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&&Qi&cE - Flavine coenzyme mediated photooxidation of 3',4'-anhydro- 
vinblaecine (4) has afforded an excellent route to the highly unstable 

dihydropyridinivm intermediate 3. The role of 3 as the initially 

formed biointermediate in the enzyme-catalyzed coupling of carharanthine 

(1) and vindoline (2) can now be evaluated in terms of irs crucial role in 

che biosynthesis of the various bisindole alkaloids such as 4, leurosine 

(5). catharine (6). vinblastine (7). and vinanidine (8). Extensive 

studies are presented to establish the structure and chemistry of 3. 

Techniques such as 13c-mr and Arrached Proron Test (APT) are employed. 

Ic is also shown thac in the m-enzymatic FMN conversion of 4 rc 3, the 

process proceeds with preferemid removal of the C5'-oH in the indole 

unit of 4 (669 removal in deuterio-labelled as substrate) while in the 

comparable enzymatic conversion predominant rerention of this proton is 

maintained (65% retention of C5'-OH in deuterio-labelled 4). A stmilar 

study in the bioconverrion of 4 to 3 with commercial horseradish 

peroxidare reveals a 50% removal of this proton. Clearly the nature of 

the ~tereoselectivicy of che enzymatic process in the generation of 3 is 

dependem on the nature of oxidases/peroxidares present in the enzyme 

mixture employed. ~hese studies also provide mechanistic information 

abour the one-electron promoted biaconversion of 4 to 3. 

The role of 3',4'-anhydrovinblastine (4) as a possible intermediate in the biorynthesi. of the 

bieindole alkaloids has been diecurred in studies from various laboratories. In our earlier 



studies with cell free enzyme systems from Catharanthus roseus we could show that 4 

is obtained from the coupling of catharanthine (1) and vindoline ( 2 )  and that 4, in turn, is 

converted to the bisindole alkaloids leurosine (5). carharine (6) and vinblasrine (7). An 

independent study by Scorr and c o - ~ o r k e r s ~ ' ~  provided a similar result. 

Scheme 1. Overall Summary of Enzymatic Coupling of Cacharanthine (1) 
and Vindoline (2) t o  Bisindole Alkaloids. 
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3 In speculating upon a possible mechanistic pathway LO 4, we proposed in 1978 that an unscable 

dihydrapyridinim incermediace 3 could be involved. Subsequent s~udies employing C, roseus 

cell evaluated the biotransformation of 4 to other metabolites and rhese results 

c a s t  further light on the role of 3 in this area of biosynthesis. Our most recent and very 

extensive studieslO-I' wirh C, roseus whole cells, "spent" medium, crude cell free enzyme 

systems and immobilized enzyme systems derived from various ages of C ,  roseus cell culrurer. 

have provided still furLher insight into the inrermediacy, if w ,  of 4 in the biosynthesis of 

che above-nared alkaloids. With respect to fhe present discussion, the most significant result 

of these latter studies was the unambiguous detection of the +ame unstable dihydropyridinium 

intermediate 3 formed in the biotransformation of 4 and the enzyme-cecalyred coupling of 1 

and 2. Since the enzymes responsible for the biotransformarion of 4 are activated by the use 

of FMN or FAD as coenzymes, it was considered important to evaluate the transformation of 4 

wich these coenzyme sysrems in order to shed lighr on the possible mechanism of this 

biotransformarion. 

To a thoroughly degassed solution of 4 (hydrogen sulfate salt) in methanol and Tris-HC1 

buffer (pH 7 2) under an argon atmosphere, was added a degas.ed solution of FNN in Tris-HC1 

buffer (pH 7.2). Irradiation with whire fluorescent light ac room temperature for 6 h 

revealed, via HPLC monitoring according co a previously established procedure1', disappearance 

of 4 and appearance of the dihydropyridinium intermediare 3. Ic was rnendarorv ta use oxygen- 

free conditions in order co avoid complex product formation from the highly reactive and 

3 .  After complete conversion of 4 to 3, rapid reductive workup (NaBH4) and 

extraction under argon was required to obtain a good recovery of regenerated 4 (>80%)  

Although no reaction W a s  observed in the absence of FMN (or FAD), 4 was highly unstable 

towards the m/NaBH a ueous mixture presenr in the workup process. Over 90% of 4 was 4 4 

converted co a complex mixture of products m l y  2 minutes dter addition of a Tris-HCI buffer 

solution of FHN/NaBH&. 

