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Steroid organoboranes have been found to be useful synthetic 

intermediates. Attempted pyrolyses, based on simple trialkylborane 

cyclizations, have not yielded C -19 or C -18 functionalized steroids, 

but have produced isomerized systems not otherwise available. 

Thus, hydroboration of cholesterol followed by pyrolysis at 

215° gives 31% of 2- cholestene -6a -ol and 49% of a mixture of chol- 

estenes, predominantly P4 and 2. The alcohol arises by a facile 

borate pyrolysis, which can also be invoked to explain the presence 

of the cholestenes. 6- Methylcholesterol on hydroboration gives the 

previously unknown 6ß- methylcholestane -3ß, 6a -diol, with no 5a 

alcohol detected. The organoborane isomerizes readily to the 6a - 

methylene system which on oxidation produces the 6a -hydroxymethyl- 

ene compound. The latter is formed directly from 6-methylenechol- 

estanol, indicating a facile organoborane isomerization. 

Cyclization from a 21- organoborane also does not occur at 

temperatures to 215°, sufficient to cause borate eliminations. An 

- 



interesting intermolecular oxidation- reduction reaction of testoster- 

one borate has been discovered. Routes to the various cholestenes, 

primarily involving organoboranes, have been studied and the proper- 

ties of the products recorded. Purification of the olefins has been 

accomplished using chromatography on silver nitrate impregnated 

silica gel. 

Hydroboration -elimination of 4- cholestene -3, 6 -dione furnishes 

a facile route to the homoallylic 3 -6a -alcohol system. The solvoly- 

sis reactions of this system have been investigated and the stereo- 

chemistry of diborane reduction at C -6 has been examined. 

A review of organoborane chemistry, particularly that of 

steroids, is given. 
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STEROID ORGANOBORANE REACTIONS 

INTRODUCTION 

The chemistry of organic compounds containing boron is a 

remarkably unexplored area. Considering the proximity of boron 

to carbon in the periodic table, one might expect it to exhibit a vast 

series of important analogs. While the lack of such compounds can 

be largely attributed to the instability of the boron -boron bond and the 

inability of boron to form stable Tr bonds, nevertheless, even the 

simple organoboranes were widely neglected until quite recently. In 

the past decade, interest in organoboranes has resulted from both 

improved synthetic methods and the use of such compounds as possi- 

ble high -energy fuels. Synthetic application of organoboranes to 

ordinary organic synthesis has also been introduced, and it is to this 

latter area that this thesis is directed. 

Early History 

The first organoboranes were prepared by Frankland in 1860 

by the reaction of triethylborate with dialkylzinc compounds (95). 

Another route to organoboranes, developed by Krause in 1921, in- 

volved the treatment of an organomagnesium derivative with a boron 

ester or halide (127). 



3(C2H5)2Zn + 2(C2H50)3B -> 2(C2H5)3B + 3(C2H50)2Zn 

3 RMgX + BF3 > R3B + 3 MgXF 

Since these early syntheses involved the prior formation of an 

organometallic, there was little interest in exploring the possible 

utility of organoboranes, another class of organometallics, as inter- 

mediates in organic synthesis. As a result, much of the information 

concerning the properties and reactions of organoboranes arose from 

studies carried out primarily for theoretical interest. Since there 

are several excellent reviews available (96, 123, 131, 177), a de- 

tailed discussion of the early work in organoborane chemistry will 

not be given here. 

Hydroboration 

In 1956, Brown and co- workers published the first of a number 

of articles concerning the reaction of diborane (B2H6) with unsatur- 

ated compounds under mild laboratory conditions (21). This work 

provided the impetus for increased research with organoboranes as 

a new tool for the synthetic organic chemist. 

',C= O + H 

+ H- B, > 

I = C H H-C-C-B 
i 

2 

- H-C-O-B,7 

H-C=N-B', 

+ 

B:: > 

-C=N 
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Experimental Procedure 

Although it had been known since 1923 that diborane would react 

with multiple bonds (1 78), the experimental procedures involved slow, 

high temperature, sealed tube reactions, and complex mixtures were 

often the result (111, 179). It was likewise determined by Brown 

that the hydroboration of olefins in solvents such as heptane pro- 

ceeded very slowly, but the rate was accelerated tremendously by 

the addition of an ether or other weak Lewis bases (30). Accordingly, 

hydroboration procedures are carried out in ether solvents, com- 

monly ethyl ether, tetrahydrofuran, or diglyme (dimethylether of 

diethyleneglycol). If higher boiling solvents are desired, triglyme 

(b. p. 216 °) or tetraglyme (b. p. 2 75 °) may be used. 

There have been a variety of methods developed for the produc- 

tion of diborane, practically all of which involve reaction of a hydride 

source with a Lewis acid in an ether solution. Table 1 contains many 

of the metal hydrides and Lewis acids which have been used in vari- 

ous combinations to produce diborane (36). 
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Table 1. Common reagents used for the production of diborane (3 6) 

Hydride source Lewis acid 

Sodium borohydride Boron trifluoride 

Lithium borohydride Boron trichloride 

Potassium borohydride Aluminum chloride 

Lithium aluminum hydride Titanium tetrachloride 

Lithium hydride Hydrogen chloride 

Sodium hydride Sulfuric acid 

Alkyl halides 

Alternate procedures have been developed based on the amine - 

boranes, such as trimethylamine-borane (168) and pyridine -borane 

(20). These compounds are relatively stable and may be prepared 

by the reaction of a tertiary amine with diborane. Hydroboration is 

accomplished by heating the olefin with the amine - borane at temper- 

atures of 100-200° . The reaction presumably involves an equilibri- 

um dissociation of the amine -borane into diborane and amine, fol- 

lowed by addition of the diborane to the olefin (5, 99). 

R3N : BH3 R3N : + i B2H6 

3 RCH = CH2 + i B2H6 - (RCH2CH2)3 B 
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The most efficient amine -borane yet developed for hydrobora- 

tion purposes appears to be trimethylamine -t- butylborane. This 

reagent is capable of achieving the hydroboration of olefins, as well 

as dienes and acetylenes, at a reasonable rate at 60° (102). 

In actual laboratory practice the most convenient method of 

diborane generation involves addition of a solution of sodium boro- 

hydride in diglyme to boron trifluoride etherate at room temperature 

and under an atmosphere of nitrogen (25). These two reagents are 

easy to store and handle, and diborane is evolved quantitatively as 

the sodium borohydride is added. In the alternative procedure, addi- 

tion of boron trifluoride etherate to sodium borohydride, an initial 

complex (NaBH4 BH3) is evidently formed which inhibits the evolu- 

tion of diborane until most of the boron trifluoride etherate is added 

(30). Due to the low solubility of diborane in diglyme, the gas may 

be passed directly from the generating flask into an ether solution 

containing the olefin. The high solubility of diborane in tetrahydro- 

furan makes it the solvent of choice for this external generation pro- 

cedure. Alternatively, standard solutions of diborane in tetrahydro- 

furan may be prepared and utilized for the hydroboration. Such solu- 

tions may be kept at 0° for extended lengths of time without signifi- 

cant change in the diborane concentration (192). An advantage of 

these two procedures is that no by- products or inorganic salts are 

formed in the reaction mixture, as would be the case in the in situ 
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procedure in which the sodium borohydride would be added directly 

to an ether solvent containing both the olefin and the boron trifluor- 

ide etherate. Several detailed reviews on hydroboration procedures, 

as well as on the scope and uses of the reaction, are available (38, 

50, 51, 196). 

Stoichiometry 

In general, monosubstituted terminal olefins, disubstituted 

terminal olefins, and disubstituted internal olefins undergo rapid 

conversion to the trialkylborane stage with complete utilization of 

active hydrogen of the diborane molecule (30, 33, 36, 42). 

R H 

6 C=C + 

H R 

-) 2 

Several exceptions to this generalization, however, can be 

noted. The more highly branched olefin, trans -4, 4- dimethyl -2- 

pentene, undergoes rapid hydroboration only to the dialkylborane 

stage, with further reaction to the trialkylborane being relatively 

slow (37). Similarly, trans -2, 2, 4, 4- tetramethyl- 3- hexene under- 

goes hydroboration only to the monoalkylborane stage (134). 

B2H6 
/ \ 

R H 
I I H-C-C- B 
I I 

H R 
3 

\ i 



H CH H CH 
\ / 3 I I 

3 

4 C=C + B2H6- 2 H-C C 
I 

BH 
I I 

(CH3)3C H C(CH3)3 H 

H C(CH ) 

2 C -C + B 
/ \ 

(CH3)3C H 

7 

H C(CH ) 

I I 

2 H-C C BH 
I I 

C(CH3)3 H 

Trisubstituted olefins, such as 2- methyl -2- butene, utilize two - 

thirds of the active hydrogen to give rise to a dialkylborane (44), 

while tetrasubstituted olefins undergo rapid hydroboration to pro- 

duce a monoalkylborane. 

CH3 CH3 CH3 CH3 

2 \C=C/ + B 
2 

H 
6 
--> 2 H-C -C- BH 

2 / \ I I 

CH3 CH3 CH3 CH3 

The hydroboration of simple cyclic olefins has been studied and 

with only one exception the reactions proceed rapidly and quantitative- 

ly to the trialkylborane stage (30, 48). In the case of cyclohexene, 

hydroboration at 25° furnishes the dicyclohexylborane, with further 

reaction to the tricyclohexylborane stage being very slow. At 0°, 

only the dicyclohexylborane is formed (48). 

e- 

2 

\ / 

2 

ey 

- 

I I 



+ B2H6 2 

+ B2H6 } 2 

+ B2H6 > 2 

3 

B 

8 

BH 

2 

3 

B 

The formation of dicyclohexylborane is partially due to the low 

solubility of the dialkylborane in diglyme, as evidenced by the fact 

that this compound precipitates from solution as a white crystalline 

solid during the hydroboration procedure. It also appears that the 

increased reactivities of the five- and seven- membered ring olefins 

is the result of the greater strain of the double bonds in the cyclo- 

pentene and cycloheptene molecules (48). 

The behavior of 1- substituted cycloalkenes and 1, 2- disubsti- 

tuted cycloalkenes appears to be similar to the behavior of the cor- 

responding ethylene derivatives. Thus, the hydroboration of 

1- methylcyclohexene proceeds cleanly to the dialkylborane stage 

(45), while 1, 2- dimethylcyclopentene and 1, 2- dimethylcyclohexene 

produce the monoalkylborane (45). 

6 c 
o 

a0 

' 



./\/ CH3 
4 + B2H6 

2 

2 

CH3 CH3 
+ B2H6 ) 2 CH3 , 

BH2 

Bicyclic olefins react in the same manner as cyclic olefins, 

although the addition generally occurs at a faster rate due to the 

greater strain of the double bond. The reaction proceeds to the 

trialkylborane or dialkylborane stage, depending on the amount of 

steric hindrance at the double bond (45, 76, 79, 91). 

6 

4 

+ B2H6 

+ B2H6 

2 

2 

9 

BH 

B 

3 

BH 

2 

Due to the large steric requirements of some monoalkylbor- 

anes and dialkylboranes, these compounds (RBH2 and R2BH) have 

been used quite successfully as selective hydroborating agents. This 

specific area of hydroboration technique will be discussed in a fol- 

lowing section. 

2 

H 

> / ./ / 

j 
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Stereochemistry and Directive Effects 

From studies with 1- alkylcycloalkenes, it was first determined 

that hydroboration involves a stereospecific cis addition to a double 

bond (26). Thus, hydroboration of 1- methylcyclohexene, followed by 

oxidation with alkaline hydrogen peroxide, yields the pure trans -2- 

methylcyclohexanol. It should be noted here that the oxidation proc- 

ess has been shown to be a quantitative and stereospecific reaction, 

placing a hydroxyl group at the exact position occupied by the boron 

atom in the organoborane (29, 115). The over -all process may be 

viewed as an anti - Markownikoff, cis -hydration of a double bond. 

B2H6 H2O2 04, 
OH 

In practically all known examples, hydroboration takes place 

by predominant attack from the less hindered side of the double bond. 

For example, norbornene undergoes hydroboration followed by oxida- 

tion to furnish a norborneol which is at least 99% the exo isomer (40, 

45). 

[ °l OH 

I 

B H6 > 



Likewise, Wechter's conversion of cholesterol to cholestane- 

3(3, 6a -diol represents a cis hydration from the less hindered side 

(187). Also obtained in the reaction, as a minor constituent, was 

coprostane -3p, 6ß -diol, which corresponds to a small amount of cis 

hydration from the more hindered direction. 

11 

In a similar experiment with cholesterol, Sondheimer and co- 

workers obtained 70% of the 3ß,6a -diol and 15 -20% of the 3(3, 63 -diol 

(190). A further discussion of steroid hydroboration reactions will 

be presented in a later section. 

Although steric control appears to be the predominant factor 

in determining the direction of approach of the boron -hydrogen bond 

to the double bond, there is also evidence that electronic influences 

play an important role. This can be shown by the pronounced influ- 

ence exerted by para substituents on the direction of addition to the 

styrene molecule (37, 62). Hydroboration of styrene results in an 

unusually large amount of attack (20 %) at the a -position. A p- methoxy 

substituent decreases the amount of a -attack to 9 %while a p- chloro 

substituent increases the yeild of a -product to 35 % 



H 

CH=CH2 

20% 80% 

CH3 OCH3 

CH=CH2 

18% 82% 

CH=CH2 

9% 91% 

Cl 

CH=CH2 

35% 65% 

12 

The available information on the hydroboration mechanism 

indicates that it probably involves a four -center transition state in 

which the boron -hydrogen bond is polarized, with the hydrogen hav- 

ing some hydridic character (37, 45). In the case of a substituted 

styrene, there are two possible transition states (A and B) which may 

be involved, and the effect of the substituent on the direction of addi- 

tion will be determined by its influence in stabilizing the two transi- 

tion states (62). 

S+ S- ó- b+ 

CH-_CH X O CH-CH2 
, 

1 i , 1 

, i 
1 

i H---B B- ---H 

S- b+ S+ b- 

A 

An electron donating group, such as p- methoxy, would tend to 

stabilize transition state A relative to B, giving rise to a greater 

amount of the boron adding to the terminal position. On the other 

i / 
./ 

B 

1:11:1 

. 
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hand, a larger amount of a -addition will be realized when the sub - 

stituent is electron withdrawing, such as p- chloro, which causes 

transition state B to be stabilized relative to A. 

Methods of Selective Hydroboration 

As was previously pointed out, hydroboration of hindered ole- 

fins, such as 2- methyl -2- butene, proceeds rapidly to the dialkyl- 

borane stage, with further reaction to the trialkylborane stage being 

either slow or negligible (30, 44). The slowness of the last step is 

presumably due to the large steric requirements of both the dialkyl- 

borane and the trisubstituted olefin. 

CH3\ 
/CH3 B2H6 

/ C=C fast 
_> 

CH3 H 

CH3 CH, 

H-C -C- 
I 1 

CH3 H 

Sia2BH 2BH 

B BH ? 64 
very 

2 slow 

CH, CH3 

H-C-C- 
I 1 

CH3 H 

B 

3 

The dialkylborane, bis -3- methyl -2- butylborane, has been given 

the common name of disiamylborane (contraction of sec -isoamyl) and 

is usually represented as Sia2BH 2BH (44). This reagent is easy to pre- 

pare and has proved very useful in achieving various selective hydro - 

borations. For example, the addition of diborane to trans -4- methyl- 

2- pentene exhibits very little discrimination between the two positions 

\ 
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of the double bond,. (37), but disiamylborane shows an overwhelming 

preference for the less hindered position (44). Likewise, disiamyl- 

borane reduces the addition to the a -position of styrene to 2% (44), 

while diborane reacts to place 20% of the boron at this position (3 7). 

