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P r e d i c t i o n  o f  t h e  S t e r e o c h e m i s t r y  o f  

~ - B r o m i n a t e d  K e t o s t e r o i d s  

P r e v i o u s  w o r k  x h a s  s h o w n  t h a t  t h e  o r i e n t a t i o n  of 
b romine  in  t h e  m o s t  s t a b l e  c o n f o r m a t i o n  of a m o n o c y c l i c  
e - b r o m o c y c l o h e x a n o n e  is s o m e t i m e s  p o l a r  a n d  some-  
t imes e q u a t o r i a l .  F o r  e x a m p l e ,  t h e  s t a b l e  c o n f o r m a t i o n  of 
2 - b r o m o c y c l o h e x a n o n e  is t h a t  c h a i r  f o r m  in  w h i c h  t h e  
b romine  is polar (I A),  whi le  t h e  s t a b l e  f o r m  of 2-brorno-  
4 , 4 - d i m e t h y l c y c l o h e x a n o n e  is t h a t  c h a i r  f o r m  in  w h i c h  
bromine  is equatorial ( I I  B) (Tab le  I). Th i s  d i c h o t o m y  is 
due to  t h e  f a c t  t h a t  b o t h  s te r ic  a n d  e lec t r i ca l  r e p u l s i o n s  * 
be tween  r i ng  s u b s t i t u e n t s  are  i m p o r t a n t  in  d e t e r m i n i n g  
the p r e f e r r e d  m o l e c u l a r  c o n f i g u r a t i o n .  W h e n  t h e  b r o m i n e  
s u b s t i t u e n t  in  a n  ~ - b r o m o c y c l o h e x a n o n e  is e q u a t o r i a l  
electr ical  r epu l s ions  a re  a t  a m a x i m u m  a n d  s te r ic  
repuls ions  are  a t  a m i n i m u m ;  howeve r ,  w h e n  t h e  b r o m i n e  
is po la r  t h e  r eve r se  is t rue ,  

Thus ,  w h e n  e lec t r ica l  r e p u l s i o n s  due  to  e q u a t o r i a l  
b romine  are  m u c h  more  i m p o r t a n t  t h a n  s t e r i c  r epu l s ions  
due to  p o l a r  b r o m i n e ,  t h e  s t a b l e  m o l e c u l a r  c o n f i g u r a t i o n  
will be  t h a t  in  w h i c h  b r o m i n e  is po la r .  T h i s  is t he  s i t u a -  
tion w i t h  2 - b r o m o c y c l o h e x a n o n e ,  as  h a s  b e e n  c o n f i r m e d  
by c a l c u l a t i o n s L  E lec t r i ca l  i n t e r a c t i o n  b e t w e e n  t h e  C - O  
and C - B r  d ipoles  de s t ab i l i z e  f o r m  I B of  2 - b r o m o c y c l o -  
hexanone  b y  a t  l eas t  2.7 k c a l . / m o l e  r e l a t i v e  to  f o r m  I A ,  
while s t e r i c  i n t e r a c t i o n s  des t ab i l i z e  f o r m  I A b y  o n l y  
ca. 0.4 k c a l . / m o l e  r e l a t i v e  to  f o r m  I B.  I n  t h e  case  of 
2-bromo-4,  4 - d i m e t h y l c y c l o h e x a n o n e ,  h o w e v e r ,  t h e  s te r ic  
i n t e r ac t i on  in  I I A  b e t w e e n  p o l a r  b r o m i n e  a n d  a po la r ,  
cis-methyl g r o u p  a t  C ,  c o m p l e t e l y  o v e r s h a d o w s  t h e  
electr ical  i n t e r a c t i o n s  in  I I B  i n v o l v i n g  e q u a t o r i a l  
b romine  and ,  c o n s e q u e n t l y ,  t h e  s t a b l e  f o r m  is I I  B. 

R 

R Br 

IA ,  R = H  I B ,  R = H  
I IA,  R =  CH a I I B ,  R2~CH s 

F r o m  a k n o w l e d g e  of t h e  s t a b l e  m o l e c u l a r  c o n f i g u r a -  
t ion of n o n - r i g i d  e - b r o m o c y c l o h e x a n o n e s  3, w h i c h  is 
easily o b t a i n e d  b y  i n f r a r e d  spec t roscopy~,  one  c a n  

1 E. J. COR~V, J. Amer. Chem. Soc. 75, 2301 (1953). 
By electrical repulsions we mean the inverse-square field effect 

associated with the proximity of non-bonded atoms of like net 
charge; by sterie repulsions we mean the inverse-exponential field 
effect due to interaction between the outer valence-shell electrons 
of non-bonded atoms. 

