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OXIDATION OF SUBSTITUTED OLEFINS BY 

MOLECULAR OXYGEN ACTIVATED BY A 

DIVALENT MANGANESE- PORPHYRIN COMPLEX 

A. B. Solov'eva, V. I. Mel'nikova, 
K. K. Pivnitskii, E. I. Karakozova, 
K. A. Bogdanova, L. V. Karmilova, 
G. A. Nikiforov, and N. S. Enikolopov 

UDC 542. 943.7:547. 313+547.92 

Steroid 

Androst-5-en-3/%-ol (I) 

It is known that Mn(II) porphyrin complexes, obtained in situ by reducing the corresponding Mn(III) com- 

plexes, activate 02 and catalyze the oxidation of olefins [1-3] to ketones, alcohols, epoxides, and allyl com- 
pounds [I, 2]. The formation of allyl compounds occurs by a radical autooxidation mechanism (the induction 
period is the only process in the absence of a reducing agent), and can be suppressed by adding a radical in- 

hibitor [i]. The mechanism of the formation of saturated alcohols mad ketones, however, has not been estab- 

lished. It has been suggested [I] that the oxidation of cyclohexene to cyclohexanol by the system O2-tetra- p- 
methoxypheny lpo rphyr in  m a n g a n e s e  ch lo r ide  ( T P P M n C 1 ) -  NaBH 4 p r o c e e d s  via  epoxycyc lohexane .  Acco rd ing  to 
[2], howeve r ,  in the oxidat ion of  olef ins  by the v e r y  s i m i l a r  0 2 -  T P P M n C 1 - N ( n - B u ) 4 B H  4 s y s t e m  no epoxides 
w e r e  de tec ted ,  the p r i m a r y  r eac t i on  p roduc t s  being the ketones  c o r r e s p o n d i n g  to the o lef ins ,  these  being p a r -  
t ia l ly  o r  comple t e ly  r educed  unde r  the condi t ions  of  the r eac t ion  to the a lcohols  by excess  hydr ide .  

We have inves t iga ted  the m e c h a n i s m  and the p r e p a r a t i v e  poss ib i l i t i e s  of the oxidat ion of olef ins  to the 
c o r r e s p o n d i n g  a lcohols  (or the ketones  o r  epoxides) by the s y s t e m  0 2 - T P P M n C 1 - N a B H 4 .  The compounds  
se lec ted  fo r  s tudy w e r e  a n d r o s t - 5 - e n - 3 f i - o l  (I), cho l e s t e ro l  ( cho les t -5 -en-3f l -o l )  (II), and s e v e r a l  a l iphat ic  
o lef ins .  The choice  of  the s t e ro ida l  olefins (I) and (II) was  due to the g rea t  impor t ance  in s t e ro id  c h e m i s t r y  of  
the oxidat ion of the 5 ,6 -doub le  bond,  and the m a r k e d  tendency  of  cho l e s t e ro l  (II) to  under to  autoxidat ion [4]. 

TABLE 1. Oxidation of  Steroidal  Olefins in the P r e s e n c e  of T P P M n C 1 -  
NaBH 4 

TPPMn 1C Yields of diol (III) 
NaBH4, Steroid, I or (IV), % 

Solvent M. 104 M~ 102 M~ 102 /I on on 

/ steroid TPPMnC1 

Cholesterol (II) 

DMF 
Benzene- 
ethanol, 

1 : t  
DMF 

Benzene- 
ethanol 

1:1 

4,8 
2,4 

2,4 
2,4 

t0 
t0 

80 
82 

22000 

17000 
23000 
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TABLE 2. Resu l t s  of the Oxidat ion of Olefins (0 .5  M) with Oxygen 

in the P r e s e n c e  of the Sys tem T P P M n C 1 - N a B H  4 (0 .05  M) 

Olefin 

Ethylene 
Propylene 

1-Hexene$ 

1-Hexene 

2Z-Hexene 

2Z-Hexene 

Solvent 

DMF J" 
DMFJ" 

