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SYNTHESIS AND STRUCTURE OF Y O H I M B I N E  ALKALOIDS 
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Budapest, Hungary 

New methods f o r  t h e  s y n t h e s i s  o f  yohimbine a l k a l o i d s  - 

inc lud ing  both  t h e  normal and type - have been 

developed. The s t r u c t u r e  of  alloyohimbine has  been 

rev i sed  and some unna tu ra l  s t e reo i somers  of  yohimbine 

have a l s o  been obta ined.  

E x c e l l e n t  monographs on t h e  s y n t h e s i s  and s t r u c t u r e  of  yohimbine 

a l k a l o i d s  a r e  found i n  t h e  l i t e r a t u r e . '  Therefore t h e  s u b j e c t  of 

t h e  p r e s e n t  review is pr imar i ly  a  d i scuss ion  of t h e  - i n  p a r t ,  s t i l l  

unpublished - work on t h e  s y n t h e s i s  o f  yohimbine a l k a l o i d s  performed 

a t  t h e  I n s t i t u t e  of Organic Chemistry of  t h e  Technical  Univers i ty ,  

Budapest. In  the  course of  t h i s  work, t h e  need t o  r e v i s e  t h e  

s t r u c t u r e  of  al loyohimbine has  been shown. 

1. A survey of yohimbine a l k a l o i d s  

I n  the  narrower sense ,  a l s o  used by us ,  t h e  yohimbine a l k a l o i d s  

comprise yohimbine (1) an2 those  o f  i t s  s te reo i somers  which occur 

i n  p l a n t s .  The s t r u c t u r e s  o f  these  bases ,  t o g e t h e r  wi th  t h e i r  i s o -  

mers n o t  occur r ing  i n  n a t u r e ( t h e  l a t t e r  marked wi th  a s t e r i s k s )  a r e  



shown in Figure 1. 
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The ar rows  i n  t h e  f i g u r e  i n d i c a t e  t h e  d i r e c t i o n s  where chemical  

t r a n s f o r m a t i o n s  are r e l a t i v e l y  r e a d i l y  e f f e c t e d .  

From t h e  p o i n t  o f  view o f  s y n t h e s i s ,  it i s  e x p e d i e n t  t o  d i s t i n -  

g u i s h  two l a r g e  groups  o f  yohimbine a l k a l o i d s ,  depending on trans 

o r  cis a n n e l l a t i o n  of t h e  D/E r i n g .  L e t  u s  f i r s t  d i s c u s s  t h e  

s t r u c t u r e  o f  t h e  D/E t r a n s - a n n e l l a t e d  t ype .  

. . . . 
2. S ~ ~ t h e s i s - ~ ~ - ~ Q h 1 m b 1 n ~ ~ 3 1 ? d - B 1 ~ ~ h 1 m b 1 n e _  

When o u r  work was s t a r t e d ,  o n l y  a  s i n g l e  yohimbine a l k a l o i d s  

s y n t h e s i s  w a s  known. Van Tamelen and co-workers ,2a i n  a p r e l i m i -  

na ry  p a p e r ,  had r e p o r t e d  a  s y n t h e s i s  o f  pseudo-yohimbine ( 5 )  ( t h i s  

work was l a t e r  p u b l i s h e d  i n  d e t a i l z b ) .  S i n c e  t h e  conve r s ion  of  

pseudoyohimbine i n t o  yohimbine was a l r e a d y  known, t h i s  approach 

s imu l t aneous ly  imp l i ed  t h e  s y n t h e s i s  o f  yohimbine. 

2 .  1 The c o n s t r u c t i o n  of  t h e  indoloI2.3-a]quinolizidine system. 

I n  p l a n n i n g  o u r  work, w e  a p p l i e d  a  new, s o - c a l l e d  l i n e a r ,  

approach f o r  bu i ld ing -up  t h e  yohimbine s t r u c t u r e .  

A s  s t a r t i n g  m a t e r i a l  f o r  t h e  s t e r e o s e l e c t i v e  t o t a l  s y n t h e s i s  o f  

Ipecacuana   alkaloid^,^ ke tone  1 6  i s  e x c e l l e n t l y  ~ u i t a b l e . ~  I t  can 

b e  p r e p a r e d  i n  a b o u t  9 0  % y i e l d  by t h e  r e a c t i o n  o f  t h e  s a l t  of 

3,4-dihydro-6,7-dimethoxyisoquinoline w i t h  e t h y l b u t e n o n e .  5 



We wished t o  apply a  s i m i l a r  procedure f o r  bu i ld ing  up t h e  

s t r u c t u r e  o f  yohimbine. For t h i s  purpose, we intended t o  u t i l i z e  

the  reac t ion  of 3,4-dihydro-B-carboline (17) with the  unsaturated 

k e t o e s t e r  ( ~ 8 ) ~  The l a t t e r  compound was prepared by means o f  a  

Mannich r e a c t i o n  o f  a c e t y l g l u t a r i c  e s t e r ,  y i e l d i n g  - i n  add i t ion  

7 t o  1 8  - the  corresponding aminomethyl d e r i v a t i v e  which can read i ly  

be i d e n t i f i e d  i n  the  form o f  the  methiodide ( 1 9 ) .  

I + , /  CH3 
C H r C  - C = CH, CH,-C-CH-CHiN-CH3 II I \ f" 

II I 
0 5% 0 CH, I 

CH3 

CH, C Ha 
I 

I 

18 CO,CH, l9 CO,CH, 

However, 3,4-dihydro-fi-carboline r e a c t s  i n  a  d i f f e r e n t  manner 

wi th  unsaturated ketones than the  corresponding i soqu ino l ines .  

I t s  hydrochloride does n o t  r e a c t  a t  a l l ,  whereas the  f r e e  base ,  

i n  co ld  a l c o h o l i c  medium r e a c t s  by a  l , 4 - d i p o l a r  cycloaddi t ion 
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process ,  y i e l d i n g  compound 2 0  a s  t h e  major p roduc t ;  
8 

I t  c l e a r l y  follows from t h i s  mechanism t h a t  t h e  d e s i r e d  c y c l i -  

za t ion  can take p lace  i f  t h e  1 ,4-dipole  is e l imina ted  by proton 

a d d i t i o n .  Ifr agreement wi th  t h i s  expec ta t ion ,  when t h e  c o n s t i t u e n t s  

were b o i l e d  i n  e t h a n o l  i n  t h e  presence o f  a  smal l  amount of  a c i d ,  

t h e  d e s i r e d  q u i n o l i z i d i n e  d e r i v a t i v e  ( 2 1 )  was ob ta ined  i n  s a t i s -  

f a c t o r y  y i e l d .  6 r 9  The same product  can a l s o  be ob ta ined  by re-  

a c t i o n  w i t h  t h e  methiodide ( 1 9 )  . 

2.2 The s y n t h e s i s  o f  yohimbine and eyohimbine through d i e s t e r  24a. 

The f i r s t  s t e p  i n  building-up yohimbinone (26a) was t o  e s t a b l i s h  

a  methoxycarbonylmethyl group i n  t h e  &conf igura t ion  i n  p o s i t i o n  2  

of ketone 21. Using t h e  known procedure,  3'10 a p p l i e d  i n  t h e  synthe- 

sis of  emetine and dihydrocorynantheine,  t h i s  was c a r r i e d  o u t  i n  two 



s tages :  t h e  ketone (21) was reac ted  a t  o0 C ,  i n  t h e  presence of  

an e q u i v a l e n t  amount of potassium t e r t . b u t o x i d e ,  wi th  phosphono- 

a c e t i c  e s t e r  22a and the  condensate obta ined (23a) was c a t a l y t i -  

c a l l y  hydrogenated t o  g ive  d i e s t e r  24a. From t h e  d i e s t e r  (24a) ,  

by means o f  condensation i n  homogeneous medium (DMSO) i n  t h e  pre- 

sence  of  sodium dimsyla te ,  t h e  k e t o e s t e r  (25) was obta ined i n  a 

r e g i o s p e c i f i c  r e a c t i o n  a s  t h e  only  product.  This compound is the  

thermodynamically more s t a b l e  product,  and i s  capable of e n o l i -  

z a t i o n ,  b u t  unsu i t ab le  f o r  s y n t h e s i s  of  yohimbine a l k a l o i d s .  Yohim- 

binone (26a) i s  incapable  of e n o l i z a t i o n , l l  owing t o  t h e  s t e r i c  

h indrance,  " p e r i - e f f e c t " ,  of the  hydrogen i n  p o s i t i o n  C14. There- 

f o r e  i t  appeared t h a t  t h e  on ly  way t o  o b t a i n  yohimbinone from these  

r e a c t a n t s  was t o  u t i l i z e  k i n e t i c  c o n t r o l .  In  f a c t  t h e  Dieckmann 

condensation,  c a r r i e d  o u t  i n  heterogeneous phase i n  h o t  benzene 

under t h e  i n f l u e n c e  of sodium methoxide, y ie lded  a mixture o f  the  

two k e t o e s t e r s  (25) and (26a) from which t h e  d e s i r e d  isomer (26a) 
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could be i s o l a t e d  i n  a y i e l d  o f  30 %. 

