1 ca r-r- i cd one quader of t he t ota l act i v i ty in the 

14 14 
a l ka l o i d , de r i ve d fro:n 2 -- c- or fr-om 6- c-- l ysine . 

l nterpn~t a i· i or1 of the i nco r-po r·at i on data i n te r-m~~ o f tho pol l et i er i ne 
h ye_(~j-~~~~s i ~- - ----------- - - -· -------·- ------------ --------------------------------- -------­

Three genera l conc l us i ons can be drawn f rom t he l abe l I i ng 

pattern obtc:i i ned in these l ys i ne expe r· i ments : 

i) a syrnrnotr i ca l i ntermed i ate I i es i n t he pathv.iay o f incorro1-at i on 

o f l ys i ne i nto l ycopodine . 

i i) t wo un i ts de rived f rom l ys i ne a r e uti I ized in t he b i osynthesis 

o f l ycopodine. 

iii) t hese two l ys i ne fragments are i ncorporated wi t h equa l e f f i c i ency 

in to t he tl'IO scrnncnts o f the a I ka Io i d.-· 
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Those conclusions are clear ly der ivod from the labe l I in g pattern 

obtained , i.e., the recovery of one quarter of the total activity present 

In I ycopod i ne in each of the carbon atoms rnent i oned above . Incorporation 

of lysine by •;1ay of i'l non -syrnrnetr lca l intermediate vmuld have been 

pccornpan led by an entirely different l abe lling pattern. Activity from 

2~ 14C-lysine would have been confined to C-5 and C-13, whereas activity 

from 6--
14

c-lysine ~1ou Id have been distributed betv:een C-9 and C-1 only. 

Tlrus, incorpo r at ion of lys ine into lycopod ine proceeds by a 

pc1thvmy differ-ent f rorn tho one observed fo r rnost of th o pipe ridine 

plkaloids disc:us~~od in Chapter I, but is related, in thi s r-espect, to 

He piosyni"hesis or 'the l upin a lka l oids . lhis similarity is also obsE·r·ved 

In tho rnc:rn nor- in v1hich -J· lw~~e iwo lys lne-·dor· ivod Cr.N units arc j o ined 
;; 

to9ethor· to yi eld a c 10 1~ str-ucturci l unit, as found in lycorod ino and 

l l)p inine. 

f\s a I ready rnontl oncd, one of i he se I ys i ne uni ts makes u r the 

plper idi ne ring present In lycopodine Crin g A). The second lys ine-der ived 

fragment generates rin g C + C--5. These t\'10 segments combined constitu-te 

the above ment ioned c N structural unit, One half of the activity in
10

the intDct a lka loid was found to be equally distribut ed between C-5 

pnd C-9. Since the~;e carbon atoms must 01·igirrnte from separ·ate l ysinE.! ­

µnlis, thi s finding vtas an indicat ion tha·I Hese hto scgrn.::;nts ar-e 

Incorporated with oqual efficiency lnto ihe fin a l product . This equal 

label I ing of ihe tv10 "h a lves " of lycopod ino rnigh'I- be interpreted to 

indi cate that the "doubling si·ep" in the biosyn·rhetic sequence involves 

two Ident ica l lysine-dorlved metabolites. It wi 11 be shmm late r· that 
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such a conc lus ion might be wrong. 

The experimental results di sc ussed so far were ent irely con s i stent 

with the predictions advanced in the si mp le mode l of t he pel let ier ine 

hypothes is. This experimental evidence a l lows us to fi I I some of the 

gaps in the biosynthetic events and to propose a pl aus ibl e mecha nism 

for the met abo l le sequence. Thus, the self conde nsati on of pe l let ierine 

to yi e ld the c and c N series of Lycopodium alka lo i ds would prn9ee d 16N2 16

as shown in Scheme 2a and 2b. 

· The ev idence in support of the ori g in of pel tet ie rine (or ra ther 

bf N-methylpc l tetierine ), by way of condensation of a non-symmet rica l 

I ys i ne derivative and acetoacetate , has a I ready been di sc ussed . If 

pe l let ier i ne v1ere indeed a pr-ecur-sor of lycopod ine it cannot o r i g inate in 

the same manne r. A simple mod ifi cation of the route, i nterpos iti on of 

cadaver ine between lysine and A1-pipe ride ine (Scheme 2a ). in the ori gin 

of pel letier ine in Lycopod i um spec ies , wou ld reconc il e the observed 

resu lts with the pe t let ier ine hypothes is . Accor-ding ly, act ivity fro m 

14 14either 2- c-tysine or from 6- c-lysine would be expected to be equally 

distri buted between C-2 and C-6 of the heteto-rJng in pe l let ier ine , 

since cadave r- ine , derived by decarboxylation of lys ine , i s a symmetr ica l 

mo lecul e. Entry of labe l from radioactive acetate would be confined 

to the s ide-cha in of pe l let ierine , in the ma nner to be expected from 

the mechanism of the conde nsation of lysine and acetoacetate. 

These fin din gs pose the quest ion v1hy pet let ier i ne shou ld be 

produced in two different ways. A plausible reason for this dive rgency 

mi ght be found in t he different enzymic properties of the systems invo lved, 
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but this is, of course , tantamount to admitting that an answer to thi s 

question is beyond our present knowledge. 

Although the orde r of the steps in the combination of the two 

pel letier- ine units is unknmm, we prefer the formation of the c -c bond,
15 8 

as sho\'m in 46, as the initial condensation step. The next step is 

conside red to be preceded by suitable activation of the condens ing unii·, 

as shown in the tautomer ization between 44 and 45. Accordin g to this 

schemo, lycopod ine arises from an 	 intenned i ate vtith a ring systor:i as 

found in lycod ine (.iQ_), by hydrolytic cleavage of one of tho hetcro-- 1- in 9s , 

loss of cimmon i a and recycli zat ion 	to th e lycopod ine rin9 system. The 

poss ible~ derivi:ltion of anno"linino 	 (21) from lycopod ine has alrnc)dy been 

mont i one cl . 

The pattern of incorporat ion into lycopod ino of labe l from acetaie 

and from lys ine , demanded by the pcl l eticr ine hypothesis, i s as shmm in 

22. Thu~; , rncovery of appro>dinai"ely one ha lf ur1d one quadc1- of the 

activity 	of tho intaC-:- all\aloid in acet ic ac i d (C-l:j , 16) i s cons i sten i v:ith 

14 14
"!"he postu I ated incorporat ion of l -- c-- c1cchr10 and 2- c acetate rnspccl i V() I y, 

by way of the condensat ion of acetoacetate and a C".N unit derived from 
::.> 

lysine . The other- half of the ori9inal activity in lycopod ino from the 

14
l- c-acetate expe r· i meni i s exrected to be l ocated , accor·ding to thi s sch0rne , 

at C-7. Th e i so l at ion of thi s carbon atom , and "!"he ones expected t o carry 

the r est of the 0ct iv i ty in tho 2- 14c-·aceta h:~ exper i m::.n1t , v1as not attempted. 