DMF 

C~H8 - EtOH 

DMF 

C6He - EtOH 

Conc. of 
TPPMnC1, 

�9 10 g M 

9 
9 

Expt. 
No. Product 

EtOH 
MeCOMe 
~-PrOH 
n-BuCOMe 
n-BuCHOHMe 
n-BuCOMe 
n-BuCHOHMe 
n-BuCH--CHc %/ 
n-BuCOMe 
n-PrCOEt 
n-BuCHOHMe 
n-PrCHOHEt 
n-BuCOMe 
n-PrCOEt 
n-BuCHOHMo 
n-PrCHOHEt 
n-PrCH--CHMe 

%/ 

Yield* on 
TPPMnC !, 

i67 
222 
333 
975 
325 
t10 
420 
28 

600 
600 
i50 
t50 
26,6 
26,6 

287 
287 
40 

* Calcu la ted  f r o m  extent  of r e a c t i o n  of o lef in  and p roduc t  r a t io  by 
GLC. 

In C6H6-EtOH, oxidat ion was s l igh t .  
For  s t o i c h i o m e t r y :  one mo le  of NaBH4 gives  2 m o l e s  of the a l -  

cohol or  4 m o l e s  of the ketone or  epoxide.  

Scheme 1 

~ R  ~ ~ R  

OH OH OH 

R:H (I), CHMeiCH2)3Pr-~ (II) R=Ii (III), CHMe(CH2)3Pr-~ (IV) 

oH OH (v) 
m/z 22.0 

The oxidat ion of the s t e ro ida l  o lef ins  (I) and (II) with a t m o s p h e r i c  oxygen in  the p r e s e n c e  of 1-2 mole  % 
of TPPMnC1 and 1 . 5 - 2 . 2  m o l e - e q u i v ,  of NaBH 4 was quite r ap id  ( r eac t ion  comple t e  in  3 h),  g iv ing  (III) and (IV) 
in  y ie lds  (af ter  c h r o m a t o g r a p h i c  separa t ion)  of 80% (Table  1). 

The PMR s p e c t r u m  of (III) con ta ined  no s igna l s  for  v inyl  p r o t o n s ,  but addi t ional  c a r b i n o l  p ro tons  as c o m -  
pa r ed  with the o r ig ina l  (I). The e l e m e n t a l  compos i t ion  of (III) was C19H3202, c o r r e s p o n d i n g  to hyd ra t i on  of the 
double bond in  (I). The m o l e c u l a r  f o r m u l a ,  toge ther  with the t e r t i a r y  n a t u r e  of the new OH group in  (IID, was 
con f i rmed  by the c h e m i c a l ,  c h r o m a t o g r a p h i c ,  and m a s s  spec t r a l  behav io r  of the compound.  The m a s s  s p e c t r u m  
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of (III), even when the sample was introduced directly into the ion source, showed only a very weak molecular 

ion peak (m/z 292). The trirnethylsilylated derivative of (III) was identical in respect of its GLC mobility and 

mass spectrum to the trirnethylsilyl ether of (I), and Johnson oxidation gave a mixture of androst-4-en-3-one 

(VI) and a compound C19H3002 (m/z 290), the structure of which (androstan-5~-ol-3-one (V)) was confirmed 
by the formation of the unsaturated ketone (VI) on partial thermal dehydration under GLC conditions and the 
presence in its mass spectrum of a strong ion with m/z 220, formed by fission of ring A, a reaction charac- 

teristic of 3-keto-5-hydroxysteroids [5]. 

The product (IV) obtained by oxidation of cholesterol (If) had similar properties. Its constants agreed 

with those given in the literature for eholestan-3~, 5~-diol [4], also confirming the 5~-configuration of the 
latter. This configuration for (III) and (IV) was confirmed by their PMR spectra, the form of the signals for 

the 3~-carbonyl protons (a multiplet with WI/2 30 Hz) corresponding to trails-fusion of rings A and B in these 
steroids. 