3 The term non-rigid is used to mean that  both possible chair 
forms of the cyclohexane ring can exist. A rigid chair-formed six- 
membered ring is one which is prevented from assuming the other 
possible chair form. 

4 E. J. COR~Y, J. Amer. Chem. Soc. 75, 2301 (1953). - R. N. 
Joszs, D. A. RAMSAY, F. HERLING, and K. DOBRI~Ea, J. Amer. 
Chem. Soc. 7~, 2828 (1952). 

e v a l u a t e  t h e  r e l a t i v e  i m p o r t a n c e  of t h e  e l ec t r i ca l  a n d  
s te r ic  i n t e r a c t i o n s  b e t w e e n  s u b s t i t u e n t s  in  a n y  t y p e  of 
c y c l o h e x a n e  r i ng  s y s t e m s ,  r ig id  or non - r ig id .  Conse-  
q u e n t l y ,  t h e  p r e f e r r e d  m o l e c u l a r  c o n f i g u r a t i o n s  of 
s u i t a b l e  n o n - r i g i d  r e fe rence  s y s t e m s  c a n  be  used  to  
de r ive  t h e  p r e f e r r e d  c o n f i g u r a t i o n  a t  a n  a s y m m e t r i c  
c a r b o n  a t o m  in  a r ig id  s y s t e m .  

Table I 
Relative stabilities of chair-formed conformations of ¢¢-bromocyclo- 

hexanones 

Ketone 

2-bromocyclohexanone-1 
2-bromo-3, 3-dimethyl-cyclohexanone-1 
2-bromo-4, 4-dimethyl-cyclohexanone-1 
2-bromo-6, 6-dimethyl-cyclohexanone-1 
7-bromo-spiro[4-53decane-6-one . . . .  
cis-2,6-dibromocyclohexanone-1 . . . 

Approx. Keq., 
(Br polar)* 

(Br equatorial) 

> 50 
> 40 
< 0.01 

0.4 
0.4 

< 0'05 

* In carbon tetrachloride solution at 25 °. Data obtained by 
infrared spectroscopy [ref. 1; E. J. COREr and T. ToPIE, to be 
published]. 

T h u s ,  f r o m  t h e  d a t a  in  T a b l e  I on  p r e f e r r e d  m o l e c u l a r  
c o n f i g u r a t i o n s  we h a v e  d e d u c e d  t h e  r e l a t i v e  s t ab i l i t i e s  of 
t he  e p i m e r i c  b r o m i n a t i o n  p r o d u c t s  of a n y  k e t o s t e r o i d  
w i t h  k e t o n e  f u n c t i o n  in r i ng  A,  B o r  C a n d  A / B  cis or  
t r a n s .  T h e  r e su l t s  a re  r e c o r d e d  in  T a b l e  I I .  S ince  t h e  
s t a b l e  e p i m e r  p r e d o m i n a t e s  w h e n  t h e  p r o d u c t  of b r o m i n -  

H ' " B  

< O-O '== 
+ H B +  B-  

1 

I I I  -t- HB -k B-  

a t i o n  is thermodynamically (equilibrium) controlled, i t  is 
poss ib le  b y  m e a n s  of t he se  d a t a  to  predict t h e  c o n f i g u r a -  
t i o n  a t  CCBr ) of a n y  b r o m o k e t o n e  t h u s  fo rmed .  