Acid hydro lys i s  accompanied by decarboxyla t ion l e d ,  from both  

isomers,  t o  yohimbone ( 2 6 ~ ) .  From yohimbinone, wl th  sodium boro- 

h y d r i d e , l l  a 1 : 3 mixture of  yohimbine (1) and B-yohimblne ( 2 )  race -  

mates (2)  i s  ob ta ined ,  whereas t h e  use o f  a p la t inum c a t a l y s t  12 

r e s u l t s  mainly i n  t h e  formation of racemic yohimbine. The race- 

mates were reso lved  i n t o  t h e  o p t i c a l  ant ipodes  by us ing t h e  method 

of d ias tereomer  s a l t  p a i r  formation.  For yohimbine racemate,  N- 

acetyl -L- leucin ,  f o r  racemic B-yohimbine, L-camphorosulphonic a c i d  

was found t o  be t h e  most s u i t a b l e  agent .  The s a l t s  o f  t h e  n a t u r a l  

ant ipodes  c r y s t a l l i z e  i n  pure form from t h e  s o l u t i o n  and t h e i r  

enantiomers could be ob ta ined  from t h e  mother l i q u o r s .  

2.3 Syn thes i s  o f  yohimbine (1) , B-yohimbine ( 2 )  and 17-epi- 

corynant ine  (4 )  through t h e  cyanoester  (27) 

In  o r d e r  t o  c o n t r o l  t h e  Dieckmann condensation f o r  o b t a i n i n g  t h e  

n i t r i l e  analogue o f  yohimbinone (26b) i n  good y i e l d s ,  t h e  ketone 

(21) was made t o  r e a c t  wi th  phosphonoacetonitrile (22b) i n  t h e  above- 

mentioned way, and t h e  double bond o f  t h e  product (23b) was sub- 

sequen t ly  reduced i n  t h e  presence o f  palladium on bone black.  Two 

products  (24b and 27) - i n  conformity t o  t h e  two d i r e c t i o n s  of  

s a t u r a t i o n  - were formed i n  t h i s  r e a c t i o n ,  i n  a r a t i o  o f  4 : 1. 

They could  r e a d i l y  be  separa ted  by c r y s t a l l i z a t i o n .  The Dieckmann 

condensation of  t h e  isomer ob ta ined  i n  t h e  h i g h e r  amount (24b) i n  

DMSO y i e l d e d  t h e  n i t r i l e  (26b) q u a n t i t a t i v e l y .  



\ 

<*",H CO,CH, 

26 b " AcN 
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I n  c o n t r a s t  wi th  i t s  e s t e r  analogue, the  n i t r i l e  e n o l i z e s  both 

i n  s o l u t i o n  and i n  t h e  s o l i d  s t a t e ,  s i n c e  no s i g n i f i c a n t  i n t e r -  

ference a r i s e s  between We samll-volume n i t r i l e  group and the  

hydrogen atoms i n  t h e  peri p o s i t i o n  even when t h e  n i t r i l e  group i s  

a t t ached  t o  a  double bond. 
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When reducing 26b wi th  sodium borohydride a t  room temperature,  

t h r ee  products were formed. The s t r u c t u r e s  o f  two of these ,  

namely 28a and 29a have been confirmed by t h e i r  s p e c t r a  - and by 

t h e i r  t ransformat ion i n t o  yohimbine (1) and 6-yohimbine (2) resp.  

A s  t o  t he  t h i r d  product ( 30a ) ,  i t s  I R  and NMR spec t r a  (Table 1) 

reveal  t h a t  i t s  hydroxyl group, s i m i l a r l y  t o  t h a t  of the  isomer 

29a, i s  i n  an equa to r i a l  alignment and hence t h i s  product is  

Table 1 

Compound 

5,77 
6j 8 

602 
bb 

0-Acetyl 
ieriva tives of; 

lb 4.55 
Zb 302 
4" 5,22 

NMR /T/ IMF-d, 
DCI, 

0-COCH, 

795 
8,OO 
400 

apparent ly  t he  C16 epimer of compound 29a. This assumption was 

f u l l y  confirmed by the  chemical behaviour of the  compound i n  

quest ion:  an equ i l ib r ium between compounds 29a and 30a is es- 

t ab l i shed  even by the  a c t i o n  of  aqueous a l k a l i .  The pos i t i on  of 

t h i s  equi l ibr ium,  a s  ca lcu la ted  from theequilibrium cons tan t ,  is 

def ined by the  conformation energy of the n i t r i l e  group (0.2 



Kcal/mol) . The a c i d i c  hydrogen a t  c i  is d x t r a c t e d  under these  
6 

mild cond i t ions  and,as a  r e s u l t ,  the  n i t r i l e  group passes  i n t o  

t h e  a x i a l  and e q u a t o r i a l  p o s i t i o n ,  resp.  The appearance of isomer 

30a i n  the  reac t ion  mixture is due t o  the  presence o f  the  isomer 

conta ining t h e  n i t r i l e  group i n  the  a x i a l  p o s i t i o n ,  the  l a t t e r  be- 

i n g  formed by e n o l i z a t i o n  i n  the  s o l u t i o n  of t h e  k e t o n i t r i l e  ( 2 6 a ) ,  

followed by reduct ion.  The r a t i o  of isomers thus e s t a b l i s h e d  is  

only s l i g h t l y  modified by the  subsequent epimerizat ion taking place  

dur ing the  reduct ion process.  Under more severe  cond i t ions  (pota- 

s s i u m  t e r t .bu tox ide  + h o t  benzene) ,  the  l e s s  a c i d i c  hydrogen atom 

i n  p o s i t i o n  C of n i t r i l e  28a can a l s o  be exchanged and the  t r ans -  1 7  

formation of 28a to 29a e f f e c t e d .  This epimerizat ion i s ,  however, 

u n i d i r e c t i o n a l ,  and, owing t o  the  s t e r e o e l e c t r o n i c  condi t ions  o f  

t h e   type el imina t ion ,  s u b s t a n t i a l  amounts of apo-yohimbine- 

n i t r i l e  (31) a r e  a l s o  formed i n  the  reac t ion .  

The t ransformat ion of t h e  n i t r i l e  groups i n  isomers 28a, 29a, 

and 30a I n t o  e s t e r  groups was c a r r i e d  o u t  i n  th ree  s t ages .  F i r s t ,  

t h e  n i t r i l e  group was converted i n t o  the  amide, us ing a l k a l i n e  H202, 

then the  amides, 28b, 29b and 30b, were hydrol ized t o  the  corres-  

ponding a c i d s ,  and f i n a l l y  the  a c i d s  were e s t e r i f i e d  i n  s i t u  by -- 
a c i d  i n  methanol. I n  t h i s  way, one o b t a i n s  yohimbine (1) from 

28a, (3-yohimbine (2) from 29a, and a  yohimbine isomer, unknown i n  

n a t u r e  up t o  now, 17-e&-corynanthine, ( 4 ) ,  from compound 30a. I n  

the  course o f  these  t ransformat ions ,  the  e f f e c t s  of the  s t e r i c  

f a c t o r s  and the  neighbouring groups on t h e  r a t e  of r eac t ion  could 

be s tud ied :  30a i n  conformity wi th  i ts  a x i a l  n i t r i l e  group, r e a c t s  

much slower wi th  a l k a l i n e  peroxide,  and the  amide (30b) wi th  water, 
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than t h e i r  isomers (28a, b )  and (29a, b ) .  A s u b s t a n t i a l  d i f f e r e n c e  

between the  r a t e s  o f  r e a c t i o n  of the  l a t t e r  two epimer p a i r s ,  was 

a l s o  observed: the  r a t e s  a r e  h igher  wi th  2Ba, b ,  conta ining an 

a x i a l  hydroxyl group than those  o f  t h e i r  e q u a t o r i a l  (29a.b) analo- 

gues. NMR spec t roscop ic  da ta  of t h e  compounds a r e  l i s t e d  i n  Table 

1. 

I t  may be seen from the  t a b l e  t h a t  the  s i g n a l  o f  the  e s t e r  group 

o f  compound 4 - s i m i l a r l y  t o  corynanthine (3 )  which a l s o  conta ins  

an a x i a l  e s t e r  group - appears a t  a h igher  f i e l d  s t r e n g t h  and 

d i f f e r s  from the  chemical s h i f t  o f  t h e  analogous protons  of yohim- 

b ine  (1) and D-yohimbine ( 2 ) .  On the  o t h e r  hand, the  C17-hydro- 

gen of 4 is axial, and, hence, s i m i l a r  t o  t h e  analogous hydrogen i n  D- 

yohimbine, b u t  i n  c o n t r a s t  t o  t h a t  of yohimbine and corynanthine,  

absorpt ion i s  ovserved a t  a h igher  f i e l d  s t reng th .  S i m i l a r  obser-  

va t ions  could a l s o  be made i n  the  s p e c t r a  of the  0-acylated alka- 

l o i d s .  