(CH3)2CH H (CH3)2CH H \ / \ / 
C=C 

H CH3 

43% 57% 

C= C 

HI TCH3 

5% 95% 

B2H6 Sia2BH 

CH=CH 
T 2 

20% 80% 

B2H6 

CH=CH 
2 

2% 98% 

Sia2BH 

It has also been shown that the relative rate of addition of dibor- 

ane to an olefin is relatively insensitive to the structure of the olefin 

(52). A factor of only 20 -30 separates the most reactive olefin from 

the least reactive olefin. Hydroboration with disiamylborane, how- 

ever, is far more sensitive to the structure of the unsaturated corn- 

pound (52). In this case a factor of 10, 000 separates the most reac- 

tive of the olefins examined, 1 -octene, from cyclohexene, one of the 

least reactive. The conclusion may be reached that diborane is best 

suited for the hydroboration of molecules containing only a single 

\ 
1 I 

I 
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center of unsaturation, except in cases where complete reaction of 

all unsaturated centers is desired. On the other hand, disiamyl- 

borane is a very selective hydroborating agent, and can be used to 

achieve hydroboration of a more reactive olefin in a mixture of ole- 

fins, or of a more reactive center of unsaturation is a polyfunctional 

molecule. 

An example of the latter case can be shown by the hydroboration 

of d- limonene, .a terpene which contains a terminal disubstituted 

double bond and a cyclic trisubstituted double bond. The terminal 

disubstituted double bond readily undergoes selective hydroboration 

with disiamylborane to furnish, after oxidation, the unsaturated alco- 

hol in high yield (44). 

Sia2BH [Ol 

Several other dialkylboranes have been prepared for selective 

hydroboration hydroboration purposes, among which are dicyclohexylborane, bis- 

( trans- 2- methylcyclohexyl)- borane, and diisopinocampheylborane 

(195). Results indicate that the selectivity of these reagents is com- 

parable to disiamylborane. 

. 

> 
\ 

CH2OH 



B2H6 

B2H6 

B2H6 

BH 

2 

BH 

2 

BH 

2 
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Since a - pinene is available from natural sources in both D and 

L forms, hydroboration of one enantiomer produces an asymmetric 

dialkylorganoborane (97). From studies carried out with diisopino- 

campheylborane and various olefins, it was found that this reagent 

can provide a convenient synthesis of optically active alcohols and 

olefins, often with good over -all yields and high optical purity (53, 

54, 198). For example, the reaction of (-)-diisopinocampheylbor- 

ane with cis -2- butene, followed by alkaline hydrogen peroxide oxida- 

tion, gave (- 2- butanol in 90% yield with an optical purity of 87% 

(53). Since the a - pinene used in the formation of the dialkylborane 

was only 93 to 95% optically pure, it must mean that the hydrobora- 

tion step involves an almost quantitative asymmetric synthesis. 

> 

H 

\/ 
) 



H CH 
3 

C 

2 H \CH3 
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Fil 
B- 

] 
i 

> 'r C 

H-C-CH3 CH2CH3 

H 

It should be noted that diisopinocampheylborane reacts only 

very slowly with trans olefins or with trisubstituted olefins, and 

consequently it can not be used for the conversion of these olefins 

into optically active derivatives. There are many other optically 

active terpenes available, however, that may in the future be devel- 

oped as asymmetric hydroboration agents which will be more favor- 

able for olefins of specific structural types. 

Reduction of Functional Groups 

The usual use of diborane in synthetic organic chemistry is 

the reduction of carbon - carbon double bonds. It is important to 

realize, however, that most other common functional groups are 

reduced by diborane, and also to some extent by mono- and dialkyl- 

boranes, although the rate of reduction is usually slower than the 

rate of addition to carbon - carbon double bonds (22, 32, 35). Con- 

sequently, the selective hydroboration of unsaturated molecules con- 

taining various functional groups is theoretically possible, although 

\ 
C 

/ CH3 
BH 3 O 
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it is sometimes difficult to carry out such processes cleanly. 

By the use of competition experiments, Brown and co- workers 

determined the relative rates of diborane reduction of a number of 

representative classes of organic compounds (35). This is shown in 

Table 2, in which the functional groups are listed in approximate 

order of decreasing ease of reduction. - For example, the use of a 

stoichiometric amount of diborane makes possible the hydroboration 

of a double bond in the pres ence of an acetate group to produce, after 

oxidation of the organoborane, a hydroxy- acetate. In actual labora- 

tory practice, however, an excess of diborane is usually used in 

order to assure complete hydroboration of the double bond, and it 

is often noticed that partial reduction of the acetate group also occurs. 

This problem may be overcome by the use of disiamylborane, which 

has been shown to have only a negligible reaction with esters , epox- 

ides, and carboxylic acids. 

The difference in the relative sensitivity of various groups to 

reduction by a metal hydride, such as sodium borohydride, and 

diborane may be attributed to the acid -base characteris tics of these 

reducing agents. Sodium borohydride is essentially a base, and 

reaction occurs at an electron deficient center by means of nucleo- 

philic attack of the borohydride ion. Diborane, on the other hand, is - 

a Lewis acid, and attack occurs at a position of high electron density 

(32). 
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Table 2. Reduction of functional groups with diborane (35). 

Functional group Product after hydrolysis 

-CO 2H 
-CH2OH 

-CH=CH- -CH2 CH- (after oxidation) 
OH 

-C=0 -CH- 
I ÓH 

-C=0 
H 

-C=N 

-C - C- 
\0/ 

- CO2R 

- COC1 

-NO2 

-S O2- 

-000 Na+ 

-CH2OH 

-CH -NH 

-CH-C- 
OH 

- CH2OH + ROH 

Not readily reduced 

Chemistry of Organoboranes 

Oxidation 

Alkaline Hydrogen Peroxide. One of the most important reac- 

tions that organoboranes may undergo is the alkaline hydrogen perox- 

ide oxidation to alcohols. As mentioned previously, the process is 

quantitative and stereospecific, replacing the boron atom in the 

I I 
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organoborane with a hydroxyl group (29, 115). The oxidation appears 

to be free of steric requirements of the alkyl group, and is almost 

insensitive to functional groups other than the boron -carbon linkage. 

A mechanism that is consistent with both the retention of con- 

figuration and the freedom from rearrangements that have been ob- 

served was proposed by Wechter (187). In this mechanism the organ- 

ic group shifts with its pair of electrons from boron to oxygen. A 

similar pathway was suggested by Kuivila and co- workers, who stud- 

ied the reaction of benzeneboronic acid with hydrogen peroxide (128, 

129). 

H202 + eOH HO2e + H20 

R R 
e 

+ R-B-R R-B -R 
O 

H02e 

OH 

R 

R-B-OR + OH - 

HO 2e 

(Repeat) 

H20 
3 ROH + B(OH)3( (RO)3B 

Oxygen. Organoboranes, especially the lower alkylboranes, 

are sensitive to air oxidation. Trimethylborane, for example, is 

spontaneously flammable in air, but as the size of the alkyl group 

I I --> -, 
1 
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increases the sensitivity to air oxidation decreases. Thus, trimes- 

itylborane is relatively stable toward oxygen and can be handled 

without special precautions (24). The extent of oxidation of trialkyl- 

boranes varies, depending on the amount of moisture present (115). 

R3B + 1-02 

R3B + 02 

moist air R2BOR 

dry air RB(OR)2 

It has been suggested that the autooxidation of trialkylboranes 

takes place by initial attack of the oxygen molecule on the boron 

atom, followed by a migration of an alkyl group from boron to oxy- 

gen (85). This mechanism is similar to that proposed for the alkaline 

hydrogen peroxide oxidation. With the proper experimental condi- 

tions it is possible to achieve the transfer of all three alkyl groups 

from boron to oxygen (150). 

R R R 
I le I 

R- B-R + 02 --4 R-B-R -4 R-B-OOR 
® d 1 

0-0 

Chromic Acid. Treatment of an organoborane with chromic 

acid has been shown to lead directly to the ketone, which previously 

was produced in a two -step sequence ( borane alcohol -ketone) (46, 

47). Yields of 65 to 85% may be obtained and it was originally be- 

lieved that the reaction proceeded without rearrangement. It has 

recently been reported, however, that hydroboration of 



norbornadiene, followed by chromic acid oxidation, led to a 

B2H6 Cr03 
> 

B2H6 

22 

mixture (ca. 1 :1) of nortricyclanone and dehydronorcamphor (130). 

No suitable explanation was given for the rearrangement, but it was 

suggested that a free radical mechanism may be involved. Minor 

rearrangements have also been noticed in several other isolated 

systems (130). 

/ B Cr03 

49% 

/ 

H202 Cr03 
> > 

eOH 

Conversion to Amines 

Only Product 

Organoboranes react readily with either chloramine or with 

hydroxylamine -0- sulfonic acid to furnish the corresponding amine 

cro 
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(58, 165). The yields of 55 to 60% suggest that only two of the 

R3B + NH2X 2 RNH2 + RB(OH)2 

X = -Cl, -OSO3H 

possible three alkyl groups were undergoing transfer from boron 

to nitrogen. This was confirmed by isolation of the monoalkylbor- 

onic acid (58). The yields are lower for hindered olefins, as they 

hydroborate only to the mono- or dialkylborane stage. 

The reaction mechanism is probably quite similar to that pro- 

posed for the oxidation of organoboranes by alkaline hydrogen perox- 

ide, involving initial coordination of the nitrogen with the boron 

atom, followed by a transfer of an alkyl group with its electrons 

from boron to nitrogen. As in the oxidation process, there is no 

evidence of carbon skeleton rearrangement in the hydroboration- 

amination reaction. Thus, norbornene and a - pinene can be con- 

verted into isomerically pure exo- norbornylamine and isopinocamph- 

eylamine, in yields of 57% and 58% respectively (165). 

B2H6 

, HzNOSO3H 
) 

H2NOS03H 

NH2 

\\ 
\ NH2 

B2H6 
. 

^.B 
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General Boron Transfer Reactions 

The migration of an organic group from a quaternary boron 

atom to an alpha, electron- deficient atom has been illustrated by the 

oxidation of organoboranes to alcohols (45, 129, 187) as well as their 

conversion to amines (58, 165). A similar transfer from boron to 

carbon occurs in the reactions of organoboranes with carbon monox- 

ide (107, 108), isonitriles (73, 74, 105, 106), and diazomethane (9). 

It has recently been shown that organoboranes react with phenyl(bro- 

modichloromethyl)mercury to produce an olefin, and the mechanism 

suggested for this transformation also involves alkyl migration from 

boron to carbon (169). For example, heating an equimolar solution 

of phenyl (bromodichloromethyl)mercury and tri -n- butylborane in 

benzene gave, after hydrolysis, a 68% yield of 4- nonene. 

B H 0HgCCl?Br 
CH3CH2CH=CH2 6 (CH3CH2CH2CH2)3B 

OH 

CH3 ( CH 2) CH=CH( CH2) 2CH3 

A possible mechanism for this conversion involves nucleophilic 

attack by dichlorocarbene (or a dichlorocarbene -phenylmercuric- ic- 

bromide complex) at boron, followed by alkyl group migration from 

boron to carbon (169). The a, a- dichloroalkylborane undergoes 
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further intramolecular rearrangement to give a dialkylcarbene 

R3B + 0HgCC12Br-->R2B->R 22 2----> R2B-CC12R 
I --T 

R 

which then rearranges to produce olefin. The use of excess 

phenyl (bromodichloromethyl)mercury allowed the direct synthesis 

of gern- dichlorocyclopropanes which were derived from dichloro- 

carbene addition to the internal olefins produced. 

A final example of boron to carbon migration may be illus- 

trated by the reaction of trialkylboranes with dimethyloxosulfonium 

methylide (183). The over -all result, after oxidation, was a modest 

yield of homologated alcohol, and the course of the reaction was 

explained in terms of initial attack of the ylide at the boron atom, 

followed by a transfer of an alkyl group from boron to carbon with 

R3B + (H2SO(CH3)2 > R2B- CH2 SO(CH3)2 a 
R 

RCH2OH + 2 ROH < R2BCH2R + OS(CH3)2 

simultaneous loss of dimethyl sulfoxide. Since equimolar quantities 

of R3B and the ylide were used, the maximum yield of homologated 

alcohol expected would be 33%. It would be hoped that the synthetic 

utility of the reaction would be improved by further investigation 

of stoichiometry and reaction conditions. 

-OH 
H2O2 
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From a consideration of the mechanisms of the transfer reac- 

tions which have been discussed, it seems reasonable to expect that 

any boron -attacking species (0N -L) possessing a nucleophilic site 

(N) and a reasonably good leaving group (L) should be capable of 

reacting with an organoborane and inducing the migration of a group 

R3B + 8N-L > R2S R2BNR + Le I 
R 

from boron to the adjacent atom (N). The attacking species might 

carry a formal charge on both the nucleophilic site and the leaving 

group, as in the dimethyloxosulfonium methylide case, or a charge 

only on the nucleophilic center, as in the case of the hydroperoxide 

anion. 

Protonolysis 

Olefins may be converted to saturated compounds by hydro - 

boration, followed by heating the intermediate organoborane with a 

carboxylic acid (28). The protonolysis failed to occur under similar 

conditions with strong mineral acids, indicating that carboxylic acids 

were especially effective for the process. The proposed mechan- 

ism involves a pre- rate -determining nucleophilic coordination of 

the boron by the carbonyl oxygen, followed by a transfer of an alkyl 

group from boron to hydrogen (28, 181). 
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R R O 
1 I II 

R3B + CH3COOH-->R -B R --,i R - B - O-C - CH3 
O y 

iH + RH 

H3C O 

The hydroboration -protonolysis sequence has been shown to be 

useful for the selective reduction of a double bond in the presence 

of an easily hydrogenated function, such as a nitro group. The 

process may also be used for the introduction of deuterium atoms 

at specific locations in a molecule, as illustrated by examples from 

the norbornene series (40). 

B2H6 

B2D6 

B2D6 

'CbD 

Internal acetylenes may undergo hydroboration to produce 

vinylborane derivatives which may be converted into cis- olefins of 

high purity when heated with a carboxylic acid. By using B2D6 as 

the hydroborating agent, or a deuterated carboxylic acid in the 

protonolysis step, compounds labeled with deuterium on a double 

RCO2D 
/ -- 

D 



bond may be prepared (27, 49, 77, 194). 

Coupling 

B2D6 

0° 

CaD RCOOD 

28 

The treatment of organoboranes with silver nitrate under 

alkaline conditions provides a new procedure for the formation of 

carbon -carbon bonds (41, 43). Thus , hydroboration of 1- hexene 

in diglyme, followed by addition of aqueous potassium hydroxide and 

silver nitrate solution, resulted in a 70% yield of coupled product. 

CH3(CH2)3CH=CH2 
B2H6 

> 
KOH 

3 

> CH3(CH2)10 CH3 
Ag 

The reaction most likely proceeds through formation of the 

unstable silver alkyl, which decomposes under the reaction condi- 

tions (above 0°) into silver and the free radical. The free radicals, 

present in high concentration, combine to form the coupled product. 

In accordance with this mechanism, the presence of carbon tetra- 

chloride in the reaction mixture prohibited the dimerization and led 

to the corresponding alkyl chloride (41). 

> 

D 
) 

B'' 
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Metalation 

Unlike Grignard reagents, organoboranes do not readily trans- 

fer aryl or alkyl groups to carbonyl groups. Like Grignard reagents, 

however, organoboranes may be useful for the production of other 

organometallics, some of which may be difficult to synthesize by 

alternate methods. For example, the reaction of mercuric chloride 

with triethylborane under alkaline conditions led to a 95% yeild of 

diethylmercury (109, 110). In a similar manner, Matteson has 

prepared 2- norbornylmercuric chloride (142, 143) and 1 -phenyl- 

ethylmercuric chloride (145). 

(C2H5)3B + HgC12 

B(OH)2 

Na OH 
H20 

C1Hg 

+ HgC12 > 

Hg 

0 CH CH3 + HgC12 > 0 CH CH3 

B( OBu) HgCl 

(C H ) 
2 5 2 



Elimination 

1, 2- Elimination. As previously discussed, hydroboration of 

unsaturated compounds bearing functional groups which are not re- 

duced by diborane and which are not situated on the double bond 

should proceed without difficulty. For example, p- nitrobenzoic 

acid may be converted to p- nitrobenzyl alcohol in a 79% yield (32). 