W e  also h a v e  f o u n d  a rule ,  w h i c h  ha s  a t h e o r e t i c a l  
basis ,  for  p r e d i c t i n g  t h e  s t e r e o c h e m i s t r y  of t h e  Mneti- 
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Table I I  
Stability of epimerie ~-bromoketosteroids 

[EXPERIENTIA YoI,.IX/O] 

A/B trans: A/B cis: 

Position of ketone function Configuration of Br in Position of ketone function Configuration of Br in 
stable epimer stable epimer 

c O) 
C (~) 

C (3) 

C (4) 

C (6) 

C (7) 

C (11) 

C t12) 

C 12):~ (e)* 
{C (1):~ (p) 

O) : ~ (P) 
{C (2):~ (e) 

(4) : oc (e)  
{C 0 ) : ~  (P) 

(s) : ~ (p) 
{C C (s) xz (p) 

(7) : ¢z (p) 
{C (6):~X (e) 

(a): # (p) 
C (9):~(p)  
C ( t 2 ) : ~  (p) 
C (11):~ (e) 

c (1) 
C (2) 

C (3) 

C (4) 

C (6) 

C (7) 

C 111) 

C (12) 

C (2):fl (e)* 
{C O):fl (p) 

13) : fl (p) 
{ c  12):# (e) 

(4): # (e) 

{C C (3):fl (p) 
(5 ) :~  (p) 

{C (s):c~ (p) 
(7) : fl (e) 

(°':4 (e) 
18). (p) 

{ c  c 19):~ (p) 
112) :~ (p) 

C ( n ) : ~  

* The isomer with bromine polar should be only slightly less stable, and the equilibrium mixture  of C(2) epimers should contain 
ca. 75% of the epimer with bromine equatorial and 25% of the epimer with bromine polar. 

caUy (rate) controlled b r o m i n a t i o n  p r o d u c t s  o f  k e t o -  
s t e r o i d s .  T h i s  r u l e  w h i c h ,  a s  f a r  a s  w e  a r e  a w a r e ,  l e a d s  
i n v a r i a b l y  t o  t h e  c o r r e c t  a s s i g n m e n t  o f  c o n f i g u r a t i o n  is  
a s  f o l l o w s  : the ep imer  which is ]ormed /as ter  in  the bromin-  
at ion o/ a ketosteroid is a l w a y s  that in  which bromine is 
polar.  

T h e  t h e o r e t i c a l  b a s i s  w h i c h  w e  s e t  f o r t h  fo r  t h i s  r u l e  
d e p e n d s  o n  t h e  r e c o g n i t i o n  o f  b o t h  t h e  e n o l i z a t i o n  o f  a 
k e t o n e  a n d  t h e  k e t o n i z a t i o n  o f  a n  e n o l  a s  stereoselective 
p r o c e s s e s .  I n  g e n e r a l ,  t h e  e n e r g y  o f  t h e  t r a n s i t i o n  s t a t e  
for  e n o l i z a t i o n  wi l l  b e  m i n i m i z e d  w h e n  t h e r e  i s  m a x i m u m  

o v e r l a p  b e t w e e n  t h e  s p  3 --> p o r b i t a l  m a d e  a v a i l a b l e  by 
t h e  l e a v i n g  ~ - h y d r o g e n  a n d  t h e  p o r p i t a l  o f  t h e  c a r b o n l y  
c a r b o n ,  a s  s h o w n  1. I n  t h e  c a s e  o f  a c h a i r - f o r m e d ,  six- 

x Thus,  there is a striking parallelisnl between enolization and 
fl-elimination, fl-Elimination proceeds most  readily when the four 
atoms involved in bond-making and bond-breaklng are coplanar. 
[E. D. HUGHES and C. K. INGOLD et al., J. Chem. Soc. 19t8, 2117; 
D. H. R. BARTON and E. MILLER, J. Amer. Chem. Soc. 72, 1066 
11950)]. This stereoselectivity probably is due to the  fact that  the 
incipient p orbitals can overlap most  effectively in a planar transi- 
tion state. 

Table I I I  

Ketone brominated Observed and predicted Configuration at C(Br) 

Choles tanone-31 . . . . . . . . . . . . . . . . .  
Copros tanone-3  2 . . . . . . . . . . . . . . . . .  
5~, 6 f l -d ib romocho les tanone-3  a . . . . . . . . . . .  
5~, 6 f l -d ib romocho les tanone-3  a . . . . . . . . . . .  
3 - ace toxycho le s t anone -6  a . . . . . . . . . . . . .  
3 - ace toxycho le s t anone -6  4 . . . . . . . . . . . . .  
3 - ace toxycho le s t anone -6  4 . . . . . . . . . . . . .  
3 - ace toxycho le s t anone -6  ¢ . . . . . . . . . . . . .  
3 - ace toxycho le s t anone -7  ~ . . . . . . . . . . . . .  
3 - ace toxyeho les t anone -7  5 . . . . . . . . . . . . .  
M e t h y l  7-keto-3c¢, 12~-d i ace toxycho lana t e  ~ . . . . . .  
M e t h y l  11-keto-3c¢-acetoxycholanate~ . . . . . . . .  
M e t h y l  12-keto-3cc-acctoxycholanate  s . . . . . . . .  
M e t h y l  12 -ke to -3~ -ace toxycho lana t e  s . . . . . . . .  