. . 
3. S~nthesis-~I-=DLEcis:_a1?neL1_a_ted-~~h~mb&ne~_aLk_aI_oids 

Throughout the  world, s e v e r a l  r esea rch  groups a r e  s t i l l  con- 

t i n u i n g  t o  s tudy yohimbane-type compounds, and experiments a r e  

being c a r r i e d  o u t  t o  produce yohimbine isomers wi th  &- and epi- 

a110 yohimbane s t r u c t u r e s .  13,14 - 
I n  t h e  following paragraphs we r e p o r t  the  success fu l  s y n t h e s i s  

o f  compounds o f  t h i s  type. 6,15 

3.1 Synthesis  of yohimbine isomers wi th  epi-allo-yohimbane 

s t r u c t u r e .  The s t e r i c  s t r u c t u r e  o f  allo-yohimbine 
15 

The u t i l i z a t i o n  of the  isomer (27) obta ined i n  smal le r  amounts 

i n  the  c a t a l y t i c  hydrogenation o f  compound 23b appeared t o  be 



the  s imples t  approach f o r  syn thes iz ing  D/E-c&-annellated com- 

pounds. The compound (27) was transformed q u a n t i t a t i v e l y  i n t o  

pen tacyc l i c  compound 32 by potassium t e r t . b u t o x i d e  i n  DMSO. Accord- 

i n g  t o  spec t roscop ic  d a t a ,  t h e  p r e v a i l i n g  form o f  t h i s  compound 

i n  both  t h e  s o l i d  s t a t e  and i n  s o l u t i o n  i s  t h e  en01 form, and t h e  

conformation of t h e  s t r u c t u r e  i s  e p i - a l l o - t r a n s  (E t ) .  l6 ~n  c o n t r a s t  

t o  t h e  reduct ion of  t h e  analogous compound wi th  the  normal conf igurat -  

ion  (2Eb) ,  reduct ion of  ketone 32 wi th  sodium borohydride i n  metha- 

n o l  y ie lded  two, i n s t e a d  o f  t h r e e ,  products :  33a and 34a i n  a  r a t i o  

Of 2 : 3. 
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From t h e  s p e c t r a ,  the  conformation o f  t h e  yohimbane ske le ton  

i s  Et  i n  both  products .  NMR s p e c t r a  a l s o  r e v e a l s  t h e  s t e r i c  p o s i t -  

ion  of t h e  C17-hydroxyl group.   his i s  based on t h e  chemical s h i f t  

of t h e  C17-proton which depends on i ts  e q u a t o r i a l  o r  a x i a l  p o s i t i o n .  17 

I t  was found t h a t  t h e  C17-hydrogen i s  e q u a t o r i a l  i n  isomer 33a and 

a x i a l  i n  34a (Table 2 ) .  

Table 

I I NMR 171 
DMSO-d. 

Bohlmann 
bands 

2750-2810 s 
- I, - 
- ,, - 
- ,, - 

From t h e  stable E t  conformations of the  p roduc t s ,  i t  fol lows 

t h a t  i n  33a t h e  hydroxyl group i s  l o c a t e d  i n  t h e  a-, and i n  34a, i n  

t h e  O-hemispace. The s p e c t r a  o f  t h e  corresponding 0-acyl der iva-  

t i v e s  (33b and 34b) a s  w e l l  a s  t h e  d i f f e r e n c e s  i n  the  r a t e  o f  the  

0-acyla t ion r e a c t i o n  ( t h e  r e a c t i o n  of  34a exceeds t h a t  of  33a by 

one o r d e r  o f  magnitude) a l s o  confirm t h e  c o r r e c t n e s s  o f  these  s t e r i c  

conclus ions .  

Fur the r  conclus ions  can be made from t h e  behaviour o f  t h e  n i t r i l e  

a l coho l s  and t h e i r  t o s y l a t e s  (33c and 34c) .  I n  c o n t r a s t  t o  t h e i r  

analogues i n  t h e  normal s e r i e s  (29a and 30a) ,  the n i t r i l e  a l coho l s  



(33a and 34a) do n o t  epimerize a t  C16 under the  in f luence  o f  cold  

aqueous o r  a l c o h o l i c  a l k a l i .  The absence o f  such r e a c t i o n  can be 

understood from examination o f  molecular models. Fig. 2 shows 

t h a t  t h e  conformational energy d i f f e r e n c e  between the  two poss ib le  

C16 epimers i n  the  epi-a110 -- s e r i e s  i s  s u b s t a n t i a l l y  higher  than 

t h a t  found i n  the  normal s e r i e s .  I n  the  trans conformer o f  the 

"5-epimer" conta ining the  n i t r i l e  group i n  the  R-hemispace, t h e  

n i t r i l e  group i s  so  c l o s e  t o  t h e  a x i a l  C3 and CZ1 hydrogens t h a t  

t h e  molecule can be b u i l t  up only  by a vigorous deformation a f  the  

c h a l r  form. Such i n t e r a c t i o n s  do n o t  e x i s t  i n  t h e  Ecl conformat- 

ion.  However, the  energy con ten t  of the  molecule is high,  because, 

owing t o  the  conformation change E t  -> Ecl,  t he  l a r g e  C3 indo le  sub- 

s t i t u e n t  g e t s  i n t o  t h e  a x i a l  pos i t ion .  

Figure 2 

? 

From what has been s a i d ,  the  assumption appears obvious t h a t  t h e  
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n i t r i l e  group i s  bound t o  t h e  epi-allo-yohimbane s t r u c t u r e  having 

the  Et conformation, i n  t h e  case  o f  both n i t r i l e  a lcohol  isomers 

33a and 34a i n  the  a-hemispace, i n  the  e q u a t o r i a l  p o s i t i o n ,  and 

t h e  epimerizat ion e q u i l i b r i u m i s  f u l l y  s h i f t e d  towards the  C16-a- 

epimer. 

I t  should be noted t h a t  3-epi-a-yohimbine ( 1 2 ) ,  i n  which the  - 
C16 e s t e r  group i s  i n  the  B-position, e x i s t s  s o l e l y  i n  t h e  ~ i - a l l o -  

conformation E and t h e  Bohlmann bands po in t ing  t o  the  E c1' t 

conformation a r e  absen t  from i t s  I R  spectrum. 

Thus, it i s  n o t  s u r p r i s i n g  t h a t  even wi th  hot  sodium methoxide 

i n  ~ t h a n o l  C16 epimerizat ion of 33a and 34a can n o t  be brought 

about.  However, t h e  e l imina t ion  r e a c t i o n  does take p lace .  The 

same unsaturated n i t r i l e  (35) i s  obta ined from both compounds. The 

r e a c t i o n  i s  r e l a t i v e l y  r a p i d  (30 minutes) wi th  33a and slower 

( a b o i t  8 hours) wi th  34a (Fig .  3 ) .  

Figure 3 



The d i f f e r e n c e  i n  t h e  r a t e  of e l imina t ion  i s  i n  f u l l  agreement 

w i t h  t h e  s t r u c t u r e s :  t h e  cond i t ions  f o r  t h e  e n e r g e t i c a l l y  most 

favourable  t r a n s - d i a x i a l  e l imina t ion  a r e  p r e s e n t  i n  t h e  compound 

33a, whi le  compound 34a must f i r s t  epimerize ( t h i s  being t h e  r a t e -  

c o n t r o l l i n g  s t e p )  o r  e l s e  - t h i s  could a l s o  be imagined - t h e  mole- 

c u l e  i s  cons t ra ined  t o  syn-type e l imina t ion .  

We a l s o  prepared and s t u d i e d  t h e  0 - tosy la tes  (33c and 34c) of  t h e  

n i t r i l e  a lcohols .  These compounds a r e  decomposed by a l c o h o l i c  

a l k a l i  even more rap id ly  than t h e  n i t r i l e  a l coho l s .  When t h e i r  

s o l u t i o n s  i n  p y r i d i n e  a r e  heated,  only t h e  unsatura ted  n i t r i l e  (35) 

can be i s o l a t e d .  They show d i f f e r e n c e s  i n  t h e  r a t e  of  e l imina t ion  

s i m i l a r  t o  t h e  n i t r i l e  a l coho l s .  Mass spectrometry o f  t h e  t o s y l a t e s  

a l lows s i m i l a r  observat ions:  i n  c o n t r a s t  t o  i t s  isomer p a i r ,  tosy- 

l a t e  33c t o t a l l y  decomposes a t  i ts  b o i l i n g  p o i n t  (180°c), and only 

t h e  molecular peak of t h e  unsa tu ra ted  n i t r i l e  (35) and ion  peaks 

o r i g i n a t i n g  from i t s  fragmentation can be  observed i n  t h e  spectrum. 