The assignment of the conjugated dihydropyridinium structure 3 for che MN-mediated 

photooxidation product 41 4 was ascerrained by means of a deucerim incorporation experiment. 

After photooxidation of 4 was completed as described above, the reducrion w a r  carried out wirh 

NaBD4 instead of NaBH4 =he product obtained was recrystallized from merhanol, and calculation 

from mass spectroscopic measurements, indicated a high incorporafian (92%) of one deuteriwn 

2 
into the resultant deuterio-3',4'-anhydrovinblastine ( [  HI-4). 



1 
The posirion(s) of deuterium incorporation was determined by m r  ( H and 13c) spectral 

1 
analyses. The H - m r  spectrum of the deurerio product was identical in every respect with that 

of authentic 4 for the disappearance of the normal doubler centered at 6 3.52 (J - 16 
Hz), which has been assigned to C5'-OH. At the same rime, the corresponding C5'-OH signal in 

the deuterated product appeared as a singlet at 6 3.25 instead of the uEUal doublet (6 3 27, 

J - 16 Hz) seen in the spectrum of undeuterated 4. This asrigment was further confirmed by a 

proton decoupling study when on irradiation of the C3' vinyl proton (6 5.46, br. r ) ,  an increase 

in intensity of rhe new singlet (6 3.25) was observed. These data are in agreement with the 

assigned structure 3 for the FMN mediated photooxidation product. The latter on treatment with 
a9 

NaBD underwent a 1,2-reduction of the iminiun double bond (=N-C5'Z) with high Etereo- 
4 

selective incorporation of deuterium occurring mainly at the o-face of the 5'-carbon 

because of sreric hindrance from the &side. Similar high stereoselectivity in the NaBD4 

reduction of 3 generated by the modified Polanovski coupling of (1) and (2). w a r  reported by 

Scoff et el6. 

The l a c k  of deuterium incorporation at all the other positions of the regenerated deuteria 

3' ,4'-anhydrovinblastine except for the 5' carbon was confirmed by 13c-nmr spectroscopic 

2 
analysis. As shorn in Tables I and 11, the deuterio 3',4'-anhydrovinblastine ( [  HI-4) 

regenerated from the photooxidacion product and authentic 4 have identical 13c-mr spectra 

except for the signals corresponding to the 5' carbon in the indale unit. Thus in 4, a 

2 resonance appeared as a singlet at 52.1 ppm while for I Hl-4 the C5' signal appeared as a group 

of mulriplers (mast likely a s e t  of trlplers) at 51.75 ppm to 51.65 ppn. The Arrached Pro ton  

Test  APT)'^.^^, that was obtained in conjunction with the normal 13c.mr spectrum, was also of 

diagnostic value. In the 1 3 ~ - ~ ~ ~  spectrum, the C5' singlet for 4 appeared as a positive 

(upward) signal corresponding to a methylene carbon wirh 2 attached protons while the 1 3 ~ - ~ ~ ~  
1 2 

signal for C5' of I HI-4 appeared as a group of negative (downward) multiplets (51.75 ppm co 

51.45 ppm) in accord wirh a methylene carbon attached to 1 proton and 1 deuterium. 

The result of the above deuterium incorporation study clearly established the structure of the 

flavine mediated phot~oxidarion product as rhe conjugated irninium ion 3. No deuterium 

2 
incorporation was detected at C19' and C7'. Similarly, for the vindoline moiety of ( [  HI-41, 

there war no evidence of deuterium incorporation in any of the carbon atoms adjacent to =he two 

tertiary nitrogen atoms, thereby excluding Em-mediated photooxidation in the vindoline unit. 
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13c.~mr chemical shifts end Attached Proton Test (APT) for the indole 
unit of 3'.4'-anhydrovinblastine (4) and deuterio-3',4'-anhydrovinblarrine. 