One further piece of evidence consisford- v1i-J-h this scherne \'las 

provided by the observation that the incorporat ion of triti atcd lys ine 

(Expe1·iment 5) into lycopodine v1as accompanied by a l o-:;s of 21.5~ of 

14	 3 14
the tritium content relative to c. This lower ing of the H : c r at io 

can be rationalized, in t erms of the proposed r eaction sequence as fol lows : 
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3 14 H4,5- H2 , 6- C- l ysine 
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The proposed scheme predicts a minimal loss of 18.75% of the 

tritium present in the precursor. It also pr-edicts a maximal loss of 25~; 

if we assume that al I the tritium present at C-3 of pcl l et ierine is lost in 

the fast equi I ibriurn postu lated in the reaction sequence sho\'ln in Scheme 2a. 

Tho obsE:~rved val ue of 21.5'.6 <Tab le 5) is in agreement vlith these 

predictions. These expected values am approxirrete since we are assuming 

non -stcr-eospE:c if i c rernova I of hydrogen in the con den sat ion steps and the 

absence of i sotope effects. 

Severa l requi romcnts had to be rnet in order to fully suppor.. t this 

pe l lotier- inc hypothesis. Firstly, the scheme i s not v a l id if pel l ct i erino 

i s not spocif i cal ly in corporated . Furiher, two pol l et i erine-dorived units 

must be i ncorpora tod. A I so , tho hypotho~; is dorna n cl~; a common bi ogoncd l c 

pathl'tay for- both the c N and the c N series of Lycopodium a l ka loids .
16 2 16

!)e I l _e_J-_~_c_r_ i_rr_o__?_s__~--J?~~-c:..~L~_0_r___<_?_f__L_y_cop__o~~~!~~-

r~ad i oact i ve I ycopod i no of high Sf1E!C if i c acl iv i ty v1as ob-t-a i ned f mm 

two exper i ments (Experiments 8 and I I) with l abe l l ed pol let i er ine* . The 

radi oact ive lycopodlne obta ined from tho feeding exper i ment with 4,5-
3

H
2

, 

14
2- c-pel l eti;rine CExper i m3nt 8 ) was degraded to y ie ld bcnzoic acid 

r-epr-esenting the carbonyl carbon of _lycopod ine . Accordin g to the posiulated 

sc heme benzoic: acid shou ld can-y one ha lf of tho 
1
4c>adivlty in the intact 

al ka loid. In stead, only l~s of the original activity wus found at this 

14 
posit ion <Tab le 4). In tho same exper i ment , the \-1 : c ratio in lycopodine 

wa s found to be ident i ca l with the \1 : llfc ratio in the procLu-sor (sec 

Table 5). 

~- The synthesis o-f radioactive sa;np les of this precursor is described 

in the Exper-irnental Section (page 70). 
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14cThe preservat 10n · f the 
31-1 : ra t · 1n tt · exper1m· en· o· 10 · )IS t appears 

to indicate incorporation of one or two intact pet letierine units into 

lycopodine. The absence o f activity at C-5, however, was an indication 

that pel letierine was not i ncorporated into the half of the alkaloid 

containing this carbon atom. 

It remained to obtain conclus ive evidence for the incorporation 

of an intact pel letierine unit into the other half of the molecule. 

Evidence that labe l from pel letierine had indeed been 

incor·porated only into thot half of the alkaloid v1as obtained by degrnding 

the lycopod ine to 7-·met hy l -5,6,7,8--tetrahydrnquinoline (49) ., represent ing 

C-7 to C-· 16 of the intact alkaloid. It was found that this degrada tion 

product· car-riod all tho activity in the starting material <Table 4). 

Although these results indicat ed the incor·po r·at ion of only one polletierino 

unit into lycopod i ne , further proof of the intact incor·porat ion of the 

precursor· was required since l abe l from pe ll etie r· ino might have gone into 

lycopod ino indiro~tly. 

In order to clarify this point, pel l ei i er ine doubly l abe l l ed 

14
v1ith c <Table 4) 1t1as tested as precursor (Exper iment 11 ). Preservation 

of the i sotop ic dlsiTibution of this doubly l abe l l ed precursor in the 

product wou Id not on I y pr·ove the spec ifi c and intact i nco1·porat i on of a 

sin g l e pel l eticr inc un it into lycopod ine but it would a lso show, 

unambiguously, the position of this structural unit in the lycopod ino 

rin g system (cf. page GG ) . 

Accord in g l y, the radioactive a l ka loid from this feeding 

exrerirncnt v1as degraded to 7-·motliyl-5,6, 7, 8-tetrahydrnqu ino l ine and , 

in a separate degradation, to cicot i c cic ld. It was found that al I the 

McMASTER UN~VERSITY LIBRARY. 
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activity of lycopodino was retained in the quinoline derivative (C-7 to 

C-16). Acetic acid, representing C-15, 16 of lycopodine carried 18% 

of the ectivity present in the intact alkaloid (Ta b le 4). Since the 

distr-ibution of labe l in 2,31-
14c2--pcl leti e r· ine had been found to be as 

shown in Table 6 (e.g., 80% in C-2 of the hetero-ring and 18% in C'-3 of 

the side chain), those results showed conclusively the specific incorporai· ion 

of one intact pel let ierino unit in the manner sho1-m (Figur-e 12). 

-----~lll' 

0 

/ \ 
0 
CH Co H

3 2. 
'---..­

0 

I 8 °/o 

9 6°/o 
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PRECURSOR 

EXPT. No . 

TABLE 4 

INCORPORATION OF PELLETIERINE 

2- c-Pel letierine
14

8 

IN!O LYCOPODINE 

2,3'-''4c2-Pel letierine 

11 

PRODUCT 

Lycopodine 

Benzoi c acid 
(C-5) 

f\cet i c acid 
(as a-naphthyl 
amid (C-!5, 16) 

7-~-'iethy Itetra­
hydroqu i noi 1 ne 
Hydrochior!de 
(C-7 to 16) 

SA a 

41. 39+0. 75 

0.51+0.05 

RSAb 

100+2 

l+O. I 

S.A. 

6.32+0.!5c 

5.92+0.23 

RSA 

100+2 

94+4 

SA 

2s 9' .i..o a.-d-· :; . • .I 

4.74+0.06 

RSA 

100+2 

18+0.4 

SA 

7. ! 5+0. I Od 

6. 88+0. 19 

RSA 

100+1 

96+3 

a 

b 

c 

d 

. -! -I, _;: 
Specific acitivlty (counts min mmofe ; x I 0 _, 

Relative specific activity : percent ( lycopodine = 100) 

obtained by recrysta! lizing a mixture of 35 mg !ycopodlne, specific activity (41 .39+0.75) x 103 counts 

Min-I mmole- 1 , and !90 mg carrier !ycopodine 

obtained from the origlnai !ycopodine (specific activity (I .80 + 0.025) x 105 counts min-I mmole-I) of 

Experiment No . 10 by di !ution with carrler !ycopodine VI 
N 



Ti\BLE 5 

~ . 4 
_'._NCORP.Q_RATlON_2F _)H,; C-L£.i3~L__~ED PRECURSORS 

3H , I 4C RAT I 0 

EXPT. No. PRECURSOR !N PRECURSOR lN LYCOPODINE 

i:;_, 4,5-3H2,6- 14c-DL-Lysine !0.7 ~ 0.2 8.4 + O.t 

8 4,5-3H2,2- 14c-Pel letierine 9 .5 + O.t 9.6 + o. t 

IJ1 
VJ 



T,'\BLE 6 

I ' 