The rapid and selective oxidation of the steroidal olefins (I) and (II) could be due to the dependence of 

the reaction rate and the course of the TPPMnCl-catalyzed oxidation of the olefins on the extent of substitu- 
tion of the double bond. To resolve this point, we examined the oxidation of ethylene, propylene, and I- and 
2-hexenes (Table 2). It was found that the rate of oxidation of the olefins (as determined from the sums of the 

yields of products) was directly related to the extent of substitution of the double bond, increasing in the se- 

quence ethylene, propylene, l-hexene, and 2-hexene. The unsymmetrically substituted olefins(propylene and 
1-hexene) gave only ketones and secondary alcohols, i.e., the reaction was characterized by the formation of 
the products of oxidation of the more highly substituted carbon atom. In the light of these findings, the oxida- 
tion of the trisubstituted steroidal olefins (I) and (If) naturally occurs rapidly and regioselectively to give the 

5-oxidized products (III) and (IV). The stereospeeificity of the oxidation is a consequence of the general rule 

for the preferential attack on the steroid n~olecule from the unhindered ~-side [6], particularly by bulky rea- 
gents, amongst which TPPMn(II) and its derivatives must undoubtedly be included. 

The rate of oxidation of aliphatic olefins is dependent on the medium, being greater in dimethylformamide 
(DMF) than in benzene-ethanol. More important, however, is the change in the product ratios. When the re- 

action is carried out in benzene-ethanol alcohols predominate, whereas in DMF ketones are preferentially 

formed, owing to the greater rate of reduction of ketones to alcohols in hydroxylic media, if ketones are the 
primary reaction products. In benzene-ethanol, significant amounts of the epoxides of the olefins are formed 

(experiments 4 and 6, Table 2), and, in agreement with [I], the preferential formation of alcohols under these 
conditions may be due to oxidation of the olefins to the epoxides, followed by reduction of the latter. 

Neither of these mechanisms for the formation of alcohols in the TPPMnCl-catalyzed oxidation of olefins 
explains the formation of (Ill) or (IV) from the steroidal olefins (I) and (If). The formation of the tertiary al- 
cohols (Ill) and (IV) cannot be due to reduction of ketones, and a painstaking search for the appropriate ~-epoxide 
in the oxidation products of (1) by TLC failed to reveal their presence. Furthermore, the epoxide, obtained by 

oxidation of (I) with m-chloroperbenzoic acid, rernained unchanged under the conditions of formation of the 
diol (III). 

It appea r s  that a mechan i sm m u s t  be sought which would account both for the format ion  of t e r t i a r y  a l -  
cohols f rom t r i subs t i tu t ed  olef ins ,  and of ketones and secondary  alcohols  f rom tact ic-  and disubst i tu ted  olef ins .  
Such a mechan i sm m u s t  account both for  the r eg io se l ec t i v i t y  of the oxidat ion,  and for the dependence of the 
ra te  of oxidation On the e l ec t ron  densi ty  at the double bond. 

The ini t ia l  s teps  in the oxidation of olefins by the sy s t em O2-TPI~ have been s tudied [1]. 
TPPMnCI is reduced  by NaBH~ to TlOPMn(II), which fo rms  complex  (A) with a molecule  of oxygen [7] (Scheme 
2). The cat ionoid addit ion of th is  complex to the double bond cont ro l s  the r eg iose l ee t i v i t y  of the reac t ion ,  