From t h e  s t r u c t u r e  of t h e  t o s y l a t e  (33c) one would expec t  t h a t  - a s  

wi th  t h e  t o s y l a t e  of epl-a-yohinbine (12) - in t ramolecular  N-alkyl- 

a t i o n  would a l s o  t ake  p laces  on hea t ing  t h e  s o l u t i o n  i n  pyr id ine ,  

and a  quaternary  s a l t  would be formed (Fig.  3 ) .  However, no such 

compound could be i s o l a t e d ,  probably because t h e  r a t e  of t h e  e l imi -  

n a t i o n  r e a c t i o n  leading t o  t h e  unsatura ted  n i t r i l e  (35) i s  h i g h e r  

than the  r a t e  o f  t h e  S N i  r e a c t i o n .  Through a  knowledge of t h e  

s t r u c t u r e s  o f  the  products ,  some conclusions can a l s o  be made on 

t h e  reduct ion process  of  ketone 32 wi th  borohydride. Hach and co- 

w o r k e r ~ ~ ~  s t u d i e d  t h e  reduct ion o f  menthone and thujone d e r i v a t i v e s ,  

and s t a t e d  t h a t  t h e  asymmetric c e n t r e  i n  t h e  v i c i n i t y  o f  t h e  0x0 
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group, under t h e  e f f e c t  of  t h e  b a s i c i t y  o f  sodium borohydride,  w i l l  

ep imer ize  p r i o r  t o  t h e  reduct ion of  the  0x0 group ( i . e . ,  the  ep i -  

mer iza t ion p reequ i l ib r ium i s  more r a p i d  than r e d u c t i o n ) ,  and hence 

a l l  four i somric  a lcoho l s  t h e o r e t i c a l l y  poss ib le  w i l l  be formed i n  

t h e  course  of t h e  reduct ion.  

This is t h e  case  a l s o  i n  t h e  reduct ion of  normal and a l l o -  

yohimbane k e t o n i t r i l e s  26b and 41a and allo-yohimbinone ( 4 1 8 )  be- 

cause t h e  C16 epimer p a i r  can always be found among t h e  t h r e e  ( o r  

four ,  r e s p . )  reduct ion products  ( c f .  below). 

The p i c t u r e  i s  d i f f e r e n t  i n  t h e  reduct ion of compound 32, which 

has  t h e  epi-allo-yohimbane c o n f i g u r a t i o n ,  whose CL6-B epimer i s  

n o t  p r e s e n t  i n  t h e  r e a c t i o n  mixture,  owing t o  i ts  i n a b i l i t y  t o  

e n o l i s e .  The same f i n d i n g  is  made i n  t h e  reduct ion of  yohimbinone 

( 2 6 a ) .  A s  d iscussed e a r l i e r ,  only  two isomeric  a l coho l s  a r e  formed 

under t h e  a c t i o n  o f  sodium borohydride and t h e  two isomers a r e  

r e l a t e d  t o  each o t h e r  by C17 epimerism and n o t  by C16 epimerism. 

These f ind ings  can be expla ined by t h e  same arguments d iscussed 

e a r l i e r  i n  connection w i t h  the  s t r u c t u r e  of  33 and 34. 

According t o  molecular models, t h e  e x i s t e n c e  of t h e  "0-epimer" 

i n  t h e  Et  conformation is improbable, owing t o  t h e  i n t e r a c t i o n  be t -  

ween t h e  a x i a l  n i t r i l e  group and t h e  a x i a l  C 3  and C21 hydrogens i n  

the  i n t e r i o r  of the  baske t - l ike  r i n g  system. On t h e  o t h e r  hand, 

t h e  energy o f  t h e  Ecl conformation i s  h igher  than t h a t  of  t h e  a- 

epimer by approximately t h e  conformation energy o f  t h e  l a r g e  C j  

s u b s t i t u e n t  which must become a x i a l .  

Hence, on ly  t h e  " a-epimer" can be considered a s  a  r e a c t i o n  

p a r t n e r  i n  r educ t ion .  This is why we obta ined t h e  same r e s u l t ,  



w i t h  regard  t o  t h e  number and s tereochemical  r e l a t i o n  of  t h e  pro- 

duc t s ,  as  i n  t h e  reduct ion of  s impler  r e l a t e d  compounds c a r r y i n g  

no s u b s t i t u e n t  i n  p o s i t i o n  Cis, e .  g. epi-allo-yohimbone. 2/c 

Moreover, t h e  r a t i o  of t h e  n i t r i l e  a l coho l s  seems t o  i n d i c a t e  

t h a t  t h e  a t t a c k  of t h e  borohydride anion on t h e  carbon atom o f  t h e  

carbonyl group i s  somewhat e a s i e r  and r e q u i r e s  surmounting of a  

s m a l l e r  s t e r i c  compression'when it  i s  d i r e c t e d  a g a i n s t  t h e  convex 

s i d e  o f  t h e  r i n g  system Cs te r i c  approach control ' ) .  However, t h e  

a t t a c k  i n  the  oppos i t e  d i r e c t i o n  i s  a l s o  f e a s i b l e .  

A s  t h e  f i n a l  s t e p  of  t h e  a l k a l o i d  s y n t h e s i s ,  w e  transformed t h e  

n i t r i l e  groups o f  compounds 33a and 34a i n t o  e s t e r  groups. Since  

d i r e c t  hydro lys i s  o r  t h e  Pinner  r e a c t i o n  were unsuccessful ,  we chose 

t h e  i n d i r e c t  pa th  developed f o r  t h e  isomers o f  t h e  normal s e r i e s .  

We f i r s t  prepared the  amides 33d and 34d, then hydrol ized these  t o  

t h e  carboxyl ic  ac ids  33e and 34e and subsequent ly ,  wi thout  p u r i f i -  

c a t i o n ,  e s t e r i f i e d  the  crude ac ids  t o  14 and 1%. 

~h~ n i t r i l e  + amide r e a c t i o n  proceeded smoothly wi th  a l k a l i n e  

methanol con ta in ing  hydrogen peroxide.  However, owing t o  t h e  in -  

c reased  s e n s i t i v i t y  o f  t h e  epi-allo-compounds t o  ox ida t ion  and 

h e a t ,  we had t o  work a t  lower temperatures.  With regard  t o  t h e  

y i e l d ,  i t  i s  of  the  utmost importance t o  achieve continuous pre- 

c i p i t a t i o n  o f  t h e  amide from t h e  r e a c t i o n  mixture. To ensure  t h i s ,  

seed c r y s t a l s  must be added t o  t h e  s o l u t i o n  a t  t h e  appropr ia te  

moment. 

In  the  n i t r i l e  t o  amide and amide t o  ca rboxy l ic  a c i d  transform- 

a t i o n s ,  we again  observed t h a t  t h e  isomers 33a and 33d, con ta in ing  

t h e  C16 and C1, s u b s t i t u e n t s  i n  t h e  cis p o s i t i o n ,  r eac ted  more 
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r a p i d l y  than the  trans compounds (34a and 34d) ,  owing t o  t h e  e f f e c t  

o f  t h e  neighbouring hydroxyl group. 

In  the  a c i d  hydro lys i s  o f  amide 33d, C3 epimerizat ion a l s o  t akes  

p lace .  Therefore,  a f t e r  e s t e r i f i c a t i o n  of  t h e  mixture ,  i n  a d d i t i o n  

t o  t h e  hydroxyester  ( 1 4 )  be longing t o  t h e  epi-a110 s e r i e s ,  a  smal l  

amount of  t h e  yohimbine isomer (10) having t h e  conf igura t ion  

could be separa ted .  The r a t i o  of 1 4  t o  10 was 3  : 1. The com- 

pounds a r e  C epimers,  s i n c e  they can be mutually prepared from 3 

one another  by the  usual  methods f o r  C ep imer iza t ion .  Oxidation 3  

wi th  mercury (11) a c e t a t e  r e s u l t s  i n  a  common in te rmedia te  product  

which, when reduced w i t h  z inc  and a c i d ,  y i e l d s  isomer 14 ,whereas  

reduct ion w i t h  sodium borohydride y i e l d s  isomer 10 ( i n i t i a l l y  formed 

i n  lower q u a n t i t i e s )  a s  the  main product .  

The u - h y d r o x y e s t e r  (10) can a l s o  be obta ined from epimer 1 4  

by b o i l i n g  wi th  a c i d  and subsequence methyla t ion.  The composition 

of the isomric mixture i s  i d e n t i c a l  wi th  t h a t  obta ined by b o i l i n g  t h e  

amide (33d) w i t h  ac id .  