C 2H 

B2H6 
> 

CH2OH 

30 

When the functional group is located on the double bond or in 

an allylic position, however, the reaction may be complicated by 

the possibility of a 1, 2- elimination, giving rise to an olefin which 

may undergo further hydroboration. Thus, hydroboration of allyl 

acetate, followed by alkaline hydrogen peroxide oxidation, gave a 

mixture of products consisting of 65% 1, 3- propanediol and 35% 1 -pro- 

panol (57). 

2 O 
NO2 
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O BH O O 

CH2_CHCH2O C CH3 
2 6> + CH3BHCH2OCCH3 

i\ i\ 

ÇH2CH2CH2OB 
B i\ 

CHCHCH 
OH 

V 

Slow Ester 
Reduction 

[ O] 

OH 

CH3CH1CH2 

CH3CH2CH2 

1, 2-Elim- 
ination 

V 

1) B2H6 
2) [O] 

I 

OH 

65% 35% 

In the case of allyl acetate, 35% of the diborane attack occurred 

at the 2- position of the double bond, in contrast to 6% attack at this 

position in the hydroboration of propylene. In a study of the effect of 

representative allyl derivatives on the direction of addition of diborane 

to the double bond, Brown and co- workers found that the percent 

addition of the boron to the secondary position was dependent on the 

electronegativity of the substituent (55, 56, 57). Although the studies 

were not all carried out under identical conditions, the trend is clear 

that an increase of electron- withdrawing characteristics of the sub- 

stituent results in an increase in the amount of addition to the sec- 

ondary position (Table 3). 

CBH2CH2CH2OCCH3 
B 

v 
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Table 3. Directive effects in the reaction of diborane with various 
allyl derivatives (57) 

Allyl compound Substituent in 
X - CH CH= 

2 
CH2 

Addition to 2- 
position, % 

1 -Butene CH3- 6 

3-Phenyl-l-propene C6H5- 10 

Ethyl 4-pentenoate C2H5O2CCH2- 17 

4-Chloro-1-buténe C1CH2- 18 

Allyl borate HBO- 18 

Allyl ethyl ether C2H5O- 19 

Allyl phenyl thioether C6H5S- 22 

Allyl benzoate C6H5CO2- 25 

Allyl phenyl ether C6H5O- 32 

Allyl acetate CH3CO2- 35 

Allyl chloride Cl- 40 

Allyl tosylate p- CH3C6H4SO3 45 

It is to be expected that the greater the amount of secondary 

attack, the greater the possibility of 1, 2- elimination. The elimina- 

tion reactions of the secondary organoboranes from allyl tosylate, 

chloride, acetate, and benzoate have been shown by some workers 

to be very fast, and to occur concurrently with hydroboration (12, 

55, 56, 161). The fact that these substituents are relatively good 
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leaving groups has led Brown to postulate that the elimination is 

initiated by the cleavage of the carbon - substituent bond, accompan- 

ied by a trans loss of the boron atom (57). In support of this sug- 

gestion, Matteson and co- workers have found the deboronobromina- 

tion of dibutyl 2- bromo- ethaneboronate, under the influence of a 

mild base such as water, to be a stereospecific trans process (141, 

144) . 

R20:B 
ly I -C-C = R20 
I 

I), 

The very fast rate of elimination shown by acetate and benzoate 

groups, however, may be the result of a cis - elimination, in which 

the carboxylate group is involved in a 6- membered intermediate (57). 

R 

> C =C 
O 

+ B- O-C-R 

Pasto and Snyder, from studies carried out using deuterium 

labeled styrene derivatives, found that p- substituted organoboranes 

having an oxygen containing group as the 6- substituent, such as 

alkoxy, acetate, benzoate, or hydroxyl, all underwent a cis elimin- 

ation when the reaction was uncatalyzed (162). It was also suggested 

that the occurrence of such uncatalyzed cis eliminations is dependent 

i 

+ + 

x 



on the substituents bonded to the boron atom (as, -H, -R, or -OR), 

as well as on the p- substituent. They have postulated a 4- centered 

intermediate in which the amount of interaction between the boron 

and the ß- substituent depends upon both the charge density on the 

boron atom and on the electronegativity of the p- substituent. 

R 

R- B---OR` 
I)/ H 

/ == C \\\ - 
H / \ D H 

H 

C = C + R2BORI 

D 
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If the substituent on the double bond is a relatively poor leaving 

group, such as borate, phenoxide, ethoxide, oran amine derivative, 

the elimination is much slower and does not necessarily occur during 

the hydroboration step. The elimination can be brought about, how- 

ever, by the addition of a base, or, in some cases, by an acid. Both 

Brown and Pasto feel tint the base catalyzed elimination proceeds 

through a nucleophilic attack at the boron atom which facilitates cleav- 

age of the boron - carbon bond and leads to a trans elimination (57, 

162). 

e 
Y B 

Iy -c -c - 
Xy 

C=C + YB\ + Xe 

Allred and co- workers found support for this mechanism and 

provided evidence of a correspondence between the elimination and 

the nucleophilicity of the group attacking the boron atom (2). They 

i 

.>" 
I 

I 
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found that deuteroboration of 2, 3- dicarbomethoxy -2, 3- diazabi- 

cyclo(2. 2. 1)hept- 5 -ene, followed by the usual alkaline hydrogen 

peroxide oxidation at 0°, led to the expected exo alcohol. Treat- 

ment of the intermediate organoborane with a nucleophile, however, 

brought about a p- elimination, the amount of which depended on the 

nucleophilicity of the base. 

NCO2CH3 B2_ D g 
NCO2CH3 

Ye 

Jje 

NCO CH 
[ 

H 
CO2CH3 

CO2CH3 -YB 
CO2CH3 

CO2CH3 

CO2CH3 

CO2CH3 

eNCO CH3 
2 

CO2CH3 

N \ 
NHCO2CH3 

Althought the exact mechanisms of the various types of 1, 2- 

eliminations do not appear to be completely understood as yet, it is 

clear that such eliminations do occur and that they are especially 

facile under the influence of added catalysts. The synthetic utility 

of these processes may be illustrated by several examples which 

C` 

B 

- 

JHW 

,,..// 

I 

D 

D, D 1 
04 

D 



have appeared in the literature (12, 67, 69, 70, 71, 133). 

RCH= CHOAc 
Sia2BH 

Ac2O 

A 

1) B2H6 

2) AcOH 
A 

) R CHCH2O Ac 

B Sia2 

65% 

95% 

1, 2- Elimination 

-Sia2BOAc 

R CH2CH2OH 
< 

1) Sia2BH RCH = CH2 
2)[O] 

80% 

36 

(67) 

(13 3) 

(12) 

In contrast to the very fast uncatalyzed elimination which both 

Brown and Bigley have described for organoboranes containing a 

13- acetate group (12, 56, 57), several other workers have found that 

these 1, 2- eliminations do not necessarily take place concurrently 

with hydroboration. Caglioti has shown that hydroboration of the enol 

acetate of cholestanone at room temperature, followed by normal 

O 

H 
-H2O 

) 0. 
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alkaline hydrogen peroxide oxidation, led to a 55% yield of cholestan- 

2a , 3p -diol (72). Alternatively, if the intermediate organoborane were 

treated with acetic anhydride under reflux conditions , a 1, 2- elimin- 

ation occurred to produce a 60% yield of 3- cholestene. There was 

evidently very little 1, 2- elimination occurring during the hydrobor- 

ation process, as only a small amount of cholestanol was obtained 

with the diol in the oxidation product. 

+ 

HO 
minor 

In a similar manner Alvarez and Arreguin have prepared 

16a , 1 7(3 -diols from the enol acetates of 1 7 -keto steroids (3), and 

Hassner and Braun were able to convert cyclohexanone enol acetate 

into trans -1, 2- cyclohexanediol, although in the latter case an almost 

equal amount of 1, 2- elimination also occurred, giving rise to cyclo- 

hexanol (97). 

1,3-Eliminations. The hydroboration of allyl chloride led to 

40% attack at the secondary position (Table 3), and the resulting 

p- chloro organoborane may undergo a rapid 1, 2- elimination as 

Ac2O 

AcO 

B2H6 

AcO O. 
[ O] 
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described in the previous section (57). The remainder of the attack 

at the primary position produced a mixture of mono -, di, and tri- 

alkylboranes Hawthorne and Dupont were able to separate this 

mixture of primary organoboranes by distillation to furnish 30% 

tri- (3- chloropropyl)- borane and 12% di- (3- chloropropyl) -boron 

chloride. Treatment of either derivative with 10% sodium hydroxide 

gave a nearly quantitative yield of cyclopropane (100, 101) . 

CH2 = CHCH2C1 .B2H6% (C1CH2CH2CH2)3B + (C1CH2CH2CH2)2B Cl 

30% 12% 

00H 
L 

93% 94% 

e 
OH 

The amount of 1, 3- elimination depended on the strength of the 

added nucleophile. For example, treatment of the tri-(3- chloro- 

propyl) -borane with phenyl lithium led to a rapid production of 

cyclopropane in 84% yield, but treatment of the same borane with 

water at 100° for 1 week furnished only a 45% conversion to cyclo- 

propane (100). Köster has used sodium hydride to carry out the 

cyclization step (13). 

0 



(C1CH2CH2CH2)3B 

C6H5Li 

H2O, 100° 

1 week 

A 84% 

A 45% 
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It is thought that the mechanism of the elimination is similar 

to that proposed for the base catalyzed 1, 2- elimination, in which the 

base coordinates with the boron atom, thus increasing the carbanion- 

like character of the boron -carbon bond (13, 100, 117, 170). Cycliza- 

tion would then occur with expulsion of the halide ion. 

Z) CH2 C1 
HOe +',BCH2CH2CH2C HO-Be CH2 / 

1 

0 

CH2 

%B-OH + eCl 

Hawthorne has used the reaction as a general synthesis of alkyl - 

and arylcyclopropanes, but a major problem in this process is obtain- 

ing the proper (3- alkyl- or p- arylallyl chlorides (101). Hydroboration 

of the p- substituted allyl chloride with an excess of diborane, followed 

by addition of 25% sodium hydroxide, led to the substituted cyclopro- 

pane (Table 4). 

- 
+ 
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Table 4. Cyclopropanes from (3-substituted allyl chlorides (101) 

Substituent in CH2 = C - CH2C1 Yield ( %) 

H- 43 

CH3- 71 

CH3CH2CH2- 61 

C6H5- 55 

C6H5CH2- 45 

The lower yields obtained for certain substituents undoubtedly 

arise from attack at the 2- position of the double bond, the amount of 

which is dependent on both steric and electronic factors. One means 

of controlling this unwanted attack is to carry out the hydroboration 

with disiamylborane, which has been shown to exhibit a great prefer- 

ence for the less substituted position of the double bond (44). The 

use of this reagent improved the yield of cyclopropane to 82% in the 

combined hydroboration -cyclization of allyl chloride (13, 47). In a 

similar reaction, allyl tosylate gave a 78% yield of cyclopropane. 

Sharefkin and Pohl studied a system in which the intermediate 

organoborane could undergo either a 1, 2- elimination to give an ole- 

fin, or a 1,3-elimination to furnish a cyclopropane (170). It was 

expected that olefin formation would be both kinetically and 

R 
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stereochemically favored in that the elimination occurs spontaneously 

on warming to room temperature with water, whereas cyclopropane 

formation requires treatment with base. 

RCHCH=CHCHR B2- 6, RCH-CHCH2CHR 
I 

I I I f 

X X X B X 
\ 1, 3 -Elim. 

RCH= CHCH2CHR 
I 

X 

RCH 

X 

The three 1, 4- diahalo -2- alkenes studied all underwent the 

expected 1, 2- elimination to form 4- halo -1 -alkenes, thus indicating 

the preference of 1, 2- elimination over 1, 3- elimination in the sys- 

tems studied. For example, hydroboration of 1, 4- dichloro -2- butene 

at -25 ° , followed by hydrolysis, led to 4- chloro -1 - butene and no 

evidence of cyclopropyl formation. In a similar reaction, 3, 6- 

dibromocyclohexene was transformed to 4- bromocyclohexene., al- 

though only in a 12% yield. The lower yield was attributed to the 

fact that bromine is a better leaving group than chlorine and may 

undergo a greater amount of elimination during hydroboration, even 

though the reaction was carried out at -25 ° (170). 

Br 

B2H6 H20 

-25° -25° 

1, 2- Elim 

) 

-A-R 

) 
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1,4-Elimination. A logical extension of the 1,3-elimination 

reaction would be a similar synthesis of cyclobutane via a 1,4-elim- 

ination. All attempts to bring about the cyclization, however, have 

been unsuccessful (13, 101, 117). Kebyls has also reported unsuc- 

cesful attempts to produce cyclobutanone and cyclopentanone through 

similar base catalyzed organoborane cyclizations (117). 

CH2CH2CH = CH2 

Cl 

CH 
2 

CH 
2 
CH 

2 
CH= CH2 

OTs 

O 

CH2 = CHCH2 C Cl 

B26 eOR 

O B H 
CH2 = CHCH2CH2 C OEt 

><> 

Marshall and Bundy have recently reported a homoallylic 

sulfonate fragmentation sequence that may be considered a type of 

1,4-elimination (140). Hydroboration of the methanesulfonate deriv- 

ative of cis -5 -hydroxy -l0- methyl -1(9) -octalin, followed by treatment 

with aqueous sodium hydroxide, led to a 90% yield of hydrocarbons 

consisting of an 85:15 mixture of a cyclodecadiene and a tricyclo- 

decane. 

B2H6 
GOR 

> 

O 
B H 8 

2 6 OR 
> 

B 
OR \/ 

> Ow 

X 

\ 



1) B2H6 

2) eOH 

100° 76% 14% 
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The postulated mechanism leading to the major product involved 

hydroboration at the 1 position, followed by a base initiated cleav- 

age of the carbon -boron bond. Attack of the boron at the tetrasub- 

stituted center and subsequent base induced 1,3-elimination led to 

the tricyclodecane. 

B /,\ 
eOH 

1, 4 -Elim. 

1, 3 -Elim. 

\ 

01 
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Thermal Behavior of Organoboranes 

Isomerization of Boron 

In 1957, it was observed that secondary organoboranes, pre- 

pared by the Grignard procedure, underwent a slow isomerization 

into the primary derivatives at temperatures above 200° (104). 

Brown and co- workers later noted that trialkylboranes, synthesized 

via the hydroboration reaction, isomerized at a faster rate and at 

lower temperatures (23, 31). It was initially thought that the large 

rate enhancement was due to the presence of the ether solvent, how- 

ever, further study indicated that the isomerization was strongly 

catalyzed by small amounts of diborane or other species containing 

boron -hydrogen bonds (59). 

It has been shown by a number of examples that the boron 

atom will migrate readily down an alkyl chain to place the boron 

predominately at the least substituted and least sterically hindered 

position (33, 59, 60, 135). The boron atom will likewise migrate 

past a single branch, as well as around a cyclic system and into the 

side chain, but it will not migrate past a double branch (59). 

1) B2H6 
CH3(CH2)9CH = CH(CH2)10CH3 

0 
CH 3(CH 2)21CH 2B 

(135) 
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CH3 /CH3 
1) B H 

CH3 CH3 

CH3-C -CH=C 2 6 
> CH3-C -CH2-CH-CH2 B */ B (59) 

I \ 
CH3 CH3 

2) 
CH3 

2) 

(63) 

It was originally proposed that the isomerization mechanism 

involved a series of hydroborations and dehydroborations, which 

moved the boron atom up and down the chain to permit establishment 

of the thermodynamic equilibrium (23, 31). This mechanism pro- 

vides for the easy migration of the boron atom past a single branch 

and its inability to migrate past a double branch, but it does not 

account for the catalysis by excess hydride which has been shown to 

be involved. 

From a study of the kinetics of the reaction of disiamylborane 

dimer (sym- tetrasiamyldiborane) with olefins, it has been established 

that the reaction is second order, first order in each component (48). 

Since the hydroboration reaction is strongly catalyzed by ether sol- 

vents, it was proposed by Brown that the transition state involved a 

situation in which the ether solvent served to solvate and stabilize 

the leaving disiamylborane group. 