~CORP_0£0]"_10N 0£__?_,3'-''+c2 -PELLET!ERlNE INTO LYCOPOD!NE 

DISTRIBUTION OF LABEL IN 

3 1-
14c _pcL1 ET 1t="R •N· ~2 I 2 , L _ . - 1 I , I:. 	 LYCOPODINE 

SAa RSAb 	 SAa RSAb 

Pe I I et i er i ne 59.75+0.98c 100+2 	 Lyccoodine 25.95+0.47 100+2 

Acetic Acid Acetic acid 
(as a-naphthylamide) !0.88+0. !O 18+0 .3 .Cas a-naphthylamide) 4.74+0.06 18+0.4 

CC-2 1 ,3 1 ) (C-!5, 16) 

Pl pecol i c Ac! d 
47.24~0.84 79+2(nucleus, C-i 1 ) 

-I -I -3 
a Specific activity (counts min mrnoie ) x 10 

b Relative specific activity : percent 

14c 	 obtained by mixing a smai ! sample (total activity 0 .2 ~C) of the original 2,3 1 
- c2-pel letierine 

hydrochloride used in Ex~er!ment ll v:ith inactive pe!!etie;-lne hydrochloride (350 mg), and 

recrystai I izing the mixture to constant activity 

VI 
.t>. 

http:47.24~0.84
http:4.74+0.06
http:25.95+0.47
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Clearly, even though the results discussed so far indicate intact 

incorporation of pe l letier ine , they do not support the vievt that lycopodine 

is a modified dime r of pel leti er ine . It is necessary , then, to modify the 

pelleti e r-in e hypothesis in order to accornrnodate these experimental results. 

~__!0_od i_f~~~_d__J~-~-! ~tJ_t>:_l_i___n_?___~p_o~~~)__e.:'._i2 

The nature of the experimenta I evidence gather-ed has na rrov:ed 

dmm con s iderably the number of alternatives. Thu s , any plausible bio­

synthetic scheme has io account for tile fo! lov;ing experimental findings ; 

a) the carbon skeleton of lycopodine is not derived from polyacctyl 

chains, 

b) tv10 units de rived frorn lys ine supply the tv10 c chains <C-9 to
5 


C-13, and C-lfo C·-5) 1-1hich ma!";) up the c tJ str-uctural unit

10

of I ycopod i ne, 

c) the rema in i ng s i x ca r·bon a toms v1h i ch cornp Iete -the C N carbon
16

skeloton of lycopod ine are composed of t\'10 c fras1rnonts l'lhich
3 

are, in tun1, der-ived from acetate units, 

d) each of those c units i~; derived fr-orn t1·10 acctaie equivalents,
3 

joined lwad-to-··hii I, vlith one terminal car-boxy! group being 

lost from each fragmeni at some stage of the assembly, 

e) a c N-C unit or a closely related fragment, is an intermed i ate
5 3 

in tho biosynthetic pathv1ay. 

With these considerations in mind, a f ew alternative possibi I iti es 

can be discussed. 

One of the attractive f eatures of the pcl l et i er ine hypothesis 

1·1as the fact tliat it accounted not only for- the biosynthesis of lycopod inc 

but a l so for the biosynthosis of a number of Lycopod ium alkaloids of 
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completely different strudures (e. g., lycodi ne , cernuine , etc.). It is 

tempting to consider alternative schemes which retain as one of their 

es~ontial points the notion that these alkaloids arise by a condensation 

of two pel l etierine or some very closely related structures. One such 

equivalent "monome ric unit 11 might be a compound such as 50, v1hose origin 

in terms of a lys ine equivalent and acetate fragments, as dema nded by the 

tracer· cl csta obtained, might be depicted as sho»vn below. An alternative 

1
derivation of 50 might involve a stepl'1ise condensation of t. -·pipei·ide ine 

with tv10 m::i l onyl--CoA units. 

0 , Jt... CO,H
N ~ "-.,/ 2 
H 

It should be noted that decarboxylui ion of 50 l eads to a 

structure in disi"inguishab l e from tho one obtained by a "norma l" cond(? nsation 

.J.. t d Al • • d •o f acei ·oace 1a e an u -p 1per1 0 1no. Evidence fr·oin tracer exper i ments 

with 
14

c-acef-ate i s equa lly compatibl e with both a l ternativc~s. If 

structun" ~_Q_ is postuk1ted as th e monomer ic pi-ocursor, its conden sation 

to yield a dimer i c Intermediate in the biosynthes ls of lycopodine could 

take place in a manner ana logous 1·1ith the r eaction sequence proposed in 

tho pe l letierine hypothesis. The extr·a carboxyl group v1ould serve a 

twofo l d purpose: 
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a) · it would provide a necessary point of attachment to the enzyme 

site and 

b) it would further activate the nucleophi I icity of the methylene 

carbon \'/hich in it i ates the condensation by forming the c ·C
15

-
8 

bond in lycopod ine . 

In the sequence drawn be low (Scheme 3) one of these monomeric precursor·s, 

the one which wi I I eventual ly yield the C-methyl bearing group, is 

rep resented in its deca 1-boxy I at od form, in keop i n ~j with the r-o I e p I ayed 

by pel l etierine. Also, both condensing unii·s are drawn as thoir respective 

oxidized enam ine derivatives. Such a scheme i s entirely consistent with 

the l abel I in~1 pat·t e rn obtained in tho r e l l et i er- inc , a~; vie I I as in the lys ine 

and acetate exper i ments. 

Thus, it i s conceivable that the biosynthosis of lycorod ino does 

indeed t ake place by a pathway which involves a common monomer i c unit and 

that the dime 1· i zat i on s-tep i·akos pl i3ce after an irreve 1--s ibl e modification 

of one of these metabolic units. Such mod ification, dccarboxy!ation, 

for examp le, would a l l ow po l l etier ine to find its way into one branch only 

of the metabol i c route. The intcrmediacy of the precursor ~O_ accounts , 

apparently, for ihe finding that lys ine i s incorporated with equa l efficiency 

into both segrnents of I ycopod i no, a fact that , as mentioned before, cou Id 

be taken c.1s evidence in suppor-t· of -the condensation of h10 idc3nt i ca l units 

of monomeric precursor to yield a true dimer as a biosynthetic intenncdiai-e . 

This point shou ld not, however, be over einpha~;ized. In fact , the syrmnetrica l 

i ncorporat ion of lys ine into both segments of lycopodine might also be due 

to a rodistr·ibui ion of act ivity between intermcdiutes , v1hich can occur 

dur in g long-term experiments and it coul~ als0 be partly, coincidental. 
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Further informat ion regarding this matter mi ght be obtained by additional 

feeding experiments with othe r potential precursors, such as cadaverine 

1
or h -piperldcine, compounds which would be expected to be inco rporat ed 

Into lycopodlnc more e ffici ently th an lys ine , which is ch anne l l ed into 

many othe r- p I ant con st I tuents. Th e I ncorpor<)1 I on of cadaver i no or 

1
l\ -pi perideine into both segri.onts of the a ll ;a lold in short-fonn 

experirnonts would be expect ed to be rno r e sens itive t o quantitative 

variati ons in the metaho lic pathway . 