2u -b romo (a, c, t) 
4f l -bromo (a, t) 
4f l -bromo (m.p.  106 °) (b, k, d) 
4c¢-bromo (m.p.  138 °) (a, t, d) 
5c¢-bromo (m.p.  162 °) (d, k) 
7u -b romo (m.p.  145 °) (a, c, t or k) 
5~, 7c¢-dibromo (m. p. 152 °) (b, k, d) 
5u, 7f l -d ibromo (m. p. 129 °) (a, c, t) 
6 f l -brpmo (m. p. 175 °) (b, k) 
6¢~-bromo (m. p. 143 °) (a, t) 
6~¢-bromo (a, t) 
12c¢-bromo (a, k or  t) 
l l f i - b r o m o  (m. p. 222 °) (b, k) 
l l¢~-bromo (m.p.  182 °) (a, t) 

(a) Cannot be epimerized. (b) Can be epimerized. (c) Previously 
assigned structure incorrect. (d) No conclusive assignment of struc- 
ture previously made. (k) Product  of kinetic control. (t) Product  of 
thermodynamic control. 

1 R. N. JoNEs, D. A. RAMSAY, F. HERLING, and K. DOBRINER. 
J. Amer. Chem. Soc. 71, 2828 11952). - See. E. J. COREY, J. Amer. 
Chem. Soc. In press for proof of this configuration and a correction 
of the recent article of L. F. FIESER and X. A. DOMINGUEZ, J. Amer. 
Chem. Soc. 75, 1704 11953). 

2 R. N. JONES, D. A. RAMSAY, F. HERLING, and K. DOSRINER, 
J. Amer. Chem. Soc. 7if, 2828 11952). - L. F. FIESER and R. ETTORE, 
J .  Amer. Chem, Scc. 75, 1700 (1953). 

3 A.  BUTENANDT and J. SCHMIDT-THoMI~, Ber. dtsch, chem. Ges. 
69, 882 (1936). - A. BUTENDANDT and G, SCHRAMM, Ber. dtsch. 
chem. Ges. 69, 2289 (1936). - H. H. INHOrVEN, Ber. dtsch, chem. 

Ges. 69, 1134 11936). - D. H. R. BARTON and E. MILLER, J. Amer. 
Chem. Soc. 72, 1066 11950). 

¢ I. M. HEILBRON, E. R. H. JONES, and F. S. SPRING, J. Chem. 
Soc. 1937, 801. - I. M. HEILBRON, H. JACKSON, E. R. H. JONES, and 
F. S. SPRING, J. Chem. Soc. 1938, 102. 

s T. BARR, 1. l~i. HEILBRON, E. R. H. JONES, and F. S. SPRING, 
J. Chem. Soc. 193s, 334. 

6 W'. l~l. HOEHN and J. LINSK, J. Alner. Chem. Soc. 67, 312 
(1945). 

7 E. BORGSTROM and T. F. GALI.AGHER, J. Biol. Chem. 162, 707 
{1946). - V. R. MATTOX, R. B. TURNER, B. F. MCKENZIE, L. L. 
ENGEL, and E. C. KENDALL, J. Biol. Chem. 173, 283 11948). 

s T. F. GALLAGHER and W. P. LONG, J. Biol. Chem. 16 °, 495 
11946). 
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m e m b e r e d  r ing such a f avo red  t r ans i t ion  s ta te  is possible 
only if the  d e p a r t i n g  a -hyd rogen  is po la r  (see I I I ) .  
Consequent ly ,  eno l iza t ion  of a cyc lohexanone  should  
take place  p re fe ren t i a l ly  w i t h  a l eav ing  po la r  hyd rogen  
and, b y  the  pr incip le  of microscopic  revers ib i l i ty ,  the  
reverse react ion ,  ke ton iza t ion ,  should  invo lve  an  en te r ing  
electrophi l ic  species (e.g. H6+or Br  ~+) wh ich  preferent i -  
ally adop t s  the  po l a r  o r ien ta t ion .  