Carbon Number of Chemiial Shift  APT^ Chemical S$ifc  APT^ 
Number Proton ( P P ~  (PP~) 

Attached 

~ownvard from TMS 
+ indicated upward signal; - indicated downward signal 



13c.~rnr chemical shifts and Attached Proeon Test (APT) for the vindoline half 
of 3f,4'-anhydrovinblestine (4) and deuterio-3',4'-anhydrovinblascine. 

Carbon Number of Cherniyl Shift  APT^ Chemicai Shift APT 
b 

Number Proton ( P P ~ )  ( P P ~ )  
Attached 

Downfield from TMS 
+ indicated upward ~ignal: - indicated downward signal 
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Mechani~cicall~, the requirement of both FMN (or FAD) and white fluorescent lighr irradiation 

for the anaerobic oxidation of 4 to proceed, strongly suggests rhac the initial step of the 

reaction involves the excitation of the flavin molecule as outlined in Scheme 2. The triplet 

3 * state flavin ( FMN ) formed by inrer-system crossing ( I S C )  is then quenched by abstracting an 

electron from the nitrogen atom at the 6-position to afford a radical-ion pair (8). Transfer 

of a C 5 '  hydrogen within the radical-ion pair complex then produces the conjugated iminium ion 

3 .  Sodium b~mhydride reduction of rhe latter would regenerace 4 while reduction with NaBD 
4 

results in [ 2 ~ 1 - 4  wirh high srereoselecrive deuterium incorporation occurring ac the less 

hindered o face of C5 '  

Scheme 2 

The initial steps of the above proposed mechanism are analogous with that established for the 

16 
flavin-mediated photodecarboxylation of certain heteroatom-subsrituted carboxylic acids . 

The results of our recent; biofran~for~ation of 4, utilizing enzyme syrrems from our E. raseus 

cell cultures12, have the conjugaced dihydropyridinim ion 3 as rhe crucial 

intermediate from 4 to the various bisindole alkaloids. In these lamer studies, flavin co- 

enzymes were also found ro be important co-faccors for the biotransformation of 4 60 the 

present study may bear a close relacionship co the enzymatic biorransformacion of 4 

Consequently, it was of inrerest to ~xarnine the srereochemisrry of hydrogen elimination from 

C5' of 4 in the "on-enzvmatic flavin mediated photooxidation and to compare the data with 

those involving rhe biorransformarion of 4 by enzyme systems derived from G .  ro~eus cell 



cultures. Employing deuterio 3'.4'-anhydrovinblastine labelled at C5'-o as tha starting 

compound1', a F'MN mediated photooxidafion war performed as described above to form che 

conjugated dihydropyridinium intermediate 3. The latter was reduced with NaBH and the 4 

regenerated 3',4'-anhydrovinblastine (4). after purification, was found by mass spectroscopic 

measulements to retain 34% of rhe original deuterium label. This result indicated that; under 

the conditions employed, loss of the C5'a-hydrogen is favored over the alternative C5'p-H in 

the FKN mediated photooxidation by a ratio of 2:l. The incubation of C5'-o-deurerio-3'.4'- 

anhydrovinblastine with cell free extracts from an 8 day old G. ro~eus cell cultures1' was 

carried out in the absence of any added flavin co-factors in order to eliminate any possible 

"on-enzymatic transformation. Conversion to the dihydropyridinium ion 3 was monitored by HPLC 

and afcer 96 h, the accwnulated 3 was reduced with NaBH4. The regenerated 3',4'-anhydro- 

vinblascine (4) was found by mass spectroscopic measurements to retain 65% of the original 

devferium label. To further eliminate any non-enzymatic photooxidation of 4 mediaced by 

endogenous flvvin co-factors present in the cell free extracts, an incubarion of C5'-o- 

deuterio 4 was carried out in the dark. Similar conversion to 3, as monitored by HPLC, was 

observed and after N ~ B H  reduction, the regeneraced Y war found to retain 67% of =he original 
4 

deuterium label. These results indicated that in the cell free enzymatic transformation of 4 

t o  3 elimination af the C5'-8 hydrogen is favored over the C5'-a hydrogen by a ratio of 2:l. 

direccly opposite ta char observed in the FMN mediated reaction. 