Another p I aus i b I e road ion sequence in \'lh i ch the: i ntermed i acy of 

pe ll eticr ine l s retained is sho1·m be l O\~ ( Scheme 4). Herc ihe centr-al 

idea is tho part i c i p2r!· i on of po ll ot l erlne as a close o r l mmedic:itc preCLn-sor 

of onE) ~;c~1mcni· of the alkaloid 1·1h il e the re ma in der of the r:to l ecu l o i s 

assernbl cd i n a stepw i se manner· from metabo li c units 1·1hose i ncorporat i on into 

lycopod i ne ha s alr·cady been sho'.-m , i. e ., acotoacot c:i·lo or re l ated fragments 

and a lys ine der i vative . Thus, condensat i on o f pol l oi i cr ino , wr iti en as 

Its oxidized onamino der i vative , vlith ace t o-acet ic ac i d (or· a l fornat ivGly, 

by a stepw i se condensat i on with t wo acetate ~qu iva l ents), fol lowed by ring 

closurn l oads to the lmmon iurn i on 5 1. Condensation of this interr~cd i crte 

with a lysi nc-do r- ived f rc1grnent and subsequerd docarboxy l at i on and rlnq 

closure l euds to the in terrwd i ate ~' the i m;11ed i ate precur-sor of the 

c N and the lycopodino a l ka loi ds env i saged by the pel l ot i er lne
16 2 

hypothes i s. Tho l abe l I ing pattern and the exper i mJ ni'al data r·eported 

in thi s work are con s i stent 1·1 i th this schcrno . One c.idd itl ona l attractive 
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feature of this reaction sequence is the intermediacy of a structure sue>, 

as .?J_, which is thought to be involved in the biosynthesis of luciduilne 

(Tl) (55). In this connection~ the quinol ine der ivaTiVGS 57 and~~- migi-1t 

;)8 ex:iected to serve as a I terna·r Ive precursors of 1ycu~od i ne. 

5857 

Finally, one essential feature o·f these alternaTive schemes (a:·;i:i 

c·i· the original pei letierine hypothes i s as wei I) deserves further c -.'):-:.;"r.G»T. 

Th: s :-efe:--s ~to The bi ogenei· i c re Iat l on ship be-~ween the C, J~~, ar.d ':!...,'': 
I. , _ I I. ~ 

1 

__,, ,__,.-·- :r • ·~C o·f Lycopodium aikaloids • 

In ai ! tha schemes consldered it has Desn c.ssurr6d tr:ar !·:~u 

' . ' 
.<~~rscr~7ea ~~~ ~2.~ ~=-~~er,0 

: \ : ·;· ,·. 

--- r ~ - ··r.. l d ~ -· .. - ' - ' - . < - l .:.. ~· ' . ~ t ' .. , . .. 1' .. r ..... - - '•, "' '" voe 1ve ayco ; ne was 1::.o1 aT<::O ·,,om ::.: ~.JS~~C::. __ i_. :n ....:t 1 _, c.u:r, 1.. · '.:.>; , '·: : ., 

-· ' i 4c i t I .or 2 .~ ·- 2 -~e! e er:ne 

.. _:,.., .. 
~ ' ~.:....~~ (: li~ 
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carried 9% of the activity present in lycodine, but if incorporation of 

pet letierine into this di nitrogenous alka loid had taken place in the 

same manne r as into lycopodine then, cl ea rly, the ac tivity in this 

degradation product should have corre sponded to 18%of the activity in the 

intact alka loid. 

It would be desirable t o settle this ma tter. Cl early, furthe r· 

exrerimc:!ntal wod:. should be ori ented in this dirnction. If it v;ere 

demon stra i~ d that th e c N alka loids , suc h as lycodine and ce rnuine , 16 2 

are indeed di rno r·s of pe ll eti e r·ine , thi s wou ld i mply t ha t all-:a loids of one 

and t-he sarn8 t axon could have c ornpl et o ly cliff ernnt biogenei' ic ori g in s , a 

situati on 1·1ithou t preceden t in biosynt holic studies in a l ka l o i ds . On thE! 

other hand, proof of padial inco r po r·ati on of pc l l eti er ine into th eso 

alka l o ids v1ould g ive in d irect su pport to a lternat ive schemes , suc h as 

t he ones di scusse d he r e . 



I I I. DEGRADATION HETllODS 

The degradat ion of radioactive alkaloids to isolate individual 

carbon atoms is a fundamenta l step in any biosynthetic study. If non­

random incorporation of tracers into products is to be proven , 1·he total 

activity of the intact product rnust be accounted for in terms of the 

activity at individua l sites. This aim is achieved by dev ising degradat ive 

schem3s which lead to the unc:1mb iguous i so lation of in d ividual utoms or 

groups of atorns, whose r-adioactivity can then be deterrn ined . 

Lycopodino docs not len d itse lf very r eadily 1o the r eact ion s 

common ly employed to degrcidc tho carbon ske l cd·on of a molecule and the 

i so lation of individua l car·bon atoms. Many of the ini t i a l structur·al 

st udi o~; were hampered because of its l c.ick of rnad ivi-1-y. Thus, the 

carbony l oxygen of lycopodine \'leis or·i g ina l ly atiTibutcd (5 6 ) to an ether· 

func1· ion. Hoffma n and Emde deg radations, t\':o very common r eact ion s 

emp loyed in the degradation of alkaloids, wcrB unsuccessful. The reac·tion 

that proved to be the key to tho un rave I I i ng of the st r·uctu rn of I ycopod i ne 

(57), the opening of rings A and B with cyanogen bromide, could not be 

app li ed to our purposes because of the low yields obtained. Since the 

amoun t of radioactive products are srnal I, the ch em ica l yield of every 

reaction in a given degradui"ive scheme must be reasonab ly high . In the 

sa me commun icat ion in which the Von Braun reuct ion v1<1s discussed (57), the 

authors doscribod the reaction of lycopodine l'lith phenyl I ithium. The 

product pheny ldihydro lycopod ine ~. was fully characforized. Vie rilade use 

of this roadion since it prnvides an easy and reliabl e Hay of i so l at i11 g 
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carbon 5, the carbonyl carbon. Oxidation of phenyldihydrolycopodine with 

hot aqueous potassium permanganate yields benzoic acid whose carboxyl 

group represents the carbony I carbon of I ycopod i ne. C--5 of I ycopod i ne 

was one of the carbon atoms at which activity from 2- 14c-lysine and fro m 

6- 14c-tysine was expected (cf. Chapter I). The other carbon atoms at 

which activity was predicted to reside t1ere one or more of the C-9, C-11

and C-13. Of these carbon atoms, C-9 was thought to be the one most 

easily accessible. Oxidation of the methylene at C-9 to form the 

lactarn ~would open the way to the isolation of C-9 by the scheme 

described be Imt. This I actarn had been obtained by an cnt i rn I y di ffc rent 

route (5 8) and there ~1as no ambiguity about its strnctun.), 

Pe rn1anganafo oxidation of I ycopod i ne in acetone gave a 505~ y i c Id 

of crude lactam. This me·l·hod was originally dcvolopod by Ayer and 

co-1·1orl(crs (59 ) for· i"hc oxidat ion of lycopodine in a large sca le (5 g). 