1 

Zi\ 

I 

CH2CH3 CH2CH2B 

1) 
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Sia2 

-C---H---B 
1 i 

I 

i i i 

I 
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If there is an excess of hydride in the system it will mean that 

there will be present, in addition to the usual trialkylborane, a small 

amount of dialkylborane, or its dimer. This dialkylborane is then 

able to assist the cis elimination of a dialkylborane species from the 

trialkylborane during the dehydroboration step, producing the olefin 

and the sym tetralkyldiborane. On the basis of this mechanism, the 

isomerization may be -illustrated by the following series of reactions 

(59). 

H H H 
, 

R- C- 
I I 

BR2 H H 

H H H 
I 

R- C=C-C-H + R2BH2BR2 

J f" 
H H H H H H 

, I I I 
, I I I 

R2BH2BR2 + R-C- C=C-H R- C-C-C-H 
I I I I 

H H BR2.H 

JI 
+ H-BR2 

2 
H. H H 

I I I 

R- C-C-C-H + R2BH 
I I I 

H H BR2 

The addition of B -H compounds onto the carbon -carbon double 

bond (hydroboration) takes place very rapidly, even at room temper- 

ature, whereas dehydroboration generally takes place to a 

i 

I 

I I I I I 

C -C-H 
I 
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significant extent only above 100°. Thus, the rate- determining 

process in attaining the equilibrium is the elimination of the olefin 

(dehydroboration) (112) . 

Thermal isomerizations have also been reported in which the 

boron atom remains formally bound to a given carbon atom and 

simply changes its steric position with respect to it. For example, 

hydroboration of p- pinene at 0° proceeds by cis -addition of the B -H 

group from the least hindered side of the exo- methylene group to 

produce the cis -myrtanylborane system (18). If this substance is 

heated to 100°, it undergoes isomerization to form trans- myrtanyl- 

borane. The boron atom thus passes from the sterically more 

CH2 

B2H6 

0° 

HB 
C H 

CH B \\\ 2 

cis trans 

hindered side to the less hindered side of the same carbon atom. 

This rearrangement is thought to be due to differences in the rates 

of the dehydroboration and hydroboration reactions (125). 

CH2B , 

trans cis 
W2 

H-B\\ 
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Cyclization 

As stated previously, the migration of a boron atom past a 

quaternary carbon has not been observed. When Logan and Flautt 

attempted to force this type of isomerization to take place, an inter- 

esting cyclization occurred to produce a boron heterocycle (134). 

Thus, hydroboration of trans -di -t- butylethylene gave a monoalkyl- 

borane which upon heating formed a cyclic organoborane with loss 

of hydrogen. Oxidation with alkaline hydrogen peroxide furnished a 

glycol, 2, 2, 5, 5- tetramethyl -1, 4- hexanediol. 

CH3 CH3 BH i H3 H3 
6 CH3 C 

3 
- CH=CH-C - 

3 
CH3 

3 
C- CH2 CH-C - CH3 

3 

CH3 CH3 
CH3 2 BH2 ICHS 

160°, 20 hrs . 

- H2 

CH3 CH3 CH3 CH3 
I 

CH- 
3 

C- CH2 CH- C -CH3 < 
[ O ] 

CH3- C - CHE- CH- C- CH3 
I I 

I I 1 I CH3 
CH2OH OH CH3 CH2 B'H 

Similar cyclizations have been noted by other workers (61, 121, 

122, 167, 189). In particular Köster and co- workers have published 

numerous articles on the isomerizations and cyclizations of organo- 

boranes at elevated temperatures, much of which is summarized in 

a recent review article (124). 

I 
I 

H2 CH3 

I 

1 
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General statements regarding the relative stabilities of 

boracyclanes are not easily made, since the stability depends on 

the ring size as well as on the type of the boron -carbon bonds. It 

can be stated, however, that 6- membered cyclic organoboranes which 

incorporate two B -C bonds, or a B -C bond and a primary primary 
B -C bond, possess the greatest stability (124, 167). secondary 

Brown and co- workers have likewise noticed that the thermal cycliza- 

tion of organoboranes is especially facile in cases where a primary 

hydrogen is available 5 atoms distant from the boron atom (61). 

The following example may serve to illustrate the above gen- 

eralizations. Hydroboration of 1, 5- hexadiene with tetraethyldiborane 

at low temperature gave a mixture of cyclic organoboranes consisting 

of 97% of the seven -membered ring compound, B- ethylboracyclo- 

heptane, and 3% of the six- membered ring compound, B- ethyl -2- 

methylboracyclohexane (125). Upon heating to 160°, the dehydro- 

boration-hydroboration equilibrium was established to produce the 

six- membered boracyclane as the major component. 



+ Et4B2H2 7 B-Et + 03-Et 

-Et 

7% 

3% 97% 

160° 

-Et + l OB-Et 
80% 13% 
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In the case of 2, 5- dimethyl -1, 5- hexadiene, however, hydrobor- 

ation at low temperature gave only the seven -membered ring com- 

pound, B- ethyl -3, 6- dimethylboracycloheptane (cis and trans isomers) 

(124). Upon heating to 160° an equilibrium mixture was again estab- 

lished, but, unlike the unsubstituted 1, 5- hexadiene case, there was 

very little six -membered boracyclane formed. The six- membered 

boracyclane could only result when the boron was bound to a tertiary 

carbon atom. 

} 

( 
\ ( 



T race Major 

CH3 

03-Et 

160° 

B-Et 
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Trialkylboranes containing at least four carbon atoms in the 

alkyl chain may be converted into cyclic organoboranes by heating 

to 200 -300° (121, 189). The reaction proceeds through an initial 

dehydroboration to produce an olefin and a dialkylborane, followed 

by a loss of hydrogen and cyclization of the dialkylborane. For 

example, pyrolysis of tri -n- butylborane at 300° produced a mixture 

of B- butylboracyclopentanes, which after oxidation furnished an 80% 

yield of 1, 4- butanediol (121). 

+ Et4B2H2 

CH3 

B-Et + 

CH3 CH3 
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CH3 
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H3 
Minor 
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The composition of the products of pyrolysis of trialkylboranes 

becomes progressively more complex upon increasing the length of 

the alkyl groups (122, 126). In the pyrolysis of trialkylboranes with 

eight or more carbon atoms in the alkyl chain, bicyclic as well as 

monocyclic compounds are formed. Pyrolysis of tri- n- octylborane 

produce, in addition to various polymers, olefin mixtures, and mono- 

cyclic boron compounds, a small amount of 8- borahydrindane (122). 

(n-C8H17)3B + 2 C8H1 + 2 H2 

The mechanism of pyrolytic ring formation has been suggested 

by Winternitz and Carotti to be of the free radical type, but there are 

several arguments against this. Attack by a free radical would 

greatly favor tertiary or secondary hydrogens over primary hydro- 

gens. Also, pyrolysis of some trialkylboranes, such as tri- n- butyl- 

borane, have been shown to proceed smoothly in only one direction. 

A reaction involving a radical mechanism should, however, produce 

> 

\C 

1 [O] 

La 

1 
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a large number of decomposition products (124). Köster has pro- 

posed that the elimination of hydrogen from dialkylboranes proceeds 

via a concerted mechanism, involving a four -center transition state 

(124). 

R CH-CH CH2 -H N / 
B . I 

-H2 
> R- q , 

H` CH- CH 
, 

H 

The synthetic utility of these two types of thermal transforma- 

tions of organoboranes (isomerization and cyclization) is apparent. 

In those cases in which the equilibrium in the isomerization favors 

one isomer, the process may be used for the formation of terminal 

alcohols from internal double bonds. Alternatively, higher temper- 

atures may be used for the conversion of suitably arranged organo- 

boranes into glycols via an internal cyclization reaction. 

Displacement 

In conjunction with the isomerization of organoboranes, it has 

been shown that a new olefin may be produced from the isomerized 

organoborane by displacement with another olefin (23, 31, 34, 60, 

64, 119, 120). 

/ 
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3 RICH =CH 
(RCH2CH2)3B 2 % 3 RCH = CH2 + (R CH2CH2)3B 

Normal isomerizations of olefins using acid or base catalysis 

leads to the formation of the more thermodynamically stable olefins 

containing the double bond preferentially in an internal position of the 

chain. The over -all process of hydroboration- isomerization -dis- 

placement, however, represents a contrathermodynamic isomeriza- 

tion of olefins and offers a new method of synthesizing terminal 

double bonds. In actual practice, an excess of the displacing ole- 

fin (less volatile than the olefin being produced) may be added to 

a diglyme solution of the isomerized organoboranes (60). Upon heat- 

ing the mixture under reflux conditions , the organoborane is dis- 

sociated to a small extent into olefin and dialkylborane, as previously 

discussed. The dialkylborane then reacts with the displacing olefin 

to produce a new organoborane and the liberated olefin may be dis- 

tilled out of the reaction mixture. In this manner, 3- ethyl -2- pentene 

has been converted into 3- ethyl -l- pentene in a yield of 82% and a 

purity of 98% (60). 
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CH2CH3 

CH3 CH2C = CHCH3 
B2H6 

CH2 CH3 

CH3CH2CH CH CH3 

B 
/\ 

160° 

CH2CH3 CH2 CH3 

CH3CH2CHCH= CH2 
1-deQcene CH3CH2CHCH2 CH2 

1 

82% B / \ 

In addition to using a less volatile displacing olefin and dis 

tilling the more volatile olefin out of the reaction mixture, the dehy- 

droboration- hydroboration equilibrium which is established at ele- 

vated temperatures may be pushed toward completion by using a large 

concentration of displacing olefin, or by using a more reactive ole- 

fin, such as norbornene, which forms a very stable organoborane. 

Borate Ester Pyrolysis 

Brandenberg and Galat first reported that alcohols could be 

converted to olefins by heating the alcohol with boric acid (17). It 

was suggested that the alcohol was first transformed into the borate 

ester which subsequently decomposed to give the olefin via a six- 

membered cyclic cis - elimination, analagous to the mechanism pro- 

posed for the pyrolysis of acetates and xanthates. Evidence was 

later presented which showed that the elimination proceeded from a 

> 

F, 
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metaborate trimer (B3O3(OR)3) and not an orthoborate (B(OR)3) 

as originally proposed (88, 159). 

The procedure used was to heat the alcohol and boric acid, 

either neat or in a solvent such as benzene or toluene, and remove 

the water as it was produced. The borate ester thus formed was 

heated to 250-350° , whereupon decomposition took place and the 

olefin was collected by distillation. In this manner, both acyclic 

and cyclic alcohols have been converted to olefins in high yield (17, 

88, 159). 

H3 B03 
CH3(CH2)5CH2 CH2 OH > CH3(CH2)5 CH = CH2 (17) 

350° 

H 
3 

B03 0-0H ) 

220° 

H 

H 3 B03 

300° 
1:1 

90% 

85 -90% 

(88) 

(159) 

In systems in which carbonium ion -type rearrangements are 

prone to occur, however, the pyrolysis of borate esters has been 

shown to proceed predominantly with rearrangement (8, 75). The 

conclusion reached by Chapman and Borden was that the products 

) 

HO = 

s* 



formed are not consistent with the previously proposed 

-CH2OH 
H3BO3 

250° 

6% 

CH2 

82% 

CH3 

12% 
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(75) 

OH CH3 
H BO 

CH3 CH3 CH3 CH3 / 
CH- CH- C - CH3 

3 3> 
CH2 = C - C-H + \C=C (75) 

I 250° I / 
CH 

CH3 CH3 CH3 
3 

CH2OH 

H3 B O3 

0 } 

26% 74% 

cis- elimination mechanism, but may be interpreted on the basis of 

an ionization of the borate ester ( 75). 

OR OR OR 
1 B 

OB O O/B\O O/ \ O 
I I < 1 II 

B B B B B B 

RO O/ NOR ROO Ov \OR RO/ O \ 00 

I 11 + R® 

(8) 

In accordance with this mechanism, distillation of estradiol -3- 

methyl ether from boric acid furnished a 65% yield of rearranged 

olefin, 17(3- methyl -3- methoxy -18- norestra -1, 3, 5(10), 13(1 7) -tetraene, 

along with a few minor rearranged olefins (114). The A16- olefin, 

which would arise from a cis - elimination, could not be detected. 

+ 
\ 
\ 
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MeO 

OH 

H3 B O3 

380 -450° 
Meo 

65 -70% 

Steroid Organoboranes and 19- Norsteroids 

Steroid Organoboranes 

The hydroboration of olefins has been used quite extensively 

in the steroid field, primarily as a new method of introducing an 

alcohol function. Sondheimer and co- workers have carried out the 

hydroboration- oxidation process with a wide variety of monounsatur- 

ated steroids in order to investigate the scope and steric course of 

the reaction (156, 157, 176, 190). It was found that nearly all of 

the unsaturated steroids studied could be hydroborated successfully, 

the only exceptions noted were the highly hindered 9(11)-513-, 

and 2(14)- ethylenes. Wechter has also reported the inability of 

A9(11)_ olefins to undergo hydroboration in compounds having an 

A/B -cis junction, while in the A/B -trans compounds the reaction 

proceeded without difficulty (156, 187). 

Q7- 



H 

The hydroboration in all cases exhibited an over -all cis -addi- 

tion to the double bond, predominantly from the less hindered side 

(usually the a -side) of the molecule. In the cases of steroids con- 

taining 1, 2- disubstituted double bonds, approximately equal amounts 

of both possible positionally isomeric alcohols were obtained, while 

trisubstituted double bonds gave only the secondary alcohol (176). 

The selective hydroboration of certain 1, 2- disubstituted steroidal 

olefins could be performed, however, by using disiamylborane. 

Thus , 1- cholestene gave rise to 35% cholestan -1 a -ol and 40% 

cholestan -2a -ol with diborane, but hydroboration with disiamyl- 

borane produced only the less hindered isomer, cholestan -2a -ol, 

in 75% yield, and no detectable amount of cholestan -1 a -ol (157). 

1) B2H6 

2) [ 0] 

1) B2H6 

2) [O] 

No Reaction 
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1) B2H6 

[0] 

35% 

1) Sia2BH HO 

010 2) [ 0] 

40% 

75% 

Another type of selective hydroboration was carried out by 

Pines and co- workers (163). Due to the inert nature of trisubsti- 

tuted double bonds toward disiamylborane, 1 7a -allyl-5-androstene- 

3p, 1 7p -diol was attacked exclusively at the side chain double bond 

to produce, after oxidation, 1 7a -(3-hydroxypropyl)-5- androstene- 

3.(3, 17(3 -diol in good yield. 

HO CH2CH=CH2 HO (CH2)3OH 

HO 

1) Sia 2BH 
2) [ 0] 

HO 
98% 

There are numerous other examples of the hydroboration- 

oxidation reaction of steroid olefins, the majority of the results being 

used in good agreement with those of Sondheimer (1, 6, 10, 15, . 80, 

81, 98). Of particular interest is the stereochemistry of the products 

HQ HO ' 
72) + 

*t 

i , 
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arising from the hydration of the 2-double bond. It was found that 

the direction of attack at this position depended on the nature of the 

substituent at C-3 (15 7) . Hydroboration of 5 -chole stene produced 

75% of the cholestan -6a -ol, with none of the p- alcohol being detected 

(190). On the other hand, cholesterol gave rise to a 70% yield of the 

3p, 6a -cholestadiol as well as 15 -20% of the 3p, 6p- coprostadiol (157, 

187). With an ethyleneketal derivative at C -3, the a -face of the 

molecule is hindered to such an extent that the predominant course of 

attack was from the top (p) side of the molecule (6, 157). 

HO 

1) B2H6 

2) [O] 

1) B2H6 

2) [O] 

3) HOAc,A 

H OH 

75% 

H OH 

15-20% 

H OA c H OAc 
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The hydroboration- oxidation of a number of steroidal conju- 

gated dienes has also been studied by Sondheimer and co- workers 

3 5 4 6 
(146, 158). Both A ' -cholestadiene and A ' -cholestadiene gave 

rise to 4a, 6a -cholestadiol, as would be expected from the previously 

observed behavior of simple conjugated ethylenes (192, 193). With 

Lai' 5- cholestadiene, for example, the disubstituted A3 -double bond 

is presumably attacked first, the presence of the conjugated A5- 

bond causing the boron to add predominantly at the 4- position. The 

trisubstituted A5- double bond is then attacked at the less substituted 

6- position, both additions having occurred from the less hindered 

a -side of the molecule (158). 