The  app l i ca t ion  of t he  above  cons idera t ions  to t he  
ass ignment  of conf igu ra t ion  of a b r o m o k e t o s t e r o i d  
requires knowing  on ly  whe the r  i t  is t he  p roduc t  of 
kinetic or  t h e r m o d y n a m i c  control .  This  is easi ly dec ided  
by d e t e r m i n i n g  w h e t h e r  the  b r o m o k e t o n e  is or  is no t  
subject  to  ep imer i za t ion  a t  C(Br) unde r  the  inf luence  of 
hydrogen  bromide .  

We h a v e  found  t h a t  in e v e r y  case where  the  conf igura -  
tion a t  C(Br) of a b r o m o k e t o s t e r o i d  has been p roved ,  the  
predic ted  conf igu ra t ion  agrees wi th  t h a t  wh ich  is 
observed.  F u r t h e r m o r e ,  we h a v e  d e t e r m i n e d  t h a t  in all  
ins tances  where  a conf l ic t  ex i s ted  be tween  p red i c t ed  and  
repor ted  conf igura t ions ,  the  p rev ious  a s s i g n m e n t  has 
been in error.  The  cor rec t  conf igura t ions  h a v e  been  
establ ished e x p e r i m e n t a l l y  t by  in f ra red  spec t roscopy  
and also b y  chemica l  m e t h o d s  in t he  cases where  i t  
appeared conce ivab le  t h a t  the  in f ra red  m e t h o d  m i g h t  
be equ ivoca l  (e.g., for f lexible  A - r i n g  ketones) .  

R e p r e s e n t a t i v e  examples  are c i ted  in Tab le  I I I .  
The  app roach  to  the  s t e r e o c h e m i s t r y  of a -b romo-  

ketones in rigid,  fused-r ing sys tems  which  is p re sen ted  
here appears  to have  u t i l i t y  in t he  so lu t ion  of severa l  
different  t ypes  of problems,  e.g. the  d e t e r m i n a t i o n  of 
the loca t ion  of ca rbony l  func t ions  in s te ro id  and  t r i t e r -  
penoid nuclei .  I t  is n o t e w o r t h y  also t h a t  one can  deter -  
mine wh e the r  or not  a g iven  ep imer  of a s te ro id  b romo-  
ketone will  be accessible by  d i rec t  b r o m i n a t i o n  and 
whether,  if i t  is accessible, equ i l i b r a t i ng  or  non-equi l i -  
bra t ing condi t ions  should  be used for its p repa ra t ion .  

E.  J .  COREY 

Division o/ Organic Chemistry, University o/ Illinois, 
Urbana, Ill., June 9, 1953. 

Zusammenfassung 

An H a n d  der  mo leku la ren  I (on f igu ra t i onen  geeigne-  
ter monozyk l i s che r  Verg le ichssubs tanzen  wurde  die rela- 
t ive S tah i l i t~ t  al ler  ep imeren  Norma l -  u n d  Allo-]3romo- 
ketos teroide  m i t  der  K e t o g r u p p e  im  R i n g  A,  B oder  C 
abgeleitet .  I n  gewissen B r o m o k e t o s t e r o i d e n  l iegt  das  
B r o m a t o m  vorzugsweise  polar, in anderen  vorzugsweise  
~quatorial. Auf  G r u n d  dieser  r e l a t iven  S tab i l i t / t t en  is t  es 
m/Sglich, die s t e reochemische  Konf igu ra t i on  a m  C(Br) 
in B r o m o k e t o s t e r o i d e n  vorauszusagen ,  vo rausgese tz t ,  
dass das  B r o m i e r u n g s p r o d u k t  thermodynamisch, das 
heisst dutch Gleichgewicht, bestimmt ist. 