I n  view of  t h e  s t e r i c  formulae de r ived  from these  c o n s i d e r a t i o n s ,  

i t  was unexpected t h a t  t h e  chromatographic, s p e c t r a l  and chemical 

p r o p e r t i e s  of  compound 10 were found t o  agree  wi th  those  o f  n a t u r a l  

allo-yohimbine, t o  which formula 7 had been ass igned i n  the  l i t e r a -  - 
t u r e .  1'19 This was based on t h e  observat ion o f  J a n o t ,  Goutare l  and 

coworkers t h a t  under t h e  e f f e c t  of s t r o n g  bases  l i k e  potassium t e r t .  

butoxide ,  t h e  carbon atom C17 ca r ry ing  t h e  hydroxyl group w i l l  

ep imer ize ,  s o  t h a t  D-yohimbine ( 2 )  can be ob ta ined ,  e.g.  , from yo- 

himbine (1). Since  G o - y o h i m b i n e ,  i n  h o t  benzene and i n  t h e  

presence o f  potassium t e r t . b u t o x i d e  is converted i n t o  t h e  more 

s t a b l e  a-yohimbine ( 8 ) ,  the  former was considered,  p e r  analogiam, 



t o  be t h e  C17-epimer of t h e  l a t t e r .  1 L 

However, our experiments demonstrate t h a t  t h i s  i s  no t  so.  To 

b r i n g  about t h e  u - y o h i m b i n e  t o  a-yohimbine r e a c t i o n ,  t h e  

vigorous cond i t ions  used f o r  epimerizat ion of t h e  carbon atom 

c a r r y i n g  t h e  hydroxyl group a r e  unnecessary. The r e a c t i o n  w i l l  

t a k e  p lace  even a t  ambient temperature i n  t h e  presence of metha- 

n o l i c  sodium methoxide, wi thout  y i e l d i n g  any by-products. I n  

this case ,  however, only  t h e  invers ion  of t h e  conf igura t ion  of 

carbon atom C c a r r y i n g  t h e  more a c i d i c  hydrogen can come i n t o  
16 

ques t ion .  The r e s u l t  is understandable only on t h e  b a s i s  of  

formula 1 0  s i n c e  carbon C17 is incapable  of epimerizat ion under 

these  cond i t ions .  The substance  obta ined i n  the  l a r g e r  amount by 

a c i d  hydro lys i s  of  amide 33d is ,  consequently,  z i - 3 - G o - y o h i m -  

b i n e  ( 1 4 ) .  

Spec t ra  (Table 3) i n d i c a t e  t h a t  t h e  b a s i c  s t r u c t u r e  of t h e  

a l k a l o i d  ( 1 0 )  has t h e  Et conformation. A s  a  r e s u l t ,  t h e  mole- 

c u l e  would appear i n  t h e  C/D-cis anne l l a t ed  Ecl conformation 

( l i k e  e&-3-a-yohimbine ( 1 2 )  ) . 

Table 3 

CDCI, NMR / T I  IR / c 6 ' /  

Compound C,:H C,-H OH NH Bohlmann 
bands C0~CH3 

10 6,20 6,75 3280 3530 3400 2750-2810 1730 
14 575 6.55 3320 3570 3460 2760-2850 1720 
15 6,l3 6,45 3200 3570 - 2780-2820 1740 
11 6,20 605 3480 - - 1725 
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Moreover, 3-epi-allo-yohimbine (14) can a l s o  be ob ta ined  - i n  

f u l l  agreement w i t h  our  formula - by a  ep imer iza t ion  of z i - 3 - a -  

yohimbine (12) w i t h  methanolic sodium methoxide (F igure  4 )  . 

Figure  4 

12 14 

The d r i v i n g  fo rce  f o r  t h e  epimerizat ion i s  t h e  energy gain  r e s u l t -  

i n g  from t h e  d i f f e r e n c e  i n  conformation energ ies  f o r  t h e  two e q u i l i -  

b r a t i n g  c o n s t i t u e n t s  w i t h  r e s p e c t  t o  t h e  C3 s u b s t i t u e n t  and t h e  

hydroxyl group. I n  t h e  s t a b l e  conformer of  product  14, t h e  C3 

s u b s t i t u e n t  w i l l  occupy an e q u a t o r i a l  p o s i t i o n ,  and s imul taneously  

t h e  OH group w i l l  t ake  the  a x i a l  p o s i t i o n .  This epimerizat ion 

experiment had a l ready  been performed by ~ e i s e n b o r n * ~  i n  1957. 

However, he termed t h e  compound ohta ined a s  3-epi-16-epi-a-yohim- - - 
bine  i n s t e a d  of ep i -3 -aso-yoh i rb ine .  Since t h a t  t ime,  nobody had 

i n v e s t i g a t e d  t h e  compound i n  ques t ion  and nobody had compared i t  

wi th  e&-3-Go-yohimbine, presumably because t h i s  seemed unnece- 

s s a r y  i n  t h e  l i g h t  of  t h e  s t e r i c  s t r u c t u r e  p u t  forward by Jano t  

and coworkers s e v e r a l  yea r s  l a t e r .  11 

Yohimbine isomer 15 has n o t  been found i n  n a t u r e .  I n  agreement 

wi th  i t s  stable s t e r i c !  arrangement ( t h e  s u b s t i t u e n t s  a t  C 3 ,  CL6 



and C17 a r e  a l l  e q u a t o r i a 1 ) i t  does no t  epimerize when heated wi th  

a c i d ,  and even when C3 epimer izat ion is  brought about by s e q u e n t i a l  

t rea tments  wi th  mercury (11) a c e t a t e  and sodium borohydride,  sub- 

s t a n t i a l  amounts of  s t a r t i n g  m a t e r i a l  (15) a r e  recovered. These 

p r o p e r t i e s  a r e  t o  be expected from cons ide ra t ion  o f  t h e  formulae 

of  epimers 15 and 11: t h e  u - y o h i m b a n e  s t r u c t u r e  w i l l  be more 

l a b i l e ,  s i n c e  e i t h e r  t h e  l a r g e  C3 s u b s t i t u e n t  ( in conformation 

AC1) o r  t h e  two s u b s t i t u e n t s  on t h e  E r i n g  ( i n  t h e  conformation 

E ) w i l l  occupy the  a x i a l  p o s i t i o n  (Figure  5 )  . t 

Figure 5 

3.1 The s t e r e o s e l e c t i v e  e l a b o r a t i o n  of  the  allo-yohimbane 

s t r u c t u r e ;  s y n t h e s i s  o f  a -  and allo-yohimbine 6 
- 

3.2.1 Syn thes i s  ~f h?y:intermediate 40h 

By-product 27 was u t i l i z e d  f o r  t h e  s y n t h e s i s  of  t h e  D/E-&- 

a n n e l l a t e d  yohimbane s t r u c t u r e .  The p a r t i c u l a r  s t a r t i n g  product 

was k e t o e s t e r  21. A s  t h e  reagen t  r equ i red  f o r  f u r t h e r  s y n t h e t i c  

e l a b o r a t i o n  it was decided t o  use cyanoacet ic  e s t e r  and malono- 

d i n i t r i l e ,  r e s p . ,  s i n c e  e a r l i e r  exper iences  wi th  o t h e r  molecules 
21,22 

demonstrated t h a t  i n  such cases ,  t h e  s u b s t i t u e n t  nex t  t o  t h e  re-  

a c t i o n  c e n t r e  w i l l  ep imer ize .  The s t e r e o s e l e c t i v i t y  o f  t h i s  re-  
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a c t i o n  i s  e x p l i c a b l e 3  on t h e  b a s i s  o f  the  h i g h e r  r a t e  of r e a c t i o n  

between t h e  a-C epimer which is always p r e s e n t  i n  s i g n i f i c a n t  3 

amounts i n  s o l u t i o n s  of the  ketone (21) and t h e  malonic e s t e r  

d e r i v a t i v e  a s  compared t o  t h e  r a t e  of r e a c t i o n  of ketone 21 i t s e l f .  

S t e r i c  compression between t h e  s u b s t i t u e n t s  being incorpora ted  and 

t h e  s u b s t i t u e n t  a l r eady  p r e s e n t  i n  p o s i t i o n  c i s  minimized i n  t h i s  
3  

arrangement. 

New exper imenta l  condit ions,however,  had t o  be developed f o r  

t h e  Knoevenagel condensation,  s i n c e  t h e  usual  cond i t ions  (ammonium 

a c e t a t e  c a t a l y s t ,  a z e o t r o p i c  removal of water  wi th  benzene) l eads  

t o  t h e  formation of  lactam 37 i n s t e a d .  Evident ly  ammonia de r ived  

from t h e  ammonium a c e t a t e  adds t o  t h e  k e t o  func t ion ,and  t h e  adduct 

becomes s t a b i l i z e d  by in t ramolecu la r  a c y l a t i o n  and l o s s  of  water.  

When t r i e thy lamine  a c e t a t e  was used a s  c a t a l y s t ,  t h e  d e s i r e d  

r e a c t i o n  d i d  t ake  p lace ,  b u t  t h e  d e s i r e d  product  was ob ta ined  i n  

low y i e l d s  on ly ,  on the  one hand because t h e  e s t e r  groups were 

p a r t i a l l y  hydrolyzed by t h e  water  formed i n  t h e  condensation,  and 

on t h e  o t h e r  hand, because ano the r  s u b s t a n t i a l  p a r t  of  t h e  a l ready  

formed condensate was oxidized dur ing  the  long r e a c t i o n  time t o  

t h e  weakly b a s i c  dieneamine 38. 