It 1·:as nE~ coss r1 r·y to modify the pr-o ccdu re 1·1hen tho react ion is sea I ed d01m 

to 100-200 mg of starting materia l. Sodium borohydr ide reduction of tho 

carbony I grnup at C-5 Ieaves the mo I ecu I c ready for pheny I at ion of tho 

lactarn caf'l10nyl which by sub'..;equont hot aqueous per-n1anganate oxidation 

would yield C-9 as the carboxyl group of bcnzoic ac id. The phenylation 

reaction, however, was unsuccessful. Several attempts , under 

different reaction condit ions, failed to yield tho desired product. C-9 

was eventually isolated as tho fon ny l derivative~. obtained by the 

series of reactions shown in Figure 13. Permanganate oxidation of 

lycopodine under- acidic cond iti ons gives a rnixture of products; amongst 

these is the N·-fonnylamino ac id 55, which i s obtained in 25-30% yield (60 ). 
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Again, the original method had to be modified in order to adapt it to our 

purposes. Esterification, fol lovtcd by acid hydrolysis, I iberates formic 

acid which is separated from the reaction mixture by steam disti I l at ion. 

For radioactivity counting, formic v:as transformed into N-·fonnyl- a­

naphthyl-arnide (54). 

There is, at present, no conclusive proof that the formic acid isolated 

corresponds entirely to C-9. It is conceivable that oxidation at C-1 might 

also take place forming the corresponding derivative. Indi rect evidence that 

t his is not so comes from the finding that permanganate oxidation of 

lycopodino in acetone gives exc lusive ly lactani s:s; in other \'/Or.ds, oxidation 

proceeds only by ati"i:Jcl\ at the~ C·-9 rncthy l enc group. Further· indirect 

evidence for the position 1·1as ob-fained by Lm1 (60 ) : the hydroxy acid 

derived by bornhydride reduction of the N-forrnylamino ac id ~5 failed to 

l actonize in refluxing benzene containing p-toluenesulfonic ac id. The 

alternutive strudur-e v1ould l ead to ~7, \•1hich mig!d be expected to l ac-lonizo . 

A rnor·e conclusive proof regardin~J the origin of the formic ac id might be 

obtained by conver-ting the N·-forrny l am ino acid to the kn.ovm l cictam 53. 

The individual i solation of C-1 and C-13 was not attempted but a 

fragment containing C-·13, together· with C-9, but not C-1 or C·-5, v1as 

obtained. This fragment \'las 7-·rnethy l, 5,6,7,8-teiTahydrnquinol inc (49 ). 

The dehydrogenation of lycopodine , one of tho first degradation reactions 

carried out on this alkaloid (56 ) yields a mixtur-e of products amon~J which 

several methylquinol ine have been ident ifi ed. Marion and Manske concluded 

from these experiments that a reduced quinoline skeleton v1as present in 

lycopodino. Since the same product, e.g., 7-methylqu inoline 56, was 

obtained when the dchydrngonation v1as car"ried out under very mi Id conditions 
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(Pd-BaS0 unde r nitrogen and by heating lycopodine with phthal ic anhydride)
4 

they concluded that no rearrangement had taken place in the format ion of 

this product. This observation is supported by the finding that obscurine 

also yields 7-methy lquinoline unde r the same experimental conditions (61 ). 

Vi sua I inspection of I ycopod i ne shm1s that a 7-·rnethy I qui no I i ne ske Ieton 

may arise in at least two different ways (~hich do not involve molecular 

rearrangements), as shown below, who re the dashed I ines indicate tho bonds 

that are broken in the course of the reaction (obscur· ino and lycodine, on 

the other hand, yield a 7-m~thylquinol ine skeleton in only one possible 

v1ay). Path z_, is cxpech)d to be prefer-red since it invo lves the cleavasie 

of three bonds, l'lllercas path !'.._ r oqu i r es th e cleavage o-f four bond~; and 

a greater number of chemical changes. 

0-------.....­

N 

In our hand s , dehy(Jr-oqenation of lycopodine by the methods 

de scr ibed by Mar·ion and Mc:.mske did not l ead to the isol at ion of 

7-methylquino line in amounts sufficient for- fudt1 er· purification and 

radioactiviiy assay. Treatment o-f lycopocline over- Zn-dust, ho\'/over-, 

yielded c.1 complex mixture of produ cts from v1hich vie isolated 7-mcthyl­

quinol ine , 7-m0thyl decahyclrnqu ino t ine and 7-rnethy l -5 ,6,7,8·-te-!r-adhyd ro­
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quinol ine. Only th is last de rivative was isolated in amount sufficient 

for radioactivity as say. This compound was transforme d into seve ral 

crystal I ine de rivatives : perchlorate, hydrochloride , rnethiod i de , etc. 

Its identity was confirme d by comparison with a synthetic samp le (62 ). 

The fact that this deg radation product was optically active (62 ) supports 

path ~· Apparently, tho asyrrmetry at C-15 of lycopod ine has bee n retained 

in the deg r·adation product. It v10uld be unlike ly that this 7-·rnothyl­

quinolinc der ivative wou ld show opti ca l ac·~ivity had it been de rived th rough 

path b. 

Lycopodinc possesses a secondary CH ·-Cf~ 3 grour (C- 15 - C-16). This 

entity can be eas ily i so la t e d as acet i c acid after vi go rou s ox i dation 

with chr-ornic ac i d (Kuhn-Roth ox idat ion ). Th fl Kuhn -Rot h o>: idat ion of 

lycopodine and some der ivatives was studied in detai I by Harrison (63 ). 

He shov:e d th at , unde r- the r-eact ion cond iti ons , acet i c ac id 'ttas the only 

vo latil e ac id i so lai ed from lycopod ine itse lf. The acetic ac i d can be 

fudher degrade d by a Schm i cit n.O)C.HT<.1ngornent to rnothy I arn ine and carbon 

dioxide , the methy l group of tho am ine corresponding to C-1 6 of lycopodino . 

The in suff ici ent amount of acetic acid obta ined in these degradations di d 

not a l low us to perform thi s last deg radat ion but , in our vi ew , thi s i s 

not a ser ious omiss ion cons i der in g the data ob·tained (a Schmidt degradat ion 

would have been impe rative if, for examp le , the va lues obta i ned from both 

the l-1't-ace1ate and 2-1't-acetate exper imen t s had been i dent ica l). 
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IV EXPER I M[NT AL 

I • Ad_mJ_'.l_i ~!~a_:t_i ?!l__o_~__ l_a_E~_l_ J_e_d___c?~pot.:_nj2__a_~d- -~~~~!_i_o~_?_f__a_~J~a Io ids 

Ly_c_?_R?_<:!_i ~~- tr_i__5-_:t~~-~_y-~_'.!l_ rursh, ground cedar, a c I ubmoss whose 

creeping stem is buried 3-5 inches below ground, was found in the 

vicinity of Huntsvi I l e , Ontario, nea r Al gonquin Provincial Park. Attempts 

to prop a~~ate the p I ant in the greenhouse \'te re un success fu I. 