giving a cycl ic  i n t e rmed ia t e  (B) s i m i l a r  to that p rev ious ly  cons ide red  in the l i t e r a t u r e  [8]. Reductive c leavage  
of the C - M n  bond in the i n t e rmed ia t e  (B) may Iead to the peroxide  complex  (C), the fu r the r  r eac t ions  of which 
will  depend on the subst i tut ion at the carbon a~om bea r ing  the peroxide  rad ica l  (i. e . ,  on the extent of subs t i tu -  
t ion of the or ig ina l  olefin),  t teduction of the O - O  bond by the borohydr ide  ion gives a lcohols  (D or D') and 
TPPMnOH~ which en te r s  a new ca ta ly t i c  cyc le .  The perox ide  complex  with a secondary  carbon atom (C') can 
a lso  d i sp ropor t iona te  to the ketone (E) and TPPMnOH, and the ketone is fu r the r  reduced by borohydr ide  to the 
alcohol (D'), this  being a second a l t e rna t ive  route  to the format ion  of secondary  a lcohols .  The sequence of the 
f i s s ion  of the O - O  and M n - C  bonds in the cycl ic  i n t e rmed ia te  (B) can a lso  be r e v e r s e d ,  but this  does not a f -  
fect the poss ib i l i t y  of the s imul taneous  fo rmat ion  as p r i m a r y  m a n g a n e s e - f r e e  products  of the ketone (E) and 
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TPPMnCI 
NaBH, 

Scheme  2 

O 
o, /! 

TPPMn (II)---> TPPMn 
(A) \~ 

+ 

R H 
R H kk_~_ .  - _ _M+,Tpp 

R/SSNR, ~-0~0 

NaBH4 
etc. ~ TPPMn (II) ,r 

R H 
B H N-----~ Tpp "'~ 

, R..J ol _..+ /o  

(F) 

~ NaBH4 
R R 

R ' \  / H  -+---' H H 

. o  o' 
NaBH, / / 

R R'O 
�9 TPPMnOH -<---- (C) 

R R R R 
t{~ (H  ( NaBH' ~ <H< 
o / \ H  0 z2 H 

(D') (E) 

R ' = H  
)- 

R HH 
\/ 

R/ l  \O--Mn TPP 

(c') 

alcohols (D) and (D'). There is also the possibility that disproportionation of the cyclic intermediate (B) will 
give the epoxide (F) as a by-product in the oxidation of the olefin. 

.Mthough this mechanism has not been confirmed directly by experiment, all its steps have reasonable 
analogs, viz., disproportionation of secondary alcohols to earb0nyl compounds (C-E) [9], and the borohydride 
reduction of the C-Mn bond (B-C) are known [I0]. 

In conclusion, it is noteworthy that this facile, single-step preparative conversion of AS-steroids to 5a- 

hydroxysteroids by the O 2- TPPMnCI-NaBH 4 system, which may be regarded as a redox Markovnikov hydra- 
tion of the double bond, is the simplest preparative method for these steroids. 

E X P E R I M E N T A L  

Mel t ing  po in t s  w e r e  t aken  on a Boe t ius  h o t - p l a t e  (Eas t  G e r m a n y ) ,  r o t a t i o n s  w e r e  m e a s u r e d  on a Hilge r -  
Wat t s  2 7 0 - 5 M L ,  LR s p e c t r a  w e r e  r e c o r d e d  in KBr  d i s k s  on a S p e c o r d  i n s t r u m e n t ,  PMR s p e c t r a  in CDC13 on a 
T e s l a - 4 8 7 C  (80 Hz) ,  i n t e r n a l  s t a n d a r d  t e t r a m e t h y l s i l a n e  (5 = 0), and m a s s  s p e c t r a  w e r e  ob ta ined  d u r i n g  GLC 
(un les s  o t h e r w i s e  ind ica ted)  on an LKB-2091 m a s s  s p e c t r o m e t e r ,  i o n i z i n g  e l e c t r o n  e n e r g y  22 .5  eV,  GLC in 
h e l i u m  on a co lumn  wi th  1% SE-30  phase  on G a s - C h r o m - Q  c a r r i e r  (100-120 m e s h ) .  TLC was  c a r r i e d  out on 

Silufol  p l a t e s  (Czechos lovak ia} .  