B2H6 

B /\ 

[ O] 

> 

HO OH 

Anomalous results were obtained from L\5' 7- cholestadiene- 

3p -ol ( 7- dehydrocholesterol). Hydroboration of this material, fol- 

lowed by oxidation, gave rise to a 20% yield of 06- cholestene- 3(3 -o1 

B2H6 

B2H6 
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as the only crystalline substance isolated (158). This unexpected 

result was explained by Sondheimer as being due to initial hydrobor- 

ation of the 2- double bond followed by hydrolysis of the allylic borane 

and subsequent rearrangement through the action of fluoroboric acid, 

which would be present after water is added to the reaction mixture. 

The rearrangement must take place prior to the alkaline hydrogen 

peroxide oxidation step since essentially the same yield of olefin 

was obtained when this step was omitted (158). Caglioti and co- 

workers found that external hydroboration of 7- dehydrocholesterol 

produced the D7 -6a -borane, which upon heating with acetic anhydride 

underwent hydrolysis and rearrangement to give the 06- olefin in a 

35% yield (68). 

HO 

B /\ 

H20 or 

Ac2O, l 
HO 

The A7- double bond of conjugated dienes, as in the case of 

7-olefins, was found to be inert to hydroboration (158). Thus, 

hydroboration- oxidation of some D 7, 9(11) -dienes resulted in attack 

only at the 2(11) double bond, producing the A7 -11 a -ols in high 

yield. 

SO 
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Steroidal ketals and thioketals appear to be stable to hydro - 

boration conditions at room temperature, however, a, n- unsaturated 

thioketals react to afford desulfurized products (180). Several tenta- 

tive mechanisms were proposed for this transformation involving 

either initial boron -sulfur bond formation followed by a series of 

hydride transfers, or initial boron - carbon formation followed by 

1, 2- eliminations and further hydroborations. None of the suggested 

1) B2H6 

1) B2H6 

2) [O] 

13% 

H OH 

16% 

H 

32% 

H 

38% 

mechanisms appear to be completely satisfactory. It should be 

OH 

noted that these results are surprising in view of the report by Brown 

2) [O] 

2) [ O] 
) 

RO H 
60-70% 

S. 
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and co- workers that the carbon- sulfur bonds in allyl methyl sulfide 

and allyl phenyl sulfide were stable to diborane (28, 57). 

Organoboranes derived from the hydroboration of steroidal 

enol acetates and enol ethers have been utilized in the synthesis of 

either 1, 2 -diols or olefins. Hydroboration of the enol acetate at 

reduced temperatures followed by normal hydrogen peroxide oxida- 

tions leads predominantly to the 1, 2 -diol (3, 69, 72), while heating 

the intermediate organoborane with acetic anhydride produces an 

olefin via a 1, 2- elimination (69, 72). 

OAc 

OH 
1) B2H6 OH 

2) [ O] 

1) B2H6 
> 

2)Ac2O1.A 

a, p- Unsaturated ketones may also be converted to either 1, 2- 

diols or olefins through an intermediate borate organoborane (67, 69, 

70, 71). Hydroboration of this type of system proceeds by addition 

of diborane to the double bond followed by rapid reduction of the 

carbonyl group to a borate derivative. Treatment with alkaline 

hydrogen peroxide produces a 1, 2 -diol, while heating with acetic 

> 



anhydride gives rise to an olefin through a 1, 2- elimination. 

AcO 

19-Norsteroids 

1) B2H6 
> 

O 2) Ac2O, 0 
Ac0 

The importance of 19- norsteroids became apparent in 1953 

66 

(82) 

(80) 

when Wilds and Nelson showed that 19- nortestosterone was consid- 

erably more potent as a progestational agent than the corresponding 

19- methyl compound (188). The material was prepared through a 

Birch reduction of the 3- methyl ether of estradiol, and in the years 

which followed, the predominant method of obtaining 19 -nor steroids 

was via Birch reduction of a steroidal aromatic A ring (89, 137, 

188, 191). 

RO 
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19- Norsteroids synthesized by the Birch reduction have been 

very difficult to separate from their estrogen contamination, and 

the process was also inconvenient for large scale operations . The 

increasing importance of 19- norsteroids, particularly in the field of 

oral contraception, has led to investigations of new routes to this 

class of compounds. Of primary interest have been reactions lead- 

ing to functionalization of the 19- methyl group in non -aromatic ster- 

oids. 

In principle, enzymatic oxygenation methods offer a promising 

approach for the C -19 hydroxylation of C -19 methyl steroids, and in 

fact this has been achieved by both adrenal incubation (147, 154) and 

microbiological hydroxylation (155) methods. So far, however, these 

methods have given rise to low yields due to nonselective attack of 

the enzyme system on the steroid molecule. 

Two other methods for the activation of the C -19 methyl group 

have been devised, both of which proceed through a free radical 

mechanism. The Barton reaction, which involves photolysis of a 

6p- nitrite derivative, produces a 19- nitroso dimer which rearranges 

to a 19- oximino ,. 6p- alcohol (7, 113). The oxime function may then 

be converted to a carboxylic acid which is subsequently lost through 

a reductive elimination. 
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In a somewhat analagous reaction, 6p- alcohols may be converted 

to 6p, 19- oxides through the action of lead tetraacetate (16, 116, 148, 

151). The 6ß:19 oxygen bridge may be cleaved by a variety of meth- 

ods, leading eventually to 19- hydroxy steroids which are easily trans- 

formed into 19- norsteroids by known processes. In this way, Bowers 

and co- workers have produced 19-norprogesterone from pregnenolone 

acetate in an over -all yield of 37% (16). 
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> 2) Z n, ROH 

3) (COOH)20 

Cr03 

Br 

V 

HOOC 
HC1 /NN.--9`N/ 

McOH 0 / 

AcO 

HO 



69 

In view of the fact that the Barton nitrite photolysis and the 

lead tetraacetate oxidation both proceed via a 5- or 6- membered 

ring between a 6p- function and the angular C -19 methyl group, it 

would be expected that a 5- or 6- membered cyclic organoborane 

could also be formed in the same position. For example, pyrolysis 

of a steroid containing a 6ß- borane group might be expected to cyclize 

with loss of hydrogen to produce a 6(3, 19- boracyclane. Oxidation 

with alkaline hydrogen peroxide would lead to a 6ß, 19 -diol which 

could be further transformed into a 19- norsteroid by previously 

mentioned procedures. 

BH2 

-H2 

OH 

The original objective of this research was the investigation 

of such cyclizations, which, if successful could greatly reduce the 

difficulty in the synthesis of 19- nor -compounds, as well as offer 

another example of reactivity at an unactivated position. 

Cyclosteroids 

Solvolysis of cholesteryl- p- toluenesulfonate in aqueous acetone 

> 
[ o] 
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containing potassium acetate produces an isomer of cholesterol, 

3, 5- cyclocholestane -6p -ol (11). This rearrangement, the so- called 

i- cholesterol reaction, involves participation of the A5- double bond 

to give a homoallylic bridged ion, stabilized by distribution of the 

positive charge between C -3 and C -6 (173). Due to the homoallylic 

carbonium ion which is formed, substitution reactions at the C -3 

position, which usually proceed with inversion in the saturated cases, 

give rise to products with retention of configuration in the A5-unsat- 

urated cases (138). 

HO 

PC15 

- m 

PC15 

Cl 

OR 

Shoppee and co- workers have investigated the solvolysis of 

a similar system, A4- cholestene- 7ß- ol.- p- toluenesulfonate (pseudo 

cholesteryl tosylate) (172). It was found that reactions which con- 

vert cholesteryl tosylate into 3, 5- cyclocholestane derivatives are 
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se 
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not successful in converting pseudo cholesteryl tosylate into 5, 7- 

cyclocholestane derivatives. For example, solvolysis of pseudo 

cholesteryl tosylate in potassium acetate buffered acetic acid led to 

a 70% yield of ¿4- cholestene -7p -ol acetate and no evidence of any 

5, 7- cyclocholestane -4p -ol acetate (1 72). 

OTs 

KOAc 
HOAc 

70% 

x> 

11% 

OAc 
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It should be noted, however, that participation of the 4 -5 double 

bond does occur in the solvolysis, as evidenced by the retention of 

configuration at C -7, even though no i- steroid -type product could be 

detected. The inability of the L4- ene- 7p- tosylate system to form a 

stable 5, 7- cyclosteroid is undoubtedly due to the fact that the B ring 

is held in a rigid conformation by fusion with both the A and C rings, 

and formation of a 5, 7- bridge would cause considerable strain in all 

three rings. In the 3, 5- cyclo- system, however, the deformation in- 

volved is confined predominantly to the much more flexible A ring. 

No other definitive work has been carried out on homoallylic 

Ot Os 
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alcohols to show conclusively the geometrical requirements for such 

participation. One further example of this system, the 
A3 -6a -ol 

system, became easily available in the course of this work and its 

solvolytic behavior has been investigated. 
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RESULTS AND DISCUSSION 

The objective of this work was the application of organoborane 

chemistry to steroid transformations. In particular, it was felt that 

the thermal cyclization of organoboranes described in the introduc- 

tion could be adapted to the activation of the C -19 methyl group from 

either a 2ß -, 4ß -, or 6ß- position. The desired transformation of 1 

to 2 serves to illustrate the cyclization for a 6p- borane. 

2 

The cyclized product would contain a 5- membered ring, a sys- 

tem which has been shown by K6ster to be relatively stable. Although 

all previous examples of organoborane cyclizations have involved ali- 

cyclic systems, there appeared to be no reason to believe that such 

transformations could not occur in cyclic systems. Again, compar- 

ison of the proposed cyclization (1 -* 2) with that involved in the lead 

tetraacetate oxidation of 6(3- alcohols and the photolysis of 6p- nitrite 

esters, also gave support to the feasibility of the reaction. 

Steroids having a 
5-double bond are widely available and were 

a logical starting material for the study. Hydroboration of the 5 -6 

19 CH3 H2 \% 

A 
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double bond has been shown to give predominantly the 6a -isomer 

and only a small amount (15 -20 %) of the 6p- isomer necessary for 

cyclization. The problem, therefore, was one of producing a sig- 

nificant amount of 6p- borane from a 5-double bond. Another prob- 

lem involved was the stability of other functional groups in the mole- 

cule. For the reaction to be of general value in steroid synthesis, 

the usual protective groups would have to be stable to the reaction 

conditions. Brown and co- workers have shown that many functional 

groups are stable toward diborane at room temperature, however, 

the stability of these groups at the temperatures necessary for the 

cyclization had not been studied. 

Cyclization to the C -18 methyl group from the 11p -, 20 -, or 

21- positions could also be studied. The chemistry of such C -18 

activated compounds has not been as widely investigated. A borane 

group attached to the flexible side chain would be similar to the 

branched chain organoboranes in which cyclizations have been re- 

ported, and might be expected to have some advantage over the 

borane groups attached to the ring (3 4). 
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While the primary objective of achieving cyclization to either 

the C -19 or C -18 methyl group has not been realized, this has been 

shown to be due to the intervention of alternate pathways which occur 

before the cyclization temperature could be attained. The products 

which were formed in the reactions were isolated and identified, 

and an understanding of the mechanism of their formation may pro- 

vide an important contribution to the knowledge of thermal trans- 

formations of organoboranes. 

Attempted Cyclization to the C -19 Methyl Group 

Cholesterol 

Cholesterol was selected for the initial work since it was read- 

ily available and the stereochemistry of the hydroboration of its 2- 
double bond had been studied by several workers. The addition of 

diborane to cholesterol at room temperature produces 70% of the 

6a. -borane 5 and 15 -20% of the 6p- isomer 6. At elevated tempera- 

tures, however, dehydroboration presumably regenerates the ole- 

fin. Thus, if the 6ß- isomer were removed from the reaction mix- 

ture by cyclization, the system would tend to re- establish the hydro - 

boration- dehydroboration equilibrium and a substantial amount of the 

cyclized product 7 might be expected. Oxidation of the organoborane 

mixture would then provide a 19- activated steroid, 8. 
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Hydroboration and oxidation of cholesterol at room tempera- 

ture led to the formation of the two diols 9 and 10 as shown previ- 

ously by other workers. When the hydroboration was carried out in 

diglyme and the resulting solution of organoboranes heated under 

reflux (b. p. 162°) for 12 hours before oxidation, the same mixture 

of diols resulted. If, however, the pyrolysis was performed in tri- 

glyme (b. p. 216 ° ), an interesting transformation took place. At a 

temperature of ca. 180°, the colorless solution began to turn yellow 

and after a short time it became very dark. There appeared to be 

no excessive gas evolution during this period. The dark solution 

was allowed to heat under reflux for 2 to 16 hours; the length of 

OH 
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pyrolysis time had little effect on the final product distribution. 

After oxidation and work -up, the crude product showed two compo- 

nents on thin layer chromatography. The mixture was separated by 

column chromatography to provide a 31% yield of unsaturated alcohol 

(11a) and a mixture of cholestenes (12) in 49% yield. 

Structure of the Unsaturated Alcohol (11a) 

The unsaturated alcohol (lla) was shown to be 2-cholestene- 

6a -ol in the following manner (Fig. 1). The location of the hydroxyl 

function was established by hydrogenation to the saturated alcohol 

(13), followed by Jones oxidation to give a cholestanone (14) whose 

physical properties were similar to those of cholestane -6 -one. The 

stereochemistry of the alcohol function in lla was assumed to be 

6a from an examination of the NMR spectrum. The C -19 methyl 

resonance of the acetate derivative of lla is located at 50 c. p. s. 

If it is assumed that the A2- double bond has only a negligible effect 

on the position of the C -10 methyl group, the calculated chemical 

shifts for the C -19 methyl group would be 50 c. p. s. for a 6a - 

acetate and 58.5 c. p. s. for a 6(3- acetate. The location of the double 

bond was established by Jones oxidation of l la to an ene -one (15), 

followed by Wolff -Kischner reduction to a cholestene (16), identified 

as a 2- cholestene by comparison of its physical properties with 

those of an authentic sample. It is interesting to note that 



desulfurization of the thioketal (17) of the ene -one led to the com- 

pletely saturated cholestane system (18). 
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Having determined the structure of the unsaturated alcohol 

(11a) as 2- cholestene- 6a -ol, a literature search revealed that 

Shoppee (1 71) had prepared the compound by sodium in ethanol reduc- 

tion of 2- cholestene -6 -one. The melting points and optical rotation 

values of the various derivatives of the unsaturated alcohol (lla) 

compare very favorably with the literature values for the 

S S U 
17 

Ra-Ni 

Se 

H 



79 

corresponding compounds, as shown in Table 5. It should be noted 

that the one step hydroboration -pyrolysis sequence affords a facile 

route to the interesting 2- ene -6 -ol system, isomeric with cholesterol. 

Table 5. Comparison of physical properties of 2- cholestene -6a- ol 
derivatives with literature values. 

Compound m. p. a] 
D 

Ref. 

Ila * 

138° 

* 

+ 72 t 4° 171 2-Cholestene-6a -ol 

llb 93 -95° 

91-93° 

+ 100° 

+ 105 ± 3° 171 2- Cholestene -6a -o1 -6- acetate 

13a 

Cholestane-6a -ol 

127 -129° 

128 -129° 

+ 39° 

+ 35° 182 

13b 90.5 -92° 

950 

+ 68° 

+ 69.5° 182 Cholestane-6a. -ol -6- acetate 

14 99 -100° 

101 -102° 

+ 3.1° 

+ 2.2° 93 Cholestane-6-one 

15 102 -103° 

104-105° 

+ 18° 

+ 27° 14 2-Cholestene-6-one 

16 71 -72° 

74 -75° 185 2-Cholestene 

18 75-76.5° 

77 -79° --- 132 Cholestane 

The physical properties of the alcohol were not obtained since the 
compound was purified through the acetate derivative. 