I t  i s  noteworthy t h a t  t h e  NMR spectrum of  compound 38 shows two 



indole-NH s i g n a l s  whose j o i n t  i n t e n s i t y  correspond t o  t h a t  of  one 

proton.  One of  these  s i g n a l s  d isappears  a t  about 180°c and merges 

i n t o  t h e  o t h e r  indole-NH s i g n a l .  Thisphenomenon - s i m i l a r  t o  o t h e r  

analogous cases23  - is  due t o  t h e  dieneamine i n  ques t ion  being a  

mixture of  c i s - t r a n s  isomers r e l a t i v e  t o  t h e  double bond i n  p o s i t -  

i o n  A21aand these  isomers a r e  in te rconver ted  a t  180°c. 

The problems caused by the  l i b e r a t e d  water  and ox ida t ion  were 

solved by b r i n g i n g  t h e  r e a c t i o n  p a r t n e r s  t o g e t h e r  i n  t r i e thy lamine  

a c e t a t e  s o l v e n t  i n  t h e  presence of phosphorus pentoxide.  Under 

such cond i t ions ,  the  condensation t akes  p lace  r a p i d l y  a t  ambient 

temperature,  and t h e  pure product (39) i s  formed almost  i n  quan t i t a -  

t i v e  y i e l d .  

*NH 
CN 

~ O C H ,  
+NH 

CN 
'0 C,H~ 
CONH, CN 
COOH CN 

H CN 
H CN 
H CO,CH, 

R, 
,O,CH, 
CO,CH, 

CO,CH, 

CO&H, 

W H ,  
COOH 
coon 
CO,CH, 
COKJ-4 
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The n e x t  s t e p ,  viz.hydrogenation,  d i d  n o t  cause any problems, 

s i n c e  t h e  e lec t ron-poor  exocyc l i c  double bond can be s a t u r a t e d  

selectively and f r e e  o f b y - p r o d u c t s t o  40a and 40b, r e sp . ,  by us ing 

sodium borohydride.  

I n  t h e  course of t h e  reduct ion,  two asymmetric c e n t r e s  a r e  

s imul taneously  formed l e a d m g  t o  t h e  formation o f  two d i a s t e r e o -  

~ r i c  racemates. NMR s p e c t r a  r evea l  t h a t  compound 40a is i n  f a c t  

a  mixture,  s i n c e  t h e  methoxy protons  p r e s e n t  i n  t h e  cyanoester  

func t ion  appear a s  a  doub le t  s i g n a l  which - even a t  h i g h e r  t e m -  

p e r a t u r e s  - does n o t  merge- Separa t ion  of these  d ias tereomers  

is ,  however, unnecessary , s i n c e  t h e  asymmetric c e n t r e  a t  t h e  

carbon atom i n  t h e  cyano-ester  funct ion w i l l  d i sapper  i n  t h e  course 

o f  t h e  subsequent reacuons. The s t a b l e  iminoether  bases  40c and 

40d a r e  ob ta ined  from d i n i t r i l e  40b by an a l k a l i - c a t a l y z e d  re- 

a c t i o n  w i t h  a lcoho l .  ?he iminoether bases were found t o  be capable  of 

t ransformat ion ( i n  s o l u t i o n )  i n t o  t h e  tautomeric  enamines, and an 

equ i l ib r ium i s  reached.24 NMR s p e c t r a  d i s t i n c t l y  demonstrate t h a t  

a  simultaneous equ i l ib r ium of n o t  two, b u t  f o u r  molecular s p e c i e s  

a r e p r e s e n t  i n  t h e  s o l u t i o n :  owing t o  t h e  t e t r a s u b s t i t u t e d  C=C 

double bond, t h e  enamine form occurs  i n  cis and trans isomers el 
and z 2 ,  whi le  t h e  iminoether  form, owing t o  t h e  asymmetric c e n t r e  

a t  t h e  carbon atom i n  t h e  s i d e  chain ,  w i l l  appear i n  t h e  form o f  

two dias tereomers  i1 and i2 (Figure  6 ) .  



Figure 6 

I 
OCH, 

The p o s i t i o n  of  the  equ i l ib r ium depends on t h e  na tu re  o f  the  

s o l v e n t ,  t h e  temperature,  and t h e  s u b s t i t u e n t s .  The iminoether 

40c, i n  aqreementwith the  p r o p e r t i e s  of  compounds o f  t h i s  type,  can 

be converted i n t o  t h e  e s t e r  40a by a d d i t i o n  of  one mol equ iva len t  

of  wa te r  i n  an i n e r t  so lven t .  However, wi thout  a c i d  c a t a l y s i s ,  

t h e  conversion is very slow. I n  methanol s a t u r a t e d  wi th  gaseous 

hydroch lo r ic  a c i d ,  i n  the  absence of  wa te r ,  t h e  iminoether  r e a c t s  

i n  another  d i r e c t i o n .  The product c r y s t a l l i z i n g  from t h e  h o t  s o l u t -  

i o n  is  t h e  amide ( 4 0 e ) .  The r e a c t i o n  i s  r e a d i l y  c o n t r o l l a b l e  and 

q u a n t i t a t i v e .  Therefore it  appears expedient  t o  prepare  t h i s  

in te rmedia te  product f i r s t ,  even i n  t h e  p repara t ion  o f  the  cyano- 

e s t e r  (40a) i f  t h e  d i n i t r i l e  (40b) i s  used a s  the  s t a r t i n g  mate r i a l .  

The iminoether  t o  amide r e a c t i o n  i s  a  process  of  t h e  A,, type. 

This was exper imenta l ly  confirmed by t h e  f i n d i n g  t h a t  t h e  imino- 
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e t h e r ,  i n  dimethylformamide s o l u t i o n  and i n  the  presence of mine- 

r a l  ac ids ,  a c t  a s  a l k y l a t i n g  agents and conver t  ca rboxyl ic  ac ids  

a t  ambient temperature i n t o  e s t e r s .  Recently Kantlehner and Funke 25 

a l s o  repor ted such a  u t i l i z a t i o n  of iminoethers.  Both e s t e r  groups 

of compound 40a a r e  r e a d i l y  hydrol izable .  Dissolut ion i n  a l k a l i  a t  

OOC and a c i d i f i c a t i o n  l e a d s  t o  the  d ica rboxyl ic  a c i d  ( 4 0 f ) .  Rapid 

hydro lys i s  i s  presumably due t o  the  e f f e c t  o f  the  neighbouring 

group. The d i n i t r i l e  (40b) behaves s i m i l a r l y  wi th  a l k a l i ,  b u t  i n  

t h i s  case ,  i n  add i t ion  t o  t h e  d ica rboxyl ic  a c i d  (40f1,  the  amide 

(40e) can a l s o  be i s o l a t e d .  

A s h o r t  per iod of b o i l i n g  40f i n  DMF r e s u l t s  i n  i ts  decarboxy- 

l a t i o n  t o  the  cyanocarboxylic ac id  ( 4 0 g ) ,  which, by methylation 

w i t h  diazomethane, y i e l d s  the  n i t r i l e  e s t e r  (40h) ,  and by t r e a t -  

ment wi th  methanol and hydrochlor ic  a c i d ,  the  d i e s t e r  ( 4 0 i ) .  

3 . 2 . 2 .  +_oyohimbane-type__alcohols from n i t r i l e  e s t e r  40h. ............................... 

Under t h e  e f f e c t  o f  DMSO and potassium t e r t . b u t o x i d e ,  n i t r i l e  

e s t e r  40h is transformed i n t o  a  pen tacyc l i c  compound (41a) .  This 

b CN 
c CONH, OH 



product y i e l d s  two n i t r i l e  a lcohols  (42a and 43a) i n  r a t i o  o f  4 : 1 

a f t e r  r eac t ion  wi th  sodium borohydride. A t h i r d  isomer could a l s o  

be separa ted  by th in - layer  chromatography, b u t  i n  very small  amount, 

so  t h a t  i t s  s tereochemist ry  was n o t  i n v e s t i g a t e d  i n  d e t a i l .  

According t o  the  s p e c t r a  of 42a and 43a a s  we l l  a s  t h e i r  a c e t y l  

d e r i v a t i v e s  (42b and 43b)! Table 4), t h e  hydroxyl group and the  

acetoxy group, r esp . ,  a r e  found i n  a l l  compounds i n  t h e  P-hemi- 

space i .e ,  these  compounds a r e  Ci6 epimers. Consequently under the  

c h a r a c t e r i s t i c a l l y  mild condi t ions  requ i red  f o r  epimerizat ion of 

C16 conta ining the  a c i d  hydrogen, an equi l ibr ium can be e s t a b l i s h e d  

i n  which b o t h c o n s t i t u e n t s  a r e  p r e s e n t  i n  a r a t i o  c l o s e  t o  1 : 1. 