Labe l l ed compounds v1ere administered to intact· plants (Exp eriment s 

1-4, 8·-·11) and to excised shoots ( Exper i ments 5 and 7). The first experiments 

were carri ed out in the bush. More r ecent wick feed ing ex¢eriments were 

car--r-led out 111 the greenhouse . Pi eces of turf ( app rox i mate ly 3 H. x 2 H. 

x 8 in. deep) con-I-a in i ng a c I ump of tho c I ub--moss wern co I I edcd in tho bush 

and transported to the gr·eonhouse . The vi i ck-feed in g oxper i ment v1as car-r i ed 

out on tho f o l lo\'ling clay. Cot-t on th rec1d was inse rted in to approx i mate ly 

20 shoots. Tho end of each th read v1as pl aced into a smal I glass r ecep t ac l e 

The l abe l l ed compound , dissolved in glass-disti I l ed water (1 0 ml), was 

p I aced into th e receptac I es and 1·1as absorbed into tho p I ant th rough tho 

cotton wi cks. After the ori gi na l tracer so luti on had been absorbed the 

receptacles v1oro repeated ly re-f i I l ed with glass-disti I l ed v1ater. Tho 

plants v1ere kept in contact with the tracer for 48 hours , and 1·1ore t hon 

harvested . Shoots and subterranean sterns were dried separai ·e ly and the 

material was t hen taken to the la borato r·y for extraction and work-up. 

In another f eed ing method <Exper i ments 5 and 7) shoots, 2 to 

3 inches in l ength , from a 3 x 2 ft. clump of club-moss , were cut and 

r acked , cut surfaces dm1m1a r·d, into th rco 100 rn I • beake r· s . Tho aqueous 

solution conta 1in in ~j the r adioact ive tracer v:as divided among t he beakers. 
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Glass distilled. water C3 ml) was added to each beaker after 24 hours, i.•he;; 

most of the original solution had been absorbed and the experiment was 

continued for a further 24 hours. 

f, summary of the feeding experiments which vmre carried ou7 is 

presen~·ed in Table I. The nominal total activity ad;n i:-iistered 15 p:-c::s,'rn'.'. 

tcgather with the radiochem i cal yields, in Table la. 

Sodium 3-
14c-acetoacetate (Experiment 9) was ;:irepared by hycii~c; ..i::~·c~ 

14,.... - - ' : c. -- : '.~. - .­2- v-~r-,Vi.v1 1t.Ji . 1• .... 

w8ra synthesized fro~ 

i '2·· · 
LL 
·c-;:.; :_:-: ys i :1e and 4 i::; 3h ' " \; 5 ·, ­ti -'- l2-.::..:.:-·1 1t V; 

(67). 

144~; 4c-acetoacet i c acid generated by hydro: ys is c-f ethy I 4- c-acetoace•..:l·ts 

anC: ll.i_-p 1peri de i ne obtained t rom l nad-! ve ! ys l ne* . 

P:--e!lminary experiments indicated that fr1e suote:-ranean s·;·e.~:s 

2:rhs :- so : .J~-10:1 was extractGd with :-,yd.-och! orlc acid (C."' ~. ·, :,_ 2:.:: 

~~ueous extract was washed with ether and W6S then t3~ l flad w!Tn IM 8m .~~1 

-)\· 	 The synthesis of the radiC>actiw') p;-e.:::ursor-s tested in Expe.-·lr::c~;~·;-s 

and l ! was carried out by R.N. Gupia . 

http:v-~r-,Vi.v1


dri ed CNa2so4> and the solvent evaporated to yield a mixt ure of 

bases. Lycopodine and lycodine were separated from t hi s residue by 

extraction with warm hexane. The hexane extract wa s cor.ceritra-l"ed -':0 

3 cryness and the re sidue was subi lmeCi at ! 10° ar.d I A 10- .rnrn, yleid i r: s 

c:. crystal l i ne sub ! i ma-i·e wh i cit cons i s·,·.sd ::i'f ! yco;.cd: ;-,e centa in I 1ig nc r '11,.;."(,. 

·;'-i·. 200°' 15 Th0 subllmaT9 was 

d isso1ved in a little boiling hexa:-.e a:-id the so!u-rion Nas kepi" ove n .irp r , 

O"ii\i NaOH; deve!oped with Chr!oro·for-m-:V:ethanoi , ?:i, RL 0.48), ln a 

qadioch:--omatogram sca nner~ Mode! 7201~ Packard lnst.-ument Company. 

Eve~ thou~h gic analysis lndlc5ted a slngie componnnt. in 

...... . ,. . • . ,- "· r.' • ··- -. 
: "",_.I ·-. i .:.. '.....· · ' ~ j ..... .,,. ~ . _., ..... . ----· · ~ .... \. ·-· . 

~--- -· .. . .. ·;,.:) "' 

..... - ... 
} •_,·.. . ~-

" ' ! 

..\..h .... 
.t.t.:;; methano I soi u"f Icr. 
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basic fraction was separated into its components by column chromatography 

on alumina. Lycopodine and lycodine were ' separated from the other basic 

components by elution with benzene. 

_12_c>_ l___a:r_i 9_n__ _a_n_d__p::_1_'._i_f_i_c~~rJ~__(_?_f__l_y_c::_o_~_i_~e 

Lycod i ne i s present in ~.:.· tr_Y_?}~-~~yum to a very sma I I extent, 

usua I I y not more than 1 7~ with respect to I ycopod i ne. It is very so I ub Ie 

in hexane and is difficult to separate from lycopod ine by fraci· ion a l 

crysta l I ization or column chromatography. Accordingly, i so l at i on was 

attempiod only after addition of inactive lycodino , which, in turn, 

r oquirod a high degree o{ incorporation of the r adioact ivo tracer into 

lycodine. For this reason, lycodine v1a s isol ated on ly from Cxperim~rnt 11. 

ln21ctivo l ycodine (1 0 mg ) 1·1as added to tho mother liquors from the 

crystal I i zation of lycopodino , the solvent evarorated to dryness and the 

rosiduo dissolved in 25 rnl of otlrnnol. An excess of tJaDf-1 1·ms addGd <.ind
4 

t he solution l eH at room tomper·at ur·o during 16 hours. The residue after· 

wor-k-ur of the rcaci ion mixtur-e , v1as place d on top of a colur:in fi I Ice! l'li-1-h 

alumin c-1 and lycodine v1as eluted vlith benzene. Under· these conditions, 

clihydrolycopodin c , the ~;odiurn bornhydr·ide r·educi i on product of lycopod ine, 

was not eluted. Lycodine 1vas further· purified by preparative thin layer 

chrornatogr·aphy and sutil imaiion. 
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Carbon-5 as bcnzo ic acid 

Lycopodine , 100 mg (0.4 mmoles ) was dissolved in 50 ml of dry ether 

and added dropwise to a solution of phenyl I ithium (Alpha lnorganics , I . 9M , 

5-Bml) in ether, and the mixtu re was r ef lu xe d 4 hours in an atmosphere of 

nitrogen. The solution was coo l ed and poured into con centrated hydroch l or ic 

acid (5 ml) to wh ich crushed ice (1 0 g ) had been added . The ethE:r I ayer 

was discarded , the aqueous l ayer was ~ashed with other (2 x 30 ml) and was 

bas ifi cd l'tith ammonia . The prnduct was extracted into ether (5 x 30 ml), 

t he ether so lut i on was dried (Na so >, tho so lvent evaporated and the
2 4 

r es i due ( 105 mg) nxrystal I i zed from hex;inc , yielding pheny l d i hydro-­

l ycorod ino , melting <it 150°- 153° (lit. 15'1° ·- 155° ), (57). Gl c ( 5~; St 30 on 

Chromosor·b vi , 200° , l/8·· in . x 4 ft.) r-cvea l cd th e presence of t rc1ccs of 

lycopodinc. The product l'tas ox i d i zed vtithout furthe r pur i f i cat i on . 