--- 

- -- 

* 
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Composition of the Olefin Mixture (12) 

The olefin mixture (12) was chromatographed on silver nitrate 

impregnated silica gel, a procedure which has been used very suc- 

cessfully in this laboratory for the separation of closely related 

olefinic compounds. In this manner, a disubstituted cholestene was 

separated from a mixture of trisubstituted cholestenes. The disub- 

stituted olefin was shown to be 3- cholestene (19) by comparison of 

its spectral properties with those of an authentic sample. The mix- 

ture of trisubstituted olefins, 4- cholestene (20) and 5- cholestene (21), 

could not be separated by physical methods, however, the relative 

amounts of the two isomers could be determined by optical rotation 

measurements and by comparison of the infrared spectrum of the 

olefin mixture with that of a synthetic mixture of the two authentic 

olefins. While the quantitative amounts of the three cholestenes in 

the pyrolysis product (12) was not determined, it could be estimated 

from the available data (thin layer intensities, optical rotation meas- 

urements, and infrared spectra) that the mixture was composed of 

ca. 10% 3- cholestene (19), 40% 4- cholestene (20), and 50% 5- choles- 

tene (21). 

Olefin Mixture (12) = 

10% 

19 

40% 

20 

50% 

21 

se 05 /e 
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During the course of establishing the structures of the pyrolysis 

products, it became necessary to obtain authentic samples of 2 -, 3 -, 

4 -, and 5- cholestene for comparison purposes (Fig. 2). It is interest- 

ing that both 2- cholestene (16) and 3- cholestene (19) may be prepared 

by means of hydroboration -elimination procedures as described by 

Caglioti (71, 69). In repeating the routes to these compounds, how- 

ever, use of our silver nitrate- silica gel thin layer and chromato- 

graphic procedures revealed that the reactions were not as clean as 

implied by previous workers. Nevertheless, the reactions were easy 

to carry out and the olefins obtained were not contaminated with iso- 

meric impurities, as is the case with many steroid olefin prepara- 

tions. Some difficulties were encountered in the preparation of 4- 

cholestene (20) when the lithium aluminum hydride -aluminum chlor- 

ide reduction of 4- cholestene -3 -one (23) was employed. A mixture 

of 4- cholestene -33 -ol (24), 3-cholestene (19), and 4- cholestene (20) 

was produced, however, pure 4- cholestene could be obtained through 

silver nitrate impregnated silica gel chromatography of the olefin 

fraction. The over -all yield of 4- cholestene was rather small (14 %), 

and it is believed that much better results could be obtained through 

desulfurization of the thioketal of 4- cholestene -3 -one. This pro- 

cedure was not tried, however, as a sufficient supply of pure 4- 

cholestene was acquired from the former process. 5- Cholestene 

(21) was prepared by sodium in ammonia reduction of the cholesteryl 
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chloride (25) and an excellent yield (85 %) of pure product was obtained. 

It was of interest to establish the amount of deshielding in the 

NMR experienced by the C -19 methyl group in the various olefins. 

Although these values have been reported in the literature, they 

were generally determined by comparing a series of saturated ster- 

oids containing other functional groups with the related olefins. The 

NMR spectra of the four unsubstituted olefins were obtained to es- 

tablish the positions of the various absorption bands without compli- 

cations due to other substituents. After this work was completed, a 

similar study was reported in the literature and the two sets of data 

may be compared (Table 6). 

Having tied down the structures of the various products formed 

in the pyrolysis, it is of interest to speculate on their mode of for- 

mation. Indeed, the occurrence of these reactions at temperatures 

below 200° is undoubtedly responsible for the failure to observe 

cyclization. 

The formation of 2- cholestene- 6a -ol (11a) can be ascribed to 

a simple borate pyrolysis. This was somewhat surprising in view 
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Table 6. NMR spectra of 2 -, 3 -, 4 -, and 5- cholestene. 

Compound C -19 (c. p. s.) C -18 (c. p. s. ) 

Found Lit. Found Lit. 

2-Cholestene (16) 

3-Cholestene (19) 

4-Cholestene (20) 

5-Cholestene (21) 

45. 0 

46. 0 

60. 0 

59. 0 

45. 0 

44. 5 

59. 5 

59, 0 

40. 5 

40. 5 

41.0 

41. 0 

39. 0 

39.0 

39. 5 

40. 5 

Olefin Region 

Compound Found (5) -ñ Lit. (8) 

2- Cholestene (16) broad singlet- 5.58 doublet- 5. 60, 5.64 

3- Cholestene (19) multiplet- 5.34 multiplet- 5.38 

4- Cholestene (20) broad singlet- 5. 25 doublet- 5. 16, 5. 21 

5- Cholestene (21) doublet- 5. 18, 5. 22 doublet 5. 18, 5.23 

Cragg, G. M. L. et al. Hydroxy- steroids. Part IV. The 
preparation and spectra of steroid olefins. Journal of the 
Chemical Society, 1966, p. 1266 -1276. 

* 
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of the fact that much higher temperatures are usually necessary to 

carry out such eliminations. There are two other important observa- 

tions that should be recognized. First, the A2- ene -6a -borane (26) 

was not hydroborated, so that at ca. 190° the hydroborating ability 

of the solution must have been lost. In the second place, none of 

the 3- cholestene -6a -ol (35) was observed. As was mentioned in 

the introduction, O'Conner (159) pyrolyzed a mixture of cholestanol 

and boric acid at 300° and obtained a 1:1 mixture of 2- and 3 -chol- 

estenes. Thus, it would be expected that the borate -organoborane 

(5) would also eliminate to some extent toward C -4. 

The apparent ease of borate elimination under the conditions 

used in the pyrolysis reaction led us to briefly investigate the gen- 

erality of the reaction. It was found that cholestanol borate (27), 

when heated under reflux in tetraglyme, did indeed undergo an elim- 

ination to provide a 52% yield of olefin. At lower temperature, how- 

ever, both cholestanol borate (27) and cholesterol borate (28) failed 

j $O 

27 

28 

275° 

tetraglyme 

216° 

triglyme 
HO 

52% 

96% Recovery 
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to eliminate. It is difficult to see why the presence of a borane 

function at C -6 should facilitate the elimination. 

In a somewhat non -related system, the pyrolysis of testoster- 

one borate (29) was carried out in hope of shedding some light on the 

mechanism of the borate pyrolysis reaction. If an ionized species 

were involved in the elimination, pyrolysis of testosterone borate 

(29) would lead to the intermediate 31, which would undergo the 

expected 1,2-methyl shift and produce a tetrasubstituted olefin (32). 

If the mechanism involved a concerted cis -elimination, the expected 

result would be the 016- olefin 33. 

29 

Interestingly, the only crystalline product obtained from the 

tetraglyme pyrolysis of testosterone borate was 3, 5- androstadiene- 

17 -one (30), identified by comparison of its physical properties 

with literature values. The mode of formation of this compound is 

quite likely an intermolecular oxidation- reduction reaction, 

33 
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analagous to the Oppenaur oxidation. Thus, simultaneous oxidation 

at C -17 and reduction at C -3 would lead to a 17- keto -3- borate system 

(33), which upon borate pyrolysis and diene rearrangement would 

furnish the desired compound (30). 

The formation of the cholestene mixture obtained by pyrolysis 

of hydroborated cholesterol is more difficult to explain, since a 

reductive elimination of the C -3 oxygenated function is required 

rather than a simple elimination. There are at least three possible 

ways to explain the formation of the olefins. 

The first pathway is envisaged as a simple isomerization of 

the organoborane, consisting of a series of hydroboration- dehydro- 

boration steps as discussed in the introduction. If the migration 

proceeds to C -4 as shown (34) the resulting 1, 2- borate -organoborane 

is well suited for elimination to give 3- cholestene (19). Again, it is 

O \ 
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important to note that this elimination must occur after the hydro - 

borating ability of the solution has been destroyed, as no 3- choles- 

tanols or 4- cholestanols, the expected products from hydroboration 

of 19, were observed. 

The possibility that 3- cholestene (19) was the source of both 

the 4- and 5- cholestenes (20 and 21) was considered, in spite of the 

fact that there could not be any active B - H bonds remaining in the 

mixture to catalyze such an isomerization. To check this possibil- 

ity, 3- cholestene was hydroborated and the resulting organoborane 

heated under reflux in triglyme for 12 hours. Thin layer chro- 

matography revealed the presence of minor amounts of both disub- 

stituted and trisubstituted olefins , the former predominating, along 

with the major alcohol components. The formation of minor amounts 

00 

se 
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of the trisubstituted isomers (either 4- cholestene, 5- cholestene, 

or both), corresponds to a thermodynamic isomerization of the 

organoborane as opposed to the contrathermodynamic isomeriza- 

tion of olefins usually observed under these conditions. Neverthe- 

less, the relatively small amounts of trisubstituted olefins formed 

must lead to the conclusion that it is unlikely that the 3- cholestene 

can be the source of the 4- or 5- cholestenes in the pyrolysis of the 

cholesterol hydroboration product. 

A second, and perhaps more feasible, route to 4- and 5 -chol- 

estene might be through the missing 3- cholestene -6a. - borane (35) 

referred to previously. Elimination of RBH2 or R2BH (dehydro- 

boration) from 35 would be facilitated by the formation of the con- 

jugated diene system (36). Hydroboration of 3, 5- cholestadiene has 

been reported by Sondheimer (158) to give the 4, 6 -diol, presumably 

by oxidation of 37. If a dehydroboration of 37 would occur as shown, 

the allylic borane systems 38 and 39 would be produced. Both 

Caglioti (68) and Sondheimer (158) have observed the rapid hydrolysis 

and rearrangement to a A6- olefin (41) which occurs when water or 

stronger nucleophiles are added to the L7- ene -6a -borane system 

(40). By analogy, then, the allylic borane systems 38 and 39 could 

produce 4- cholestene (20) and 5- cholestene (21), respectively, during 

the work -up procedure. 
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A third possible route involves direct rehydroboration of 35 to 

give 37, followed by the series of steps outlined above. The major 

disadvantage of the latter two routes is that they require the reaction 

mixture to retain its hydroborating ability after the borate pyrolysis 

That is, no 3, 5- cholestadiene, easily detectable by its character- 

istic ultraviolet spectrum, was noted among the products. 

In summary, it has been shown that hydroboration of 

-HOB 
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cholesterol, followed by pyrolysis of the organoborane in triglyme 

and subsequent alkaline hydrogen peroxide oxidation, produces a 

31% yield of 2- cholestene -6a -ol and a 49% yield of an olefin mix- 

ture consisting of 3 -, 4 -, and 5- cholestene. Several pathways 
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leading to these products have been suggested, however, a mechan- 

ism for the simultaneous formation of both the alcohol (11a) and the 

olefin mixture (12) is still uncertain. 

6-Methylcholesterol 

The cyclization of 6(3- borane to the C -19 methyl group was not 

successful, due to various migrations and eliminations which oc- 

curred before the cyclization temperature could be reached. In an 

effort to alleviate these problems, a system was sought in which 

the boron was attached to a 613-alkyl group (54). There are several 

advantages to this system. The cyclization (54 ->55) would result 

in a 6- membered boracyclane which Köster (124) found to be the 

most stable ring system. Having the boron attached to a primary 

carbon should reduce the problem of elimination- migration of the 

HO 
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borane since this would be the most stable position. Also, cycliza- 

tion from a primary carbon appears to be the favored pathway in 

simple systems. Finally, a 6(3- CH2 -B grouping should be easy 

to form by hydroboration from the a -side of the molecule, though 

as will be shown, the resulting product is thermodynamically less 

stable than the 6a- isomer. 

6- Methylcholesteryl acetate (48) was synthesized from choles- 

terol as shown below. It was visualized that hydroboration of 6 -meth- 

ylcholesteryl acetate would proceed by predominant a- attack (Fig. 3) 
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to produce the 6p- methyl -6a- borane system (49) and possibly the 

6p- methyl -5 a- borane system (50). At elevated temperatures, migra- 

tion of the boron toward the terminal position should occur, leading 

to olefin 53 which should hydroborate from then -side to give 54. 

This (3- organoborane would then be ideally arranged for cyclization 
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with the C -19 methyl group to give 55. 
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It was found that hydroboration and oxidation of 6- methylchol- 

esteryl acetate at room temperature produced only 6ß- methylcholes- 

tane -3(3, 6a -diol (51), a compound which has been the subject of some 
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controversy in recent years. Fieser and Rigaudy (92) have stated 

that the reaction of 6- ketocholestanyl acetate (56) with methylmag- 

nesium iodide affords the 6ß- tertiary alcohol (57), whereas the 

alternative of 6a _configuration (51) was assigned by Sneen (174, 

175). These assignments were reached by different interpretations 

of dehydration and molecular- rotation data. It was later demon- 

strated by Summers and co- workers (86, 87), from optical rotatory 

AcO 

56 

MeMg I or 

HO 

dispersion data and by an unambiguous synthesis, that the conclu- 

sions of Fieser and Rigaudy were correct. The 6p- methyl -6a -ol 

51 was therefore produced for the first time in this work. The 

facile synthesis of such a system is of interest since 6a. -hydroxyla- 

tion is a well documented method for improving the glucocorticoid- 

mineralcorticoid activity of anti -inflammatory steroids. Since a 

6ß- methyl group is also of value in this respect, a simple method 

Ac0 
CH3 

48 
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for their synthesis is now available. 

It is interesting that hydroboration of the tetrasubstituted 

double bond occurred exclusively at C -6, presumably due to less 

steric hindrance by the methyl group. It should als o be noted that 

tertiary alcohols resulting from hydroboration- oxidation processes 

are relatively rare. Kóster has stated (124) that B -C tertiary bonds 

are subject to dehydroboration at about room temperature and are 

converted into B -C primary or B -C secondary bonds. 

The monoacetate of 51 appeared to be pure by physical meth- 

ods, however, it could not be crystallized satisfactorily. Under 

forced acetylation conditions the compound dehydrated to give 6- 

methylcholesteryl acetate (48). Phosphorous oxychloride dehydra- 

tion of the monoacetate produced the 6- exomethylene compound 59, 

a process which further confirms the stereochemistry at C -6. De- 

hydrations of this type are known to prefer a trans - diaxial elimina- 

tion, and the formation of an exomethylene compound can only be 

explained when the 6- hydroxy function is a -oriented. 

58 59 
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Hydroboration of 6- methylcholesteryl acetate (48) in tetra- 

hydrofuran, followed by heating the mixture under reflux (b. p. 65°) 

for 12 hours prior to oxidation, gave rise to the expected migration 

of boron from the ring to the methyl group. The NMR spectrum of 

the diol (60), however, shows the 19- methyl resonance at 46 c. p. s. , 

48 

1) B2H6 

2) 65° 
[ O] 

> 

HO 
CH2OH 

60 

suggesting that the hydroxymethylene function is a at C -6. A 613- 

hydroxymethyl group would be expected to exert a substantial de- 

shielding effect on the 19- methyl group. For example, the presence 

of a 6p- methyl causes a downfield shift of the 19- methyl resonance 

of 4.5 c. p. s. , while a 6p- acetate causes an even larger deshielding 

effect of 11.0 c. p. s. Obviously, therefore, the hydroxymethylene 

group in 60 cannot have the 6p- configuration. 

This apparent epimerization at C -6 can be explained in terms 

of the difference in rates of the hydroboration and dehydroboration 

reactions, (Fig. 4). Hydroboration and dehydroboration of 6- methyl- 

cholesterol would produce the 6- exomethylene compound (53) as an 

intermediate. Hydroboration of the exo- double bond would probably 

occur predominantly from the bottom side of the molecule to produce 

c 
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54, while only a small amount of 13- attack to give 61 would occur. 

Dehydroboration of the p- methyleneborane (54), however, would be 

much faster, due to alleviation of the 1, 3- diaxial interaction, than 

the corresponding dehydroboration of the a. -methyleneborane 61. 

The thermodynamic equilibrium would, therefore, favor the 6a - 

methyleneborane. 

In view of the fact that the 6a -intermediate (61) was obviously 

favored at 65°, the question arose as to whether the 6p- methylene- 

borane (54) could be formed at lower temperatures. It was found 
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that hydroboration of pure 6- methylenecholestane- 3p -o1-3- acetate 

(59) at 0° followed by oxidation and saponification, again led to the 

6a -hydroxymethylcholestane -313-ol (60), identical in all respects 

with the diol formed in the 65 ° reaction. This somewhat surprising 

CH2 

59 

0° 

2) [ o] 
3) ®OH 

60 

result is a further indication of the thermodynamic instability of the 

6p- methyleneborane intermediate (54). The observed isomerization, 

in which the boron atom remains formally bound to the same carbon 

atom and simply changes its steric position with respect to it, is 

analagous to the myrtanylborane system reported by Braun (18). 