Table 4 

The r e l a t i v e  s t e r i c  s t r u c t u r e  of t h e  carbon atom car ry ing  the  

n i t r i l e  groups was determined by c o r r e l a t i o n  experiments: a l l  

p r o p e r t i e s  of the  n i t r i l e  a lcohol  obta ined i n  the  smal le r  q u a n t i t y  

(43a) agreed wi th  those of the  compound obta ined from 34a, belong- 

i n g  t o  the  e&-Go s e r i e s ,  a f t e r  C3 epimerizat ion.  

To convert  the  n i t r i l e  i n t o  the  e s t e r ,  t h e  amide in termediates  

(42c and 43c) were prepared by the  a l k a l i n e  hydrogen peroxide method. 

To suppress  C16 epimerizat ion and the  e l imina t ion  reac t ion  t h a t  

Compound Ce-H C,;.OH NH Bohlmann 
bands 

CN 
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would y i e l d  t h e  unsaturated compounds 44a and 44b, r e s p . ,  t h e  work 

was c a r r i e d  o u t  a t  ambient temperature.  

I t  should be noted t h a t  i n  c o n t r a s t  t o  t h e  n i t r i l e  a lcoho l ,  

amide 43c e x i s t s  predominantly i n  the  a l l o - c i s ( A  ) conformation. c 1 

I n  t h i s  conformation, both l a r g e  s u b s t i t u e n t s  on t h e  E r i n g  a r e  

e q u a t o r i a l .  The hydroxyesters ( 9 )  and (11) were obta ined from 

t h e  amides wi th  hydrochlor ic  ac id  i n  methanol. The by-product 

of t h i s  r e a c t i o n  i s  s - a - y o h i m b i n e  racemate (44c) .  

Hydroxyesters '9 and 11 have n o t  y e t  been i d e n t i f i e d  i n  n a t u r e ,  

b u t  t h e i r  p repara t ion  i s  use fu l  i n  s t r u c t u r e  e l u c i d a t i o n  o f  t h e  

s tereoisomers  o f  t h i s  s e r i e s .  The major s p e c t r a l  d a t a  of t h e  four  

isomers a r e  summarized i n  Table 5.  



Table 5 

Compound 

A s  t o  t h e  epimerizat ion o f  9 and 11, an epimerizat ion e q u i l i -  

brium, s i m i l a r  t o  t h a t  involving t h e  n i t r i l e  a l coho l s  42a and 43a, 

can be obta ined a t  ambient temperature wi th  methanolic sodium 

methoxide (Figure  7 ) .  

C,; H 
C,- H i a o h i m a n n  CO,CH, OH 1 CGOH C;ind skeleton 

bands 

10 
11 
9 
8 

Figure 7 

OH 

"H 

H 

9 11 

I I I 

Epimerization i s  again accompanied by an e l imina t ion  r e a c t i o n ,  

y i e l d i n g  9 - a - y o h i m b i n e  ( 4 4 ~ )  . Both hydroxyester  c o n s t i t u e n t s  

a r e  p r e s e n t  i n  the  equ i l ib r ium i n  almost  equa l  p ropor t ions .  The 

conformation change accompanying epimerizat ion i n  t h e  case  t o  t h e  

hydroxyesters r ep resen t s  an e s s e n t i a l  d i f f e r e n c e  a s  compared t o  

t h e  equ i l ib r ium between t h e  h y d r o x y n i t r i l e s  42a and 43a. The At 

conformation i n  9 changes i n t o  A i n  11, and hence, t h e  methoxy- c l  

6,20 6,65 
6,20 6.05 
5,73 6\95 
6.00 6,85 

2740 2830 1720 3470 
1725 3480 

2740 2830 1720 3480 
2750 2840 1725 3480 

ekv. ekv. A t  
ekv. ax. A=, 
ax. ekv. A t  

ekv. ekv. A, 
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carbonyl group, which i s  s u b s t a n t i a l l y  l a r g e r  than t h e  n i t r i l e  

group, can be e q u a t o r i a l .  

I n c i d e n t i a l l y ,  11 is one of t h e  very r a r e  substances  i n  which 

C/D-& anne la t ion  of  t h e  u - y o h i m b a n e  s t r u c t u r e  occurs .  

A s  d i scussed  i n  d e t a i l  i n  t h e  foregoing,  no conformation 

change t a k e s  p lace  i n  t h e  t ransformat ion of &o-yohimbine (10) 

t o  a-yohimbine ( 8 )  ( t h e  dominating conformer i n  both  cases  is A t ) ,  

and t h e  equ i l ib r ium i s  almost  completely s h i f t e d  towards a-yohim- 

b ine ,  because t h e  C16 methoxycarbonyl group passes  i n  t h e  course  

o f  t h i s  t ransformat ion from t h e  a x i a l  p o s i t i o n  i n t o  t h e  e q u a t o r i a l  

p o s i t i o n .  

3 . 2 . 3 .  Pgq_ag_a_t_ion of allo-yohimbinone ( 41d) and i ts  reduct ion.  

I n  h o t  to luene ,  i n  t h e  presence of  sodium methoxide o r  sodium 

hydr ide ,  d i e s t e r  40i  y i e l d s  a s i n g l e  product  ( 4 1 b ) .  I t s  hydro lys i s  

w i t h  hydroch lo r ic  a c i d  i s  accompanied by decarboxyla t ion,  and 

racemic &o-yohimbone ( 4 1 c ) ,  a l r eady  known i n  t h e  l i t e r a t u r e ,  2 6 

is  formed. The p o s i t i o n  of  t h e  e s t e r  group i s  confirmed by t h e  

formation of  two hydroxyesters  (45a and 45b) on reduct ion of 41b 

wi th  borohydride,  n e i t h e r  of  them be ing  i d e n t i c a l  w i t h  t h e  a l ready  

known isomers having an U o - y o h i m b i n e  s t r u c t u r e .  



The s tereochemist ry  of these  two products was n o t  s tud ied  i n  

d e t a i l ,  b u t  i t  may be assumed t h a t  i n  t h i s  case too,  s t e r i c  app- 

roach c o n t r o l s  the  reduct ion,  and hence s t r u c t u r e  45a can be 

ass igned t o  the  substance obta ined i n  the  h igher  propor t ion and 

s t r u c t u r e  45b t o  t h a t  obtained i n  the  lower proportion.  

The d i r e c t i o n  o f  t h e  Dieckmann condensation of e s t e r  4 0 i  changes 

a t  ambient temperature. I n  add i t ion  t o  t h e  a l ready known substance 

(41b) ,  another  i someric  ketocarboxyl ic  e s t e r  can be  i s o l a t e d  i n  

y i e l d s  of about 30 %. Keto-en01 tautomerism appears with t h i s  

isomer, too,  and i ts  a c i d  hydro lys i s  y i e l d s  w - y o h i m b o n e ,  ( 4 1 ~ ) .  

Thus, racemic a - y o h i m b i n o n e  (41d) was a l s o  formed. 

The o p t i c a l l y  a c t i v e  form of a&o-yohimbinone i s  known i n  t h e  

l i t e r a t ~ r e . ~ '  I t  was prepared bv ox ida t ion  of a-yohimbine. The 

authors  c la im t h a t  the  compound e x i s t s  only  i n  t h e  en01 form. This 

s ta tement  i s  t r u e  f o r  t h e  s o l i d  s t a t e  b u t ,  i n  pyr id ine  o r  chloro- 

form, the  k e t o  form is presen t  t o  t h e  e x t e n t  of about 80 %. The 

conformation of the  b a s i c  s t r u c t u r e  is ~ t .  

I n  the  reduct ion of 41d wi th  sodium borohydride, th ree  hydro- 

xyes te r s  a r e  formed. The main product i s  i d e n t i c a l  wi th  hydroxy- 

e s t e r  9 n o t  occurr ing i n  n a t u r e ,  the  second product wi th  racemic 

allo-yohimbine - ( l o ) ,  and t h e  t h i r d  product,  formed i n  t h e  s m a l l e s t  

amount, wi th  racemic a-yohimbine ( 8 ) .  The r a t i o  of 9 t o  10 t o  8 i s  

7 : 3 : 2 .  

The propor t ion and s t e r i c  s t r u c t u r e s  of the  products can r e a d i l y  

be expla ined - as may be seen from Figure 8. - by the  p r i n c i p l e  of 

s t e r i c  approach con t ro l .  By u t i l i z i n g  t h i s  p r i n c i p l e ,  t h e  r e s u l t s  

of reduct ion of k e t o e s t e r s  wi th  normal yohimbane, epi-allo-yohim- 

bane and the  e a r l i e r  thoroughly i n v e s t i g a t e d  berbane28 s t r u c t u r e s  
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can a l s o  r e a d i l y  be i n t e r p r e t e d .  