Fine l y grnund potass i um pennan9c:rnate (0 .5 g ) vtas added in srna l I 

portions to a susrer.sion of phenyldihydrnlycopod ine ( 80 mg ) in hot l'.'atcr 

(25 ml). The mixtur-e v1as ref luxed v1 ith vigornu s st i rr-in1 du r· in g 8 hour·s . 

The rnixiure v1;:1s coo l ed , ac idifi ed \'Jith 0.51"-1 hydrochlo1-ic ac i d and 

deco lor i zed by add iti on of sod ium bisulphite. The so luti on was extracted 

vli th etho1- ( 3 x tlO rn l ), the extr·aci dried UJa SOtl)' the solvent evaporated2

an d the r es i due sub I imcd to y i e l d benzo i c ac id (1 4-20 mg , tl0-50% yield), 

nelt in g at I 19- 120°. 

Carbon-9 as formic ac i d 

A solution containing lycopod ino (250 mg , I rnmo l c ) and oxa li c ac i d 

(1 25 mg ) in water (25 ml) was coo l ed in an ico bath. Potas s ium permanganate 

(525 mg ) 1-1as added in sma l I podion s over 2 hours 1-1ith vi gornus st irri ng . 
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After ad d iti on \'las comp l ete , stirrin g of the solution 1·1as continued for 

4 hours at 0° and for 2 hours at room t empe rature , cooled to 0°, and 

gaseous sulphur diox ide pa sse d throu gh the su spens ion, r esult i ng in a 

clear pa le ye t low solution. 

The acidic solution was extracted six ti mes with chloroform to 

remove acidic and neutra l product s . These were separated by shaking the 

comb ined organic ext r act twice with aqueous ammor1ia, acidifying the latter 

with dilute hydrnch l o ri c ac id and extr-ad in g again with chlorofonn to 

rnrnove acidic products . Neutra l material r ema ined in the original 

chlorof orm extraci·. The neutral and bas i c material was not invcs i · i gatod 

in cc tai I. 

The c r ude acidic prnclucl·s wor·c sub I i mod to yi e ld pure N-·formyl-­

aminoac i cl }5_, 70-7£l m~J (24-30% yi e l d ). 

The crystal I i ne tJ--forrny l ami no ac id 5~_, 70 mg, was converted into 

t he rnethy l este r- by r eact ion with an excess of fresh l y disti I l ed di c:izo­

3 
methane. After sub I i rnat i on at 1'1 0° and I x I 0- mm the methy l es t er 

me I tcd at I 14--1 I G (Lit. I 17") (60 ) . Yi e Id 56 rng . 

The meth y l ester (5 5 mg) was dissolved in sulrhuric ac id (I M, 10 ml) 

and the mixture ref I uxed fl.to hoLir-s. Stearn v1as then passed tlH"oU ~Jh t he 

reaction mixfo r e unti I 50 ml of di st i I l ai·e , conla ini ng vo l atil e ac ids , 

had been col l octed. The disti I l ate was neutra li zed with 0. I M sod ium 

hydrox ide (I. 10 - I . 25 ml), and the solution was evaporated to dryness . 

The r es idue v;as dissolved in 1·1ator ( 2 ml) containing a-naphthy l am ino 

hydroch l or i de (20 rng ) and l-ethyl-3- ( 3-·dimethylaminopropyl) carbodi irnide 

hydroch l or ide (50 rng ). N-formyl-·a-naphthylamide 5~ precipitated after- a 

3
f ew minutes. Afte r sub I I mat ion at 120° and I x I0- mm, r ecrysta l I i zat i on 
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from benzene, and resublirnation, the product melted at 137° - 138° 


(Lit. 139°) CG4), and v1as identical (mass spectrum, melting point, 


mixture melting point) with an authentic specimen. 


Carbons-15 and -16 as acetic acid 

--·-·- ---- -- -- - -- - ----·-------- ----­

A solution of chromic acid (2 g) in water (3 ml) was added io a 

solution of lycopocline (100 mg) in sulfuric acid (2M, 5 ml). The mixture 

was refluxed t\'10 hours. Stearn wa s then passed through the mixture unti I 

50 ml of disti I l ate had been collected. The disti I late was neutr·al ized 

with sodium hydroxide (0. IM, 2.0 - 2.5 rnl) tile solution evapor-ated and 

the sodium acetate (50-60% ) so obtained converted into acetyl-· 

a-naohthyl am ide (65 ). 

An intimate mixture of lycopod ine (250 mg) and zinc powder (8 g) 

was placocl in a Carius tube (15 x I cm) and more zinc powder (8 g) was 

added . Th e tube was evacuated and scaled, and was heated at 290° - 310° 

for 24 hours . A yellow I iquid condensed in the cold end of th e tube protruding 

f rorn the furnace . GI c ana I ys i s of the r-ead ion mi xturo furnished variable 

amounts of 7-·methy lclecahydroqu inoline (/\), 7·-mc thyl-5,6,7,8-tcdTahydro­

quino l ine CB), 7-rnethylquinol ine , a dirnethylquinol ine and several othe r-

uncharacterized compounds. Prepa r·at i ve g l c (20% Carbowax 201-l on 

Chromosor·b Iv, coated \'1ith 57~ KOH, 3/8 in. x 10 H.), 17~ 0 and a helium 

flow rate of 15 ml/min gave A and B with r etention times 30 and 51 min. 

re sped i ve I y. 

7-methyl-5,6,7,8-tetr-ahydr-oqu inolinc ~.was obtained as a liquid. 

Its mass spectrum sh01·Jod peaks at m/e 147 (100 rnolccular· ion), 146 <30), 

132 (51 ), 105 (7i ), ident ical with the mass spectrum of a synthetic snmple (G2 ). 
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This product was further purified by sublimation of its hydrochloride , 

melting point 153-156°. 

14Oxidation of 2,3 1 - c - pe t leti er ine - - - - -- -- ------ -- --- 2 - --------- -- --­

2,31-14c-pel leti er lne hydrochloride , Ct50 mg) (obta ined by mixing 

14 a smal I sample, total activity ca. 0.2 µC ) of the ori g ina l 2,3 1 - c­

pe t letl erine hydroch loride used In Experiment I I with 350 mg of Inact ive 

pet leti er·ine hydroch loride , and recyrs t a l I lzln £.J the rnixturn to const ant 

activity), was di sso lved in 3 ml. of sulfuric acid IM. To t h is solution, 

chrom ic ac id (1 20 mg ) in water ~ 3 ml) was added and tho mi xture was kept 

at 90° for 4 hou r·s . Steam \'las passed through the r·E!ad lon mixture untl I 

50 ml of di st i I late had been col lcctcd . The di s tl I late was neutra li zed 

with sod ium hydroxi do CO. IM, 5 ml) and the sol ut ion was evaporated t o 

dryness . The acet ic acid so obtained l'ias convoded Into accty l-a­

na phthy Imn i do. 