The apparent lack of complete stereospecificity in the enzymatic formation of 3 from 4 by cell 

free extracts derived from C. r m e u s  cell cultures can be rationalized by the facr that the 

10-12 crude cell free extracts employed contained many enzymes (peroxidase~ and/or oxidases) . 

Some of rhe enzymes may be specific but others nay not, so that the above biotransformarion of 

4 to 3 represenred the overall effects by the toral enzyme mixture. In this regard, it is of 

inferest to note thaf 3',4'-anhydrovinblastine ( 4 )  can also undergo a facile conversion to 3 by 

the enzymic action of comercially available horseradish peroxidase (HRP)~~ in the presence of 

a controlled amount of H202. Earlier we had reported the facile enzymic conversion of 4 to 

leurosine (5) by both HRP and cell free extracts derived from s. leaves in the presense 

8 
of excess H202 . By means of HPLC monitoring, it is now possible to control the HRP/H202 

transformation of 4 to a mixture of 3 and 5 in 60 min in Tris-HC1 buffer (pH 6.8). It was then 

of interest to determine the stereochemistry of the hydrogen elimination from C5' of 4 in this 

HRP catalyzed reaction. Employing the same C5'-o-deuterio anhydrovinblanrine as the substrate, 

a mixture of 3 and 5 was obtained on trearment with HRP/H202. Reduction of the reaction 

lnirture with NaBH then regenerared 3'.4'-anhydrovinblastine which, after purification, was 
4 
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found to rerain 50% of the original deuteriu. label. This result demonstrated char 

commercially available peroxidase (HRP) can readily transfer 4 to 3 but also no= wich high 

rtereospecificiry. 

~ ~ ~ ~ ~ t l ~ ,  ~osazza ez a1.20 reported a one-electron oxidation of vindoline (2) and ics 

derivatives catalyzed by HRP. A highly reactive radical carion species of 2 was an implied 

incermediare in che oxidation process. We believe thac e one-electron oxidation process is 

also operative in both our cell free enzymic extracts and the HRP-cacalynsd transformation of 

4. A radical cation similar fo 8 is the first formed inremediate which can undergo a 

stereospecific transfer of a C5' hydrogen within an enzyme-substrate complex, or it can 

eliminare a second electron and a proton "on-scereospecifically to form 3. 

The presence of specific enzyme systems in rhe cell free extracts of G. roseus was implicated 

also in the results reported by Scott er a1.6 in the biotransfornacion of 4 to vinblastine ( 7 )  

by cell-free extracts from c. roseus leaves. Although the yield to 7 was low (1.67%), they 

observed e high retention of rhe C5'-dl labelled as tritium in the product (7) obrained. 

In summary, the present srudy clearly establishes that the enzyme mediated biocransformacion 

of 3',4'-anhydrovinblastine (4) to the crucial bioayntherie intermediate 3 follows a pathway 

similar to that of the FNN-mediated conversion of 4 to 3 in a non-enzymarie experiment. The 

much higher ~~ecificity of C5'-H removal in the enzymatic conversion is of interest. 

Furthermore, the conversion of 4 to 3 can occur in the absence of f'Kh' although che process, e c  

least with enzymes obtained from an 8 day old culcure, is much slower. Thus the cofacror 

dependency of FMN in the enzymatic conversion is established. Finally, it is clear that 4 is a 

producc obtained afrer enzymatic reducrion of 3, the laczer being formed in the coupling of 1 

and 2. However, if 4 i s  incubated as the substrate in an enrparie process, ie is converted 

back to 3 and the larr6r then converts to the various birindole alkaloids. The results 

obtained in this study are applied to other experiments as described in the accompanying 

publications 21.22 
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