B e n z e n e ,  e t h a n o l ,  and D M F  w e r e  p u r i f i e d  by s t a n d a r d  m e t h o d s  [11]. E thy lene  and p r o p y l e n e  w e r e  p u r i -  

f ied by f r e e z e - t h a w i n g  t w i c e ,  and 1-  and 2 -  Z - h e x e n e  b y  r e d i s t i l l a t i o n  o v e r  s o d i u m .  A n d r o s t - 5 - e n - 3 f i - o l ,  nap 133-  
134~ was ob ta ined  as  d e s c r i b e d  in [12], c h o l e s t e r o l  ( K o c h - L i g h t ) ,  mp  147- t50~  was  u s e d  wi thout  f u r t h e r  
p u r i f i c a t i o n ,  and TPPMnC1 was  p r e p a r e d  as  d e s c r i b e d  in [1]. 

.Oxidation of A l ipha t i e  O le f in s .  A so lu t ion  of  the  o le f in  (0 .5  M) and TPPMnC1 (9 .10  -3 M) in 5 ml  of s o l -  
vent  (DMF o r  b e n z e n e - a b s o l u t e  e thano l ,  1:1) was s t i r r e d  in a i r  unt i l  the  TPPMnC1 had d i s s o l v e d  c o m p l e t e l y  
(30 ra in ) ,  then  NaBH 4 was  added  to g ive  a c o n c e n t r a t i o n  of 5 .10  -2 M, and the  m i x t u r e  s t i r r e d  for  24 h in  a i r .  
GLC of  the  r e a c t i o n  m i x t u r e s  was  c a r r i e d  out on a P e r k i n - E l m e r  452 (e thylene  and p ropy l e ne )  o r  a K h r o m - 4  
(1-  and 2 - Z - h e x e n e s ) ,  c o l u m n s  with  P E G - 6 0 0 0 ,  100~ I d e n t i f i c a t i o n  was  by c o m p a r i s o n  with  au then t i c  s a m -  

p l e s .  The r e s u l t s  a r e  g iven  in Tab le  2. 

Oxida t ion  of  S t e r o i d a l  Olef ins  (I) and (II). To a so lu t ion  of 100 m g  of the  o le f in  (I) o r  (II) in 5 ml  of  a 
m i x t u r e  of b e n z e n e  and e thanol  (1:1) was  added  3 m g  of TPPMnC1,  the  m i x t u r e  s t i r r e d  fo r  15 ra in  unt i l  the  
TPPMnC1 had d i s s o l v e d  c o m p l e t e l y ,  20 mg of  NaBH 4 was  added,  and s t i r r i n g  con t inued  f o r  3 h.  The m i x -  
t u r e  was  a p p l i e d  to a colurml wi th  50 g of  SiC 2 (100-250 m e s h ) ,  and e lu t ed  wi th  h e x a n e - e t h y l  a c e t a t e  (1:4) to 

g ive  d io l s  (III) and (IV). 