He found that cis -myrtanylborane, obtained from ß- pinene by hydro - 

boration from the less hindered direction, underwent an isomeriza- 

tion at 94 ° to produce trans -myrtanylborane. 
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Attempted Cyclization to the C -18 Methyl Group 

In the cholesterol and 6- methylcholesterol investigations, 

various side reactions which prohibited a cyclization occurred at 

temperatures below those necessary for the desired boracyclane 

formation. A system was desired in which these alternate pathways 

would be nonexistent, and the research was therefore directed toward 

the formation of a system in which the boron atom would be attached 

to a 17(3 -side chain (62). Activation of the C -18 methyl group could 

62 

-H2 

63 

be accomplished through a pyrolytic cyclization of the organoborane. 

A 21- borane system, such as 62, would not be held in a rigid config- 

uration, and the terminal boron group would not be expected to mi- 

grate toward the ring. A further advantage would be that the stereo - 

chemical integrity at C -17 would not likely be affected by the hydro - 

boration equilibrium, a process that was shown to be important in 

the 6- methylcholesterol case. 

The two olefins used in the study, A20 -5a -pregnene -3p, 20- 

diol- diacetate (68) and trans- 7(20)-5a. -pregnene- 3p -ol -3- acetate 



(67), were prepared by known synthetic routes (Fig. 5). The 
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trans - configuration of 67 was confirmed by hydroboration, oxidation 

and saponification to produce the known 5a -pregnane -313, 2013 -diol 

(69). It was not expected that the carbene intermediate from 66 

would show such selectivity, but that if a cis -trans mixture were 

formed, that isomerization to C -21 would destroy any such feature 

introduced. 

It was envisaged that both olefins (67 and 68) would lead to the 

desired 21- borane under the hydroboration -pyrolysis conditions 
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(Fig. 6). The enol- acetate (68) would hydroborate at the terminal 
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position (70), followed by a rapid 1, 2- elimination to regenerate the 

20- olefin (71). Rehydroboration of 71 at the least sterically hin- 

dered position would provide the 21- borane (72). The identical sys- 

tem would follow from hydroboration of the 617(20)-compound (67) 

and a normal migration of the boron toward the end of the alkyl 

chain. 

The experimental results supported the proposals outlined in 

< 
1) 10 ] 

BZH6 
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Fig. 6. Hydroboration of the enol- acetate (68), either at room 

temperature in tetrahydrofuran or after pyrolysis for 10 hours in 

diglyme (b. p.162° ), led to 5a -pregnane -3ß, 21- diol -diacetate '(73) 

after acetylation of the reaction product. Hydroboration of the enol- 

acetate in triglyme, followed by pyrolysis (b. p. 216°) for 6 hours, 

furnished A2 -5a -pregnene- 21 -ol- acetate (75), a product that again 

AcO 

68 75 

must arise from a borate elimination at C -3. Identical results were 

found in the triglyme pyrolysis of the Al 
7(20)-olefin 

(67) hydrobora- 

tion product. It is interesting that borate elimination occurred only 

at the 3- position, and that no A20- olefin or A' 20 was observed. 

This data lends support to the carbonium ion mechanism for the 

borate pyrolysis. 

The question must now be asked as to why cyclization to the 

C -18 methyl group did not occur when the C -21 borane function (472) 

was obviously present in the pyrolysis mixture. In the experimental 

procedure, a large excess of diborane was used in order to assure 

complete hydroboration of the double bond and the initially formed 

OAc 

1) B2H6 

2) 215° 

3) [ 0] 
4) Ac20 

H2C 
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72 63 

organoborane was undoubtedly a monoalkylborane. Upon heating, 

however, diborane is lost from the triglyme solution and it is likely 

that at higher temperatures structure 72z should be represented as 

a trialkylborane. As such, there would be no hydrogen on the boron 

atom to be lost in a cyclization (72 -> 63). This appears to be the 

case, since addition of methanol to the mixture after pyrolysis 

causes no hydrogen evolution, as would occur if active B -H bonds 

were still present. Even though K6ster has reported that trialkyl- 

boranes are better suited for cyclization than dialkylboranes, due 

to dehydroboration at elevated temperatures (cf. p. 51 ), it was of 

interest to carry out the pyrolysis of the dialkylborane (76) in which 

it was known that there would be a hydrogen attached to the boron. 

The dialkylborane system may be prepared by hydroboration of ole- 

fin 68 with thexylborane, a monoalkyl hydroborating reagent derived 

from 2, 3 - dimethyl -2- butene. Thus, the dialkylborane 76 would be 

the only species present in the pyrolysis mixture until the tempera- 

ture was reached when dehydroboration would become important. 

44, 
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(CH3)2C=C(CH3)2 
B2H6 

> (CH3)2CHC(CH3)2BH2 

Thex BH2 

Thexylborane 

68 76 

It was found, however, that hydroboration of the enol acetate 

(68) with thexylborane, followed by pyrolysis at 195 °, again led to 

5a - pregnane -3(3, 21- diol -diacetate (73) after hydrogen peroxide oxi- 

dation and acetylation of the reaction product. There was no evidence 

of cyclization having occurred. 

The conclusion must be reached that the temperatures used in 

the pyrolysis reactions were not high enough to effect the desired 

cyclizations. When the reactions were performed at higher temper- 

atures, however, other functional groups in the molecule were modi- 

fied or lost and the process, even if successful, would thus lose its 

attraction as a general synthetic method. 

Preparation and Modifications of the 
3- Cholestene -6a -ol- System 

The previously described work has provided several examples 

of syntheses of novel steroid ene -ols. From our interest in the 

OAc 

> 
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2- cholestene -6 -ol system, attention was next directed to the previ- 

ously unknown 3- cholestene -6a -ol (77). This homallylic alcohol was 

of interest since its carbonium ion (79) would be analagous to those 

formed in the solvolysis of cholesteryl tosylate (80) and pseudo 

cholesteryl tosylate (81). 

77 78 

81 

OTs 

As discussed in the introduction, solvolysis of cholesteryl 

tosylate (80) gave an isolable 3, 5- cyclosteroid, whereas no cyclo- 

steroid could be obtained from solvolysis of pseudo cholesteryl 

tosylate (81). The latter reaction, however, proceeded with reten- 

tion of configuration at C -7, indicating that the double bond was 

OH 
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participating to some extent in the solvolysis. It is unfortunate that 

no rate studies were carried out on the saturated and unsaturated 

systems which would help to substantiate the fact. 

It was of interest to determine the amount of participation of 

the 3 -4 Tr electrons in the stabilization of a positive charge at C -6 

in the homoallylic carbonium ion 79. Such participation might be 

detected by isolation of a cyclo steroid such as 82, or through 

noticeable rate enhancement or stereochemical control in the forma- 

tion of 89. The former was a particularly attractive goal since the 

4 -6 cyclosteroid system has been a challenging problem for steroid 

chemists. It is well known that a 4 -ene -3 -one system is vital for 

most biological activity, with the saturated 3-ketone being largely 

inactive. Since a cyclopropane ring between C -4 and C -6 would be 

very analagous to a ¿4- double bond, the biological activity of such 

a system could prove to be extremely valuable. 

RO 

82 OR 

89 

The major problem with the formation of 82 would appear to 

be the strain involved in the deformation of the A and B rings. 

The possibility that a 4, 6- cyclosteroid would be a stable species 
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was given support by the fact that Dauben (83) has prepared the very 

highly strained 3, 5 -4, 6 -bis- cyclosteroid system 83 by photolysis 

of 3, 5- cholestadiene (104). Although the compound was extremely 

unstable toward moisture, air, and heat, it could be handled quite 

readily in pentane solution. 

104 

hv cLr 
83 

Three approaches involving organoboranes were considered 

for the synthesis of 3- cholestene -6a -ol (77). Hydroboration of the 

enol- acetate of 4- cholestene -3 -one (84) was expected to produce 

the 4a , 6a -diborane 85 which should undergo a 1, 2- elimination to 

produce, after oxidation, the desired unsaturated alcohol (77). In 

actual practice, however, the intermediate borane (85) evidently 

ee Ac0 Ac0 

B2 H6 

84 

1)eOR > 
2)[O] 

OH 

77 

eliminated to some extent during the hydroboration step, so that the 

final product was a complex mixture of alcohols and diols. 

se 
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The enamine of 4- cholestene -3 -one (86) might be expected to 

give better results, since dialkylamines do not undergo 1, 2 -elim- 

inations as readily as acetates. The reaction again, however, gave 

a complex mixture of nitrogen containing products which decomposed 

upon standing. The composition of the mixture was not established. 

86 

1 ®OR 
2) [O] 

77 

The third approach involved hydroboration and elimination of 

OH 

4- cholestene -3, 6 -dione (87), a substance which is available by 

sodium dichromate oxidation of cholesterol. Experimental results 

indicate that hydroboration of the ene -dione (87), followed by heating 

the organoborane with acetic anhydride, did indeed lead to a 40% 

yield of crude 3- cholestene -6- acetate (89b), shown by NMR to be 

87 

B' H6V 

BO 

Ac2O 

L\ 

OAc 

89b 

a 2:1 mixture of the 6a- and 63- acetates, respectively. The unusu- 

ally large amount of 6a -isomer is surprising in view of the fact 

that diborane reduction of ketones proceeds by attack predominantly 

B2H6 

Ca B B /\ / 
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from the less hindered side of the carbonyl. For example, diborane 

reduction of cholestane -6 -one (90) produced 92% cholestane -63 -ol 

(91) and 8% cholestane -6a -ol (92), while similar reduction of chol- 

estane -3 -one (93) furnished 93% 

cholestane -3a -ol (95). 

cholestane -3 (3 -ol (94) and only 7% 

The predominance of the 6a -isomer observed in the hydrobora- 

tion- elimination of 4- cholestene -3, 6 -dione (87) may be explained in 

4 terms of initial hydroboration of the p.- double bond to give 96. The 

4a -borane inhibits a -attack of diborane at the C -6 carbonyl, thus 

leading to a predominance of 6a -borate (97). Subsequent acetic 

anhydride induced elimination furnished the epimeric mixture of 

unsaturated acetates (99 and 100). 

B2H6 

O " HO 

OH 8% 
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The structure of the unsaturated acetate mixture (89b) was 

established by the reactions shown in Fig. 7. Jones oxidation of 

89b provided an ene -one (101) which isomerized on treatment with 

base or acid- washed alumina to 4-cholestene-6-one (102), identified 

by comparison of its physical properties with literature values. 

Hydrogenation of 89b afforded a mixture of saturated acetates (103b), 

and Jones oxidation of the corresponding alcohols (103a) furnished 

cholestane -6 -one (90) which was identified by comparison with an 

authentic sample. 

----). 
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Treatment of the unsaturated alcohol mixture (89a) with p -tol- 

uenesulfonyl chloride in pyridine resulted in formation of pure 3- 

cholestene -6a- tosylate (78) in 53% yield. The 6p- tosylate underwent 

a trans -elimination to 3, 5- cholestadiene (104), recovered in 10% 

yield. Solvolysis of the pure 6a -tosylate (78) under i- cholesterol 

rearrangement conditions (potassium acetate /acetone /water) led 

to a recovery of starting tosylate, as did solvolysis in potassium 

acetate buffered acetic acid at 85 ° . The latter conditions are those 

employed by Shoppee (172) for the acetolysis of pseudo cholesteryl 

tosylate. In a higher temperature reaction (potassium acetate/ 

cyclohexanone /water under reflux conditions), elimination to 3, 5- 

cholestadiene (104) occurred to the extent of ca. 10% while the major 

E-- H2 
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product again was recovered tosylate (78). Solvolysis in potassium 

acetate buffered acetic acid at 118°, however, led to 69% 3, 5- choles- 

tadiene (104) and an 18% yield of a mixture of the 6- acetate epimers 

(89), shown by NMR analysis to be a 6:1 ratio of 6a- acetate (99) 

and 6p- acetate (100). There was no evidence of 4, 6- cyclocholestane - 

3ß- acetate (82) in the reaction product, though its stability even 

under these buffered conditions might be suspect. 

OTs 

78 

KOAc 
HOÁ 
118° 

69% 

104 

OAc 6:1 

99 18% 

OAc 

100 

It can be concluded from the above data that the homoallylic 

carbonium ion is participating to some extent in the acetolysis of 

the 3- cholestene -6 a- tosylate system, since the reaction proceeds 

predominantly with retention of configuration at C -6. Further 

studies of this isocholesterol system should now be possible due to 

its relatively simple synthesis from 87. The same is true for the 

other new systems produced in the course of this work. Thus, 

although cyclization does not occur, the isomerizations and elim- 

inations uncovered in the course of this work are both novel and 

useful. 
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EXPERIMENTAL 

All melting points were determined on a Büchi melting point 

apparatus and are uncorrected. The analyses were performed by 

Galbraith Laboratories, Inc., Knoxville 21, Tennessee. Infrared 

absorption spectra were measured with a Beckman IR -8 spectrome- 

ter. Ultraviolet absorption spectra were determined with a Beckman 

Model DB recording spectrometer. Optical rotations were measured 

in chloroform solution (ca. 1 %) on a Perkin -Elmer Model 141 polar - 

imeter. Proton nuclear magnetic resonance spectra (NMR) were run 

in carbon tetrachloride or deuterochloroform on a Varian Model A -60 

instrument. The chemical shifts of the steroid methyl groups are 

reported as cycles per second (c. p. s. ), while all other chemical 

shifts are reported as parts per million (6) from the internal stand- 

ard tetramethylsilane. All column chromatographies were carried 

out on Merck acid washed alumina unless stated otherwise. Thin 

layer chromatographies were run on Brinkmann silica gel G plates 

with a thickness of 275 µ. Silver nitrate thin layer plates were pre- 

pared by spraying a normal silica gel plate with 10% silver nitrate 

and heating in an oven at 105° for 30 minutes. The higher boiling 

ether solvents, diglyme, triglyme, and tetraglyme, were dried by 

distillation from sodium and then from lithium alurriinum hydride 

in vacuo. All other dry solvents were purified by standard 
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procedures. The hydroboration procedures were carried out in 

flame -dried equipment and under an atmosphere of nitrogen. 

Preparation of Standard Solution of Diborane in Tetrahydro- 

furan (192). Under a nitrogen atmosphere, 9. 0 g. (0. 232 mole) of 

sodium borohydride in 200 ml. of dry diglyme was added to 60 ml. 

(67.5 g., 0.476 mole) of boron trifluoride etherate over a 2 hour 

period. The diborane evolved was passed into 120 ml. of dry tetra - 

hydrofuran which was cooled in an ice bath and stirred vigorously. 

After 5 hours, the diborane solution was transferred to small dry 

bottles equipped with rubber septums and stored at 0° . 

The diborane concentration was determined by adding 1. 0 ml. 

of the prepared solution to an excess of ethylene glycol, and meas- 

uring the amount of water displaced by the evolved hydrogen. Ac- 

cording to the equation, 

B2H6 + 6 ROH ---a 6 H2 + 2 B(OR)3 

1 ml. of a 1. M solution would evolve 0. 006 mole of hydrogen gas, or 

a volume of ca. 134 cc. A typical experiment gave the following re- 

sults. 

1 140 ml. of water displaced 

2 145 

3 145 



4 145 

5 145 

6 142 

115 

Average displacement = 144 ml. 

Solution is ca. 1.07 M in B2H6 

Hydroboration, Pyrolysis, and Oxidation of Cholesterol. 

Under a nitrogen atmosphere, 3. 0 g. (0. 079 mole) of sodium boro- 

hydride in 100 ml. of dry triglyme was slowly added to 20. 0 ml. 

(22.5 g., 0.16 mole) of boron trifluoride etherate. The diborane 

produced was passed into a solution of 8.0 g. (0. 021 mole) of choles- 

terol in 150 ml. of dry tetrahydrofuran. After stirring for 5 hours 

at room temperature, the tetrahydrofuran was removed in vacuo, 

100 ml. of dry triglyme was added, and the mixture was heated. 