Figure 8 

cnol C4id epirner 

9 
W 

8 10 
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4 .  ~ Y ~ ~ ~ ~ S ~ S ~ Q ~ ~ Y Q ~ ~ ~ L ~ ~ ~ B I ~ B I O ~ ~ S ~ Y ~ S ~ E ~ Q ~ ~ C ~ ~ ~ ~ B :  Disckmann 

zins-_cIasuzei_th-un~~_tur~te_a~es_tszs. .................................... 
The c y c l i s a t i o n  of the  d i e s t e r  (24) obta ined by reducing e s t e r  

23a could n o t  be made s a t i s f a c t o r i l y  r e g i o s e l e c t i v e .  However, t h e  

presence of the  double bond o f f e r s  a  s p e c i f i c  oppor tuni ty  f o r  d i -  

f f e r e n t i a t i n g  between the  two e s t e r  groups. The l i m i t e d  d a t a  i n  
30a-f 

the  l i t e r a t u r e  concerning the  Dieckmann r e a c t i o n  of mixed e s t e r s  

a r e  r a t h e r  con t rad ic to ry  both :as t o  t h e  f e a s i b i l i t y  of r i n g  c losure  

and as t o  which o f  the  two t h e o r e t i c a l l y  poss ib le  s t r u c t u r e s  w i l l  

a r i s e .  

I n  t h e  case o f  ketone 23a, i f  k i n e t i c  c o n t r o l i s  v a l i d ,  it is 

presumed t h a t  e s t e r  46 must be formed, a s  opposed t o  t h e  a l t e r -  

n a t i v e  s t r u c t u r e  (47) .  



'Under t h e  cond i t ions  of  t h e  r e a c t i o n ,  t h e  i somer iza t ion  of t h e  

double bond i n  46  t o  y i e l d  unsa tu ra ted  compound 4 8  i s ,  of course ,  

a l s o  poss ib le :  

48 

Various r e a c t i o n  cond i t ions  were s t u d i e d  and i t  was found t h a t  

t h e  homogeneous r e a c t i o n  i n  DMSO, i n  the' presence o f  potassium t e r t .  

butoxide, y i e l d s  a  mixture. The formation o f  4 8  is p r e f e r r e d ,  

however, when the  r e a c t i o n  i s  c a r r i e d  o u t  i n  suspension i n  THF 

con ta in ing  NaH, o r  i n  benzene i n  the  presence of potassium t e r t .  

butoxide. Even a t  ambient temperature 46 i s  formed wi th  a  crude 

y i e l d  of 90 % ,  and subsequent t r ea tment  of t h i s  product  wi th  co ld  

methanol y i e l d s  6 5  % of the  pure product.  From the  mother l i q u o r .  

compound 4 8  can a l s o  be i s o l a t e d .  This compound can, moreover, be 

ob ta ined  from the  pure i s o l a t e d  compound 46  by t rea tment  wi th  pOta- 
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ssium te r t .bu tox ide  i n  DMSO. 

I t  is noteworthy t h a t  t h e  r a t e  o f  Dieckmann r i n g  c losure  f o r  

the  unsa tu ra ted  e s t e r  (23a) is  h igher  by one o rder  of magnitude 

than t h a t  f o r  the  corresponding s a t u r a t e d  e s t e r  ( 2 4 ) .  This f ind- 

i n g  a l s o  confirms the  v a l i d i t y  o f  k i n e t i c  c o n t r o l .  

However, i n v e s t i g a t i o n s  on benzo[a lqu ino l iz id ine  model compounds 

revealed t h e  s i g n i f i c a n c e  of the  geometry of the  carbon-carbon 

double bond, too.  32 An important  condi t ion f o r  t h e  d e s i r e d  regio- 

s e l e c t i v i t y  i s  the  proper  o r i e n t a t i o n ,  o therwise  t h e  r e a c t i o n  pro- 

ceeds i n  the  o t h e r  d i r e c t i o n :  

One source o f  the  con t rad ic t ions  noted i n  e a r l i e r  pub l ica t ions  
30a-f 

may o r i g i n a t e  i n  the  undetermined geometry of the  double bond. 

The c a t a l y t i c  reduct ion o f  yohimbinenone ( 4 6 )  i n  a c i d  medium, 

i n  the  presence o f  Pd on carbon black,  l e d  t o  yohimbinone (26a) 31 

i n  75 % y i e l d  wi th  high s t e r e o s e l e c t i v i t y .  When P t  c a t a l y s t  was 

used i n s t e a d  o f  Pd, yohimbine (1) , bes ides  D-yohimbine (2 )  , was 



obtained d i r e c t l y ,  i n  one s tep .  D-Yohimbine ( 2 )  is obta ined wi th  

p a r t i c u l a r l y  high s t e r e o s e l e c t i v i t y  when the  unsaturated k e t o e s t e r  

( 4 6 )  is reduced wi th  sodium borohydride i n  pyr id ine .  Thus i n  t h e  

l a t t e r  two cases ,  th ree  asymmetric cen t res  a r e  being bu i l t -up  i n  

a  s i n g l e  reduct ion opera t ion ,  wi th  high s t e r e o s e l e c t i v i t y .  

The reduct ion of the  double bond i n  a l k a l i n e  media i s  a  much 

more complex reac t ion .  To study t h i s  problem the  corresponding 

benzo [a lqu ino l iz id ine  d e r i v a t i v e s ,  i. e.  b e r b a n e ~ , ~ '  were f i r s t  

used a s  model compounds. 
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The double bond of compound 4 9 ,  the  analogue of 46 is r e a d i l y  

isomerized,  and reduct ion o f  t h e  d e r i v a t i v e  formed (50) y i e l d s  

a l l o -  and e p i - a l l 0  berbanes whose r e l a t i v e  p ropor t ions  depend 

on the  cond i t ions  o f  the  reac t ion .  Zsornerization of the  double 

bond i n  a  s e p a r a t e  s t e p  i s  unnecessary s i n c e ,  i n  a l k a l i n e  medium, 

t h i s  i somerizat ion proceeds a t  a  h igher  r a t e  than reduc t ion ,  s o  

t h a t  C/D-cis-annellated substances  can be obta ined d i r e c t l y .  

Owing t o  i ts  g r e a t e r  s e n s i t i v i t y  t o  ox ida t ion ,  t h e  reduct ion o f  

indo le  d e r i v a t i v e  48 i n  a l k a l i n e  medium i s  a  more d e l i c a t e  opera- 

t i o n .  The s t r u c t u r e s  and propor t ions  o f  the  product depend g r e a t l y  

on the  condi t ions  appl ied.33 A f t e r  c a t a l y t i c  reduct ion wi th  Pd i n  

a l k a l i n e  medium, e i g h t  substances  were i s o l a t e d  us ing p repara t ive  

t h i n  l a y e r  chromatography. Attempts were made t o  i d e n t i f y  them 

i n  o r d e r  t o  e l u c i d a t e  the  e f f e c t  o f  r e a c t i o n  condi t ions .  



The main product  was found t o  be D/C-cis-annellated &-yohim- 

blnone (41d) and i ts  C3 epimer, epi-allo-yohimbinone ( 5 1 ) .  Surpr i -  

s i n g l y ,  we d i d  n o t  f i n d  the  corresponding trans compound, namely 

yohimbinone. The reason i s  t h a t  t h e  l a t t e r  compound is incapable  

of e n o l i z a t i o n  i n  a l k a l i n e  medium, and hence ring-opening occurs  

i n  a retro-Dieckmann reac t ion .  The product of  t h i s  r e a c t i o n  (24a) 

was a l s o  found i n  the  mixture. Small amounts of  yohimbine and &o- 

yohimbine were found. These a r e  n o t  formed from t h e  yohimbinones 

under t h e  same cond i t ions ,  s o  they must be t h e  products  o f  d i r e c t  

reduct ion of 48. This a p p l i e s  a l s o  t o  t h e  unna tu ra l  yohimbine- 

a l k a l o i d  isomer,  17-epi-corynanthine - ( 4 ) ,  which we were a b l e  t o  

i s o l a t e  a l s o  from t h e  r e a c t i o n  mixture.  I t  is n o t  poss ib le  t o  

o b t a i n  the  l a t t e r  compound by d i r e c t  reduct ion o f  yohimbinone. 

From a p r e p a r a t i v e  p o i n t  of view t h e  p r e f e r r e d  procedure i s  t o  

perform t h e  reduct ion immediately a f t e r  the  Dieckmann-ring c losure  

wi thou t  i s o l a t i o n  o f  t h e  unsatura ted  in te rmedia tes .  Using h igh ly  

a c t i v e  Pd c a t a l y s t  and an e l e v a t e d  (10 atm) p ressure ,  allo-yohim- 

binone ( 4 l d )  and epi-allo-yohimbinone (51) a r e  formed i n  high y i e l d s .  

These compound can be transformed i n t o  one ano the r  r e a d i l y ,  by known 

methods. Other r e sea rchers  have a l s o  been concerned wi th  t h e  synthe- 

sis o f  yohimbine a l k a l o i d s .  Among these  we p a r t i c u l a r l y  wish t o  

mention t h e  e x c e l l e n t  work of  Win te r fe ld t  and coworkers,34 Stork  and 

coworkers, l4 and Karnetani and coworkers. 
35 
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