A n d r o s t a n - 3 / ~ , 5 ~ - d i o l  (III).  Th is  was ob ta ined  in  80~ y i e l d  a s  c o l o r l e s s  p l a t e s ,  mp  203-204~ ( f rom a 
1:1 m i x t u r e  of  hexane  and e thyl  a c e t a t e ) ,  [~]~ - 6 .2  ~ (e 2 . 5 ,  CHC13), Rf 0 .36 h e x a n e - e t h y l  a c e t a t e ,  1:4),  Rf 
of  s t a r t i n g  m a t e r i a l  (I) 0 .81 ;  IR s p e c t r u m  (v, cm-1) :  3600, 3400, 3300 (OH), 1045 (CO). PMR s p e c t r u m  (6, 
ppm) :  0 .69  s (3H, C18H3), 0 .97  s (3H, C19H3), 4 . 06  nl~ (1H), W1/2 30 Hz,  HC30); m a s s  s p e c t r u m  ( d i r e c t  i n t r o -  
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duction at 60~ m / z  (intensity,  %): 292 (1.4,  M+), 274 (100, M + -  H20), 259 [69, M + -  (Me + H20)], 256 (27, 
M+-2H20) ,  241 [26, M + - ( M e  + 2H20)]o Found: C 78.40, H 11.05%. Calculated for  C19H3202: C 78.02, H 11.02%. 
Silylation with a mix tu re  of (Me3Si2)NH , Me3SiC1 , and CDHsN (3:1:3, 20~ 1 h) gave a compound C22H38OSi , s tero id  
number  (SN) 22.84, m a s s  spec t rum,  m / z  (intensity, %): 346 (100, M+), 331 (4.6, M + -  Me),318 (9.6), 256 (7.4, 
M+-Me3SiOH), 241 [8.8, M + - ( M e  + Me3SiOH)] , 143 (70, Me3SiO+ ) = CHOH = CHMe). Oxidation of the diol (III) 
by the Jones  method in acetone (10 rain, 20~ gave a l e s s  polar ,  pure  compound (V) (TLC), which under  GLC 
underwent par t i a l  dehydrat ion with the appearance  of a peak for  a n d r o s t - 4 - e n - 3 - o n e  (SN 22.84), identical  with 
an authentic sample ,  in addition to the base  peak. 

A n d r o s t a n - 5 ~ - o l - 3 - o n e  : SN 22.25; m a s s  s p e c t r u m ,  m / z  (intensity,  %) : 290 (41, M +) , 275 (31, M + - Me), 
272 (100, M + -  H20 ), 257 [52, M e -  (Me + H20)] , 220 (31, M + - CH2CH2COCH2). 

_Cholestan-3fl,5c~-diol (IV). This was obtained in 82% yie ld ,  co lo r less  needles ,  mp 225-226~ {from 
EtOH), [~]~ + 17.9 (c 18, CHCI3"(cf. [6])). Rf 0.30 (hexane-e thy l  ace ta te ,  1:4), Rf of s t a r t ing  ma te r i a l  0.8; 
m a s s  spec t rum (direct  introduction at 85~ m / z  (intensity,  %):404 (M +, 13), 886 (M + -  H20, 100), 371 (M + -  
Me + H20, 24), 353 (M + -  Me + 2H20, 55), 332 (14), 246 (11), 231 (29), m a s s  spec t rum of the TMS e ther ,  m / z  
(intensity,  %): 458 (100), 443 (4), 429 (8), 400 (2), 368 (9), 353 (7), 316 (9), 262 (10), 213 (8). PMR spec t rum 
(5, ppm): 0.66 s (3H, 18-Me),  0.86 d (6H, J = 6.1 Hz,  26, 27-Me2), 0 . 9 0 d  (3H, J = 5 . 7 H z ,  21-Me),  0 . 9 9 s  
(3H, 19-Me),  4.08 m (1H, W{/230 Hz,  HC30); IR spec t rum (~, cm-1): 3610, 3420, 3310 (OH), 1050 (CO). 
Found: C 80.31; H 11.90%. C27H4802. Calculated: C 80.14; H I i .  96%. 

C O N C L U S I O N S  

1. The ra te  and extent of oxidation of olefins by molecu la r  oxygen act ivated by a te t raphenylporphyr in  
complex of divalent manganese  is d i rec t ly  re la ted  to the degree  of substitution of the double bond. As-Steroids  
a r e  oxidized to 5c~-hydroxysteroids ,  and this reac t ion  provides  a convenient method for  the p repa ra t ion  of 
these s t e ro ids .  

2. A single mechan i sm Js p roposed  for  the format ion  of ketones and secondary  alcohols in the oxidation 
of distibstituted olef ins,  and of t e r t i a r y  alcohols in the oxidation of t r i subs t i tu ted  olef ins ,  in the p r e sence  of the 
sy s t em 0 2 -  TPPMnC1 - NaBH 4 . 
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