E rh ie l t  m a n  bei der  B r o m i e r u n g  n ich t  das  zu e rwar-  
tende t h e r m o d y n a m i s c h  b e s t i m m t e  P roduk t ,  so zeigte  es 
sich, dass das  B r o m a t o m  i m m e r  polar  vor lag.  Diese T a t -  
sache z u s a m m e n  m i t  t heo re t i s chen  ~ b e r l e g u n g e n  ffihr- 
ten zur  Regel des polaren Angri][es bei der  B r o m i e r u n g  
eines Steroidenols .  Dabe i  liisst sich das  B r o m o k e t o n  
am C(Br} epimer is ieren .  Das  B r o m a t o m  or ien t ie r t  sich 
offenbar i m m e r  polar ,  sofern das  B r o m i e r u n g s p r o d u k t  
kinetisch, das heisst  durch Geschwindigheit, bestimmt ist.  

Obige B e t r a c h t u n g e n  er lauben,  sowei t  wir  bis j e t z t  
ausnahmslos  fes ts te l len  konn ten ,  die e indeu t ige  Voraus-  
sage der  S t e r eochemie  der  t3romoketos te ro ide .  

1 E. J. COREY, J. Am. Chem. Soc., in press. 

O n  t h e  C o n s t i t u t i o n  of R e s e r p i n e  1 

In  our  f irs t  pub l i ca t ion  on reserpine,  i so la ted  f rom 
Rauwolfia serpentina BENTH ~ some phys ica l  and  chemi-  
cal  de ta i l s  were  men t ioned .  A more  de ta i l ed  accoun t  of 
t he  p h a r m a c o l o g y  of th is  b lood  pressure  lower ing  and 
s e d a t i v e - h y p n o t i c  c o m p o u n d  was la te r  g iven  by  BEIN 3. 
A t  t h a t  t ime,  owing  to  diff icul t ies  w i t h  combus t ions ,  no  
t o t a l  fo rmula  could  be g iven  for reserpine.  W e  also 
found  t h a t  t he  BARGER m e t h o d  4 for t he  e s t i m a t i o n  of 
molecu la r  we igh ts  s t r ange ly  e n o u g h  gave  no re l iable  
results ,  whereas  the  usua l  RAST m e t h o d s  could  n o t  be . 
used, because  reserpine  eas i ly  decomposed .  
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Fig. 1. 

Bas ing  on a g rea t  n u m b e r  of ana lyses  in our  two  labo-  
ra tor ies  we h a v e  now come  to  t he  conclusion,  t h a t  
reserpine has the  fo rmula  C~H40OgN ~ (ca lcula ted:  C = 
65-11, H = 6.62, N = 4 . 5 0 % ;  found :  C =  65.07, H = 
6.62, N = 4.64 %). W i t h  pu re r  samples  t h a n  m e n t i o n e d  
in our  f irs t  publ ica t ion ,  t he  U.V.  and  I .R .  spec t ra  h a v e  
been  measu red  again  and  t h e y  are g iven  in Figs.  1 (s t ra ight  
line) and 2, and  in the  Table .  I t  has  been found  t h a t  re- 
serpine  is an es tera lka lo id ,  y ie ld ing  on a lka l ine  hyd ro -  
lysis reserpic  acid, 3, 4, 5 - t r i m e t h o x y b e n z o i c  acid and  
me thano l .  The  l a t t e r  acid has  been iden t i f ied  wi th  an 
a u t h e n t i c  sample .  

Reserp ic  acid  is usua l ly  i sola ted  as its hydroch lo r ide  
(ca lcu la ted :  N = 6.41, C1 = 8.12 / , found :  N = 6.20, 
C I =  8.12%) m.p.  257-263 °, [0~JD=--80-- [ -3  ° (CHCla) 
b u t  by  t r e a t i n g  this  c o m p o u n d  wi th  Ag2CO s free reser-  
pic ac id  (C22H2sOsN2) m.p.  239-245 ° can  be p repa red  
(ca lcu la ted :  C =  65.98, H =  7.05, N =  7 .00%;  found :  
C = 65.66, H = 7.33, N = 6.98 %). Reserp ic  acid  shows 
s t rong  h y d r o g e n  bond ing  in i ts  I .R .  spec t rum.  On 
es te r i fy ing  reserpic  acid  wi th  d i a z o m e t h a n e  m e t h y l -  
r ese rpa te  C23H30OsN2 (ca lcula ted:  C = 66.64, H = 7.30, 
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