PI peco I ic ac Id, Iso Iate cl f r·om the rorr.21 in i ng aqueous r-ec•ct ion 

mlxiuro by a fn(:H1od a l rnady descr ibed in the lite r a-J-un) (1 4 ), was pu r ifi ed 

by sub I Imation, m.p . 279°. 
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A weighed amount of the comp ound was transferred to an aluminum 

planchette and dissolve d in two drop s of a 1% solution of col lodion in 

dimethylformam ide . For benzoic acid, one or h10 drops of an aqueous 

sodium hydrox ide solution \'terc added (2~ w/v) in order to avoid any loss 

of sample by evaporation. The solution was covered with a circle of lens 

tissue, which caused it to spread evenly over the surface of the planchette, 

and was evaporated unde r an infra red drying lamp. Radioactivity was 

assayed on a Nuclea r Chicago Corporation gas flow system Cl-bdel 4342). 

3 14H : c ratios were measured by I iquid scinti I latio11 couniing <Mar-!<; , I 

I iquid scinti I lat ion computer· , Mode l 6860 , Nuclear Chicago ). Activity 

3 ltldue to Hand C vtas detennined simultaneous ly, by externa l standardization 

coun i · .rn g wr' i · I1 I =~ 3 E3·cl. Samples v1ere dissolved in met hanol or methanol­

v1ate1· and the solution vrns disp e rsed in a solution of Liquifluor rnuc lea r 

Chica go ) di luted 25 ti rnes with toluene . Duplicate samples of each compound 

we re counted unde r compa r ab le conditions of quenching. 

Ea ch sample was prepa red in trip I icate and counted for 1000 counts 

for ten readings. The planchette holde r s for each sample were counied 

for backg round for 200 counts (ten n:iad ings ). The confidence I imits 

shown in the results <Tab les I -· 6) are stand<.:ir-d devi ation s of the mea n. 

The comp lete cal c ul at ion of the specific activities of a typical compound , 

from the data obtained from measurerno nts in trip I icate samp les, wi 11 be 

presented in Append ix B. 



SUMMARY 

The biosynthesis of lycopod ine has been studied by fee ding 

radioactive acetate , acotoacetate, lysine and pel l et i e rine to-~· t~i ~~I~~-

chyum. Degradations of the r ad ioactive lycopod ine obtained in these 

experiments showed specific incorporat i on of l abe l in each case . The 

labe l ling pattern f ound in lycopod ine obtained from the acetate experiments 

disproved Conroy ' s polyace-tatc hypothesis of the biogenesis of the 

Lycopod ium a l ka l oids. The observed distribution of adivity from acetate 

into lycopodinc can be inter·prnted as incorpor-ation vi?1 tv10 units derived 

from acetoacotatc or related fragments . 

The di str i but i on in I ycopod inc of I abe I f rnrn I ys i ne shol'md that 

h10 lys inG-dc ;·ivcd units wore incor·por·ated in to the a l ka loid and that 

i ncorporat i on of lys i ne takes place by •;1ay of a syrnrnctrica l inte n ned i ute . 

The resu lts of the acetate and lys i ne exper i ment am cons i s·Jcnt with the 

hypothes i s that tho lycopodium a l ka l oids are modifiE~d dimers of pol l et i er ine. 

Th is hypothesis was tested by feeding radioactive pel IGt i erine to 

~~· _!_r_:_is~-_a_<;J1_~m . It vras found that pel l et i c r· i ne 1·1as spec ifi ca lly incorpon:rred 

into l ycopod ine , but that on ly one intact pellctierine unit entered the 

a lka loi d . 

These exper irnonta l results demand mod ifi cati on of t he pelletie1·ine 

hypothes i s. Alternative biosynthetic schemes , consistent with the 

expor i rnenta l data, arc considered. 
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APPa4DI X A 

10 flCurie = 3.6 x 10 dps = 2.2 x 10 dpm 


7 9
rrCurie (rrCi) = 3.6 x I0 dps = 2.2 x IO dpm 

v1eight (mg ) Total activity (count s min-I)= Specific Adivity x --mmOi_e__ 

-I I 00 Total c:1divity (dprn ) ==Tota l activity (counts min ) x -30 

CI00/30 =efficiency of coun·l·ing system) 

Total activity (mCI ) 
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APPEND IX 8 

14Experiment 8 Lycopodine perchlorate- C 

Planchette 1665 1666 1667 

weight taken (mg) .955 .665 .460 

mmole 347. 7 347.7 347.7 

Self-absorption factor ffiB) .874 .877 .886 

Number of counts 1000 1000 1000 

Definitions and Symbols ( 69 ): 

time (min) for 1000 counts = x 

nu~ber of ti me readings = n = 10 

average va lue for 10 readings= x 

Ex. 
I mean = x = 

n 

-E[(x.-x) 2] 
vari ance= ---I ---­n 

---. 

standa rd deviation = a = x. -x> 2J/n
I 

best est imate of a = 

Time readings for -2 x - x (x-x)
1000 counts 

I 9.69 0.20 0.040 
2 9.27 0.62 0.384 
3 IO. 11 0.22 0.048 
4 10.06 o. 17 0.029 
5 9.55 0.34 0.115 
6 10.08 0.19 0.036 
7 9.81 0.08 0.006 
8 I 0. 18 0.29 0.084 
9 9.91 0.02 0.0004 

10 10.23 0.34 0.115 
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- 2Ex = 98.89 E(x-x) = 0.86 1 
-2I:(x-x) /n-1 = 0.86 1/9Ex - = 9.89 n = 0.0956 

1000 1000 0. 0956Count rate = +9.89 - 9.89 • 2(9.89 > 

-l= I0 I. 11 + 3. 16 counts min-

The background was determined in the same way and was found to be 3.62 + 
- I0.277 counts min • The readin g for the rad ioact ive samp le was 

corrected for background in the fol lowing manner: 

I 0 I. 11 - 3. 62 + 


= 97.49 + 3. 17 counts min-I 

Correct ion i s now app li ed for we ight and self-absorption 

..:.(
347.7 rng mmo le 

<97 .49 + 3. i 1> x -:9s5-x-0 .-a14-­

= <4.061 1 + 0.132) >( 104 counts. min··I mmo le-I 

The correspond in g values der ived from p lanchettes 1666 and 1667 we re, 

respect ive ly: 

4 4 -! -l(4. 1971 + 0. 1236 ) x 10 and (4 . 2 122 + O. 141) x 10 counts min mmole 

The mean spec ific acti vity for these triplicate read in gs v1as found: 

2
4.06 11 + 4.1971 + 4.2122 + v;:;;;,~__:!'_~:._1_ 2362_2_:_i_~:._141 ) xl04---- ---3- ----- - 3 

= (4 . 156 + 0.070) x 104 counts min-I mrno le -I 
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