The organoborane was completely dissolved in the triglyme by 160 °, 

at which point a 1.0 ml. sample was withdrawn. Oxidation, work -up, 

and thin layer chromatography of this sample indicated the presence 

of only cholestane -3(3, 6a -diol and coprostane -3(3, 6p -diol. The re- 

mainder of the solution was heated and at ca. 180° it began to turn 

yellow very rapidly. The solution was heated under reflux for 10 

hours. After cooling to room temperature, 8. 0 ml. of 5% sodium 

hydroxide solution was added followed by 8. 0 ml. of 30% hydrogen 

peroxide. A white solid appeared almost immediately and the mix- 

ture was stirred for 2 hours to assure complete oxidation. The 

reaction mixture was poured into 1 1. of cold water, made slightly 

acidic with 5% hydrochloric acid solution, and extracted several 
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times with ether. The combined ether layers were washed repeatedly 

with cold water to remove the triglyme, dried over anhydrous sodium 

sulfate, filtered, and evaporated in vacuo to afford 8. 35 g. of a vis- 

cous dark oil. Thin layer chromatography (benzene -ethyl acetate 

1:1) showed the presence of two components (Rf O. 74 and 0.63), 

both less polar than cholesterol (Rf 0.50). Chromatography of the 

crude oil on 200 g. of alumina gave, on elution with hexane, 3. 80 g. 

(49 %) of olefin mixture (12), m. p. 56-59°, a] + 4. 9 ° . Elution 

with benzene -ether (8:1) afforded 2.45 g. (31 %) of alcohol (lla) as 

a yellow sticky solid which could not be crystallized satisfactorily. 

Acetylation of (lla) followed by recrystallization from methanol - 

chloroform gave the acetate (11b) as flat needles, m. p. 93-95°, 

a]D+ a]D+ 100 °, [lit. (171) m.p. 91 -93 °, a]D+ 105 °±3 °]. 

The infrared spectrum shows absorption bands at 3030 cm-1, 

1655 cm-1, -1 and 665 cm assigned to the cis- disubstituted double 

bond, as well as normal acetate bands. 

The NMR spectrum shows the two olefinic protons as a crude 

doublet centered at 5. 63 6, the 6Ç3- proton as a broad band centered 

at ca. 4. 75 6, and the acetate methyl at 2. 02 6. The other methyl 

groups appear at 41 c. p. s. (18 -Me), 50 and 56 c. p. s. (26- and 27- 

Me), and the 19- methyl group also appears at 50 c. p. s. 

Cholestane- 6a -o1-6- acetate (13b). Under a slight pressure 

of hydrogen, 1.00 g. (0. 0023 mole) of 2- cholestene -6a -o1 -6- acetate 
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(lib) and 0. 100 g. of platinum oxide in 25 ml. of ethyl acetate was 

stirred vigorously for 6 hours. Filtration and evaporation of the 

solvent in vacuo led to 0. 960 g. of white solid which was recrystal- 

lized from methanol to afford pure cholestane -6a -ol -6- acetate (13b), 

m.p. 90.5 -92 °, a] D+ 68° [lit. (182) m.p. 95 °, a] D+ 69.5 °] . 

Saponification of (13b) in methanolic potassium hydroxide 

gave, after normal work -up and recrystallization from methanol, 

cholestane -6a -ol (13a) as small crystals, m.p. 127-129°, + a ] 

39° [lit. (182) m.p. 128 -129 °, a] D+ 35 °] . 

Cholestane -6 -one (14). To a solution of 0.350 g. (0.00091 

mole) of cholestane -6a -ol (13a) in 35 ml. of acetone (distilled from 

potassium permanganate) was added 0.35 ml. of Jones reagent. 

After stirring at 0° for 10 minutes, methanol was added, the mix- 

ture poured into cold water, and the green solution extracted several 

times with ether. The combined ether extracts were washed with 

5% sodium bicarbonate solution and with saturated salt solution, 

dried over anhydrous sodium sulfate, filtered, and evaporated in 

vacuo to give 0.338 g. of crude product. Recrystallization from 

methanol afforded the pure ketone (14) as shiny white plates in a 72% 

yield, m.p. 98.5- 99.5 °, + 3. 1 ° [lit. (93) m.p. 101 -102 °, a] + 

2.20] . 

2-Cholestene-6-one (15). To a solution of 0. 70 g. (0.0018 

mole) of crude 3- cholestene -6a -ol (lla) in 70 ml. of acetone 



118 

(distilled from potassium permanganate), was added O. 75 ml. of 

Jones reagent. After stirring at 0° for 10 minutes, methanol was 

added, the mixture was poured into cold water, and extracted sev- 

eral times with ether. The combined ether layers were washed with 

5% sodium bicarbonate solution and saturated salt solution, dried 

over anhydrous sodium sulfate, filtered, and evaporated in vacuo 

to give 0. 612 g. of crude ketone. Recrystallization from methanol - 

chloroform afforded the pure ene -one (15) as shiny needles, m. p. 

102 -103 °, a] D+ 18 °, [lit. (14) m.p. 104- 105 °, a ] + 27 °] . 

The ultraviolet spectrum shows only end absorption, and the 

compound did not undergo isomerization to an a , (3- unsaturated 

ketone when heated under reflux in alcoholic potassium hydroxide. 

The infrared spectrum exhibits bands at 3030 cm -1 and 665 

cm -1 assigned to the cis -disubstituted double bond and at 1710 cm -1 

due to the carbonyl group. 

The NMR spectrum shows the two olefinic protons as a multi- 

plet centered at 5. 60 6, and the methyl groups at 50 and 56 c. p. s. 

(26- and 27 -Me) and at 42 c. p. s. (both 18- and 19 -Me). 

2- Cholestene (16). A mixture of 1.00 g. (0.0026 mole) of 

3- cholestene -6 -one (15), 25 ml. of ethylene glycol, 2.0 g. of potas- 

sium hydroxide, and 1.0 ml. of 99% hydrazine hydrate was heated 

under reflux for 2 hours. Water was allowed to distill out of the 

reaction mixture and after 4 additional hours of heating under reflux 
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the brown solution was cooled, poured into cold water, and extracted 

several times with ether. The combined ether layers were washed 

successively with 5% hydrochloric acid solution, 5% sodium bicarbon- 

ate solution and saturated salt solution. After drying over anhydrous 

sodium sulfate the solution was filtered and evaporated in vacuo to 

afford 0. 914 g. of brown residue. Chromatography of the material 

on 25 g. of alumina gave, on elution with hexane, 0. 710 g. (75%) of 

crystalline 2- cholestene (16). Recrystallization from acetone afforded 

long needles, m. p. 71-72°, whose infrared and NMR spectra are 

identical with those of authentic 2- cholestene [ lit. (185) m. p. 74- 

75 °] 

Cholestane (u). A solution of 0. 200 g. (0. 00052 mole) of 

2- cholestene -6 -one (15) in 2. 0 ml. of ethanedithiol was treated with 

2. 0 ml. of boron trifluoride etherate. The mixture was warmed on 

a steam bath for 3 hours and upon cooling the thioketal separated as 

an oil. After standing in the refrigerator overnight the oil solidified 

and was removed by filtration. The crude material was dissolved 

in methylene chloride, washed with dilute hydrochloric acid and 

dilute sodium bicarbonate, dried over anhydrous sodium sulfate, 

filtered, and evaporated in vacuo to afford 0. 278 g. of crude thioketal 

(17) as a red oil. Desulfurization was carried out by heating a solu- 

tion of the thioketal in 100 ml. of 95% ethanol containing a large 

excess of Raney nickel under reflux for 18 hours. Filtration and 

. 
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evaporation of the solvent in vacuo afforded 0. 161 g. of crude chol- 

estane (18). Recrystallization from acetone gave 0. 093 g. (48 %) of 

product as small plates, m. p. 75 -76.5° [ lit. (132) m. p. 77-790] . 

The infrared specturm is identical with that of authentic cholestane. 

Identification of Olefin Mixture (12). The olefin mixture (12) 

(0. 667 g. ) was chromatographed on 34 g. of Silica Gel G (Brinkmann) 

which had been impregnated with 6,0 g. of silver nitrate. Elution 

with hexane and with 14 :1 hexane -benzene (fractions 8 through 15) 

afforded 0.457 g. of 4- and 5- cholestenes (20 and 21) as a crystal- 

line material, m. p. 62-64°, a ] + 3.8° . Silver nitrate thin layer 

chromatography (hexane- benzene 93 :7) showed only one spot which 

had an Rf (0. 82) which was identical with that of a synthetic mixture 

of 4- and 5- cholestene. An infrared spectrum of a synthetic mixture 

of 45% 4- cholestene and 55% 5- cholestene (percent composition de- 

termined by optical rotation values) is identical with that of the ole- 

fin mixture obtained from the column. 

Further elution with 14:1 and 9:1 hexane -benzene (fractions 

16 through 24) afforded 0.164 g. of the more polar olefin (19), m. p. 

68-70° . Silver nitrate thin layer chromatography indicated that the 

compound was contaminated with a small amount of the less polar 

olefins, however, a final chromatography on silver nitrate impreg- 

nated Silica Gel G furnished pure 3- cholestene (19), whose infrared 

spectrum is identical with that of authentic 3- cholestene. 
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Hydroboration and Pyrolysis of 3- Cholestene (12). A solution 

of 0.15 g. (0.004 mole) of sodium borohydride in 15 ml. of diglyme 

was slowly added to 1.5 ml. (0.012 mole) of boron trifluoride ether - 

ate. The diborane produced was passed into a solution of 0.370 g. 

(O. 0010 mole) of 3- cholestene in 15 ml. of dry triglyme and the mix- 

ture was allowed to stir at room temperature for 4 hours. After 

heating under reflux for 12 hours, the dark solution was treated with 

1.0 ml. of 5% sodium hydroxide solution and 1.0 ml. of 30% hydrogen 

peroxide solution and allowed to stir overnight. The mixture was 

diluted with water and extracted several times with ether. The com- 

bined ether extracts, after being washed repeatedly with water to 

remove the triglyme, were dried over anhydrous sodium sulfate, 

filtered, and evaporated in vacuo to produce 0.373 g. of brown oil. 

Silver nitrate impregnated silica gel thin layer chromatography 

(hexane- benzene 19:1) revealed the presence of a disubstituted ole- 

fin which had the same Rf (O. 70) as authentic 3- cholestene, and a 

smaller amount of trisubstituted olefin which had the same Rf (O. 84) 

as either 4- or 5- cholestene. The major component of the crude 

product, which was assumed to be a mixture of alcohols, did not 

move under the solvent system employed. 

2- Cholestene (j). A solution of 0.68 g. (0. 018 mole) of sodi- 

um borohydride in 40 ml. of dry diglyme was slowly added to 4. 0 

ml. (0. 032 mole) of boron trifluoride etherate, and the diborane 
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produced was passed into a stirred solution of 1.0 g. (O. 0023 mole) 

of cholestanone enol acetate (22) in 25 ml. of dry diglyme. The 

organoborane soon precipitated from solution. After 7 hours at 

room temperature, 10 ml. of acetic anhydride was added, the dibor- 

ane inlet tube removed, and the solution heated under reflux for 3 

hours. The dark mixture was cooled, poured into cold water, and 

extracted several times with ether. The combined ether extracts 

were washed repeatedly with cold water to remove the diglyme, 

dried over anhydrous sodium sulfate, filtered, and evaporated in 

vacuo to provide 1.05 g. of a brown viscous oil. The hexane sol- 

uble portion of the residue was chromatographed on 25 g. of alumina 

and gave, on elution with hexane, 0. 283 g. (33 %) of crystalline mater- 

ial. Recrystallization from acetone afforded long needles, m. p. 71- 

72° [lit. (185) m. p. 74-75'1 

3- Cholestene (u). A solution of 1. 10 g. (0.029 mole) of sod- 

ium borohydride in 50 ml. of dry diglyme was slowly added to 4. 9 

ml. (0.039 mole) of borontrifluoride etherate. The diborane pro- 

duced was passed into a stirred solution of 3. 0 g. (0. 0078 mole) of 

4- cholestene -3 -one in 75 ml. of dry diglyme and the organoborane 

soon formed as a white precipitate. After 2 hours at room temper- 

ature, 30 ml. of acetic anhydride was added, the diborane inlet tube 

removed, and the solution heated under reflux (145 °) for 3 hours. 

The dark mixture, after being cooled and poured into cold water, 

. 
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was extracted several times with ether. The combined ether layers 

were washed repeatedly with cold water to remove the diglyme, 

dried over anhydrous sodium sulfate, filtered, and evaporated in 

vacuo to afford 2. 86 g. of brown viscous oil. Chromatography on 

80 g. of alumina provided, upon elution with hexane, 0. 960 g. (33 %) 

of colorless oil which crystallized upon standing. Recrystallization 

from acetone gave the product (19) as needles, m. p. 70-71.5° [ lit. 

(69) m.p. 73 -74 °] . 

4- Cholestene (20. A solution of 2. 60 g. (0.0068 mole) of 4- 

cholestene-3 -one in 50 ml. of dry ether was added to a slurry of 

2.50 g. (0.066 mole) of lithium aluminum hydride in 75 ml. of dry 

ether. The mixture was heated under reflux for 20 minutes and then . . 

cooled while a solution of 2.80 g. (0. 021 mole) of aluminum chloride 

in 50 ml. of dry ether was slowly added. After heating under reflux 

for 30 minutes the excess reducing agent was decomposed by the 

slow addition of methanol. The mixture was poured into dilute 

hydrochloric acid and extracted several times with ether. The 

combined ether extracts were washed with 5% sodium bicarbonate 

solution until neutral and then with saturated salt solution. After 

drying over anhydrous sodium s ulfate, the solution was filtered and 

evaporated in vacuo to yield 2.41 g. of white solid. The infrared 

spectrum shows typical alcohol bands. Chromatography on 70 g. 

of alumina gave, with hexane, 0. 698 g. of an oily olefin mixture, 
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while elution with benzene -ether (4 :1) furnis hed 1.69 g. (65 %) of 

white solid. Recrystallization of the solid material from methanol 

afforded white needles, m. p. 130-131.5°, which was identified by 

melting point and comparative infrared spectrum as (24) 4- choles- 

tene -3p -ol [ lit. (136) m. p. 131 -132 °] . 

A silver nitrate impregnated thin layer chromatography (hex- 

ane- benzene 93:7) of the hexane fraction indicated the presence of 

two components, the more polar of which had the same Rf value 

as 3- cholestene. Chromatography of the mixture (0.565 g.) on 30 g. 

of Brinkmann Silica Gel G which had been impregnated with 6. 0 g. 

of silver nitrate gave, upon elution with hexane, 0. 345 g. (14 %) of 

4- cholestene (20) as a crystalline solid. Recrystallization from 

acetone yielded flat needles, m. p. 82-83° [ lit. (19) m. p. 80 -81 ° ] . 

Further elution with hexane -benzene (9:1) afforded 0. 203 g. 

of a mixture of 3- cholestene and 4- cholestene which were not sepa- 

rated. 

Cholesteryl Chloride (25). To 5. 0 g. (0.013 mole) of choles- 

terol in an ice cooled flask was added 10.0 ml. (0. 225 mole) of 

thionyl chloride. The flask was warmed and then heated under re- 

flux conditions for 1 hour. After cooling, the excess thionyl chlor- 

ide was decompos ed with ice, the mixture was poured into water, 

and extracted several times with ether. The combined ether ex- 

tracts were washed with 5% sodium bicarbonate solution and 
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saturated salt solution, dried over anhydrous sodium sulfate, fil- 

tered, and evaporated in vacuo to yield 5. 24 g. of crude yellow solid. 

Recrystallization from acetone afforded 4.35 g. (83 %) of the product 

as light yellow plates, m.p. 95 -9)6° [ lit. (84) m.p. 96 °] . 

5- Cholestene (21). To a vigorously stirred solution of 1.0 g. 

of sodium in 100 ml. of liquid ammonia was added a solution of 2. 25 

g. (0.0056 mole) of cholesteryl chloride (25) in 50 ml. of dry ether. 

After 10 minutes, ethanol was added until the blue color was dis- 

pelled. The ammonia was allowed to evaporate overnight and the 

residue was dissolved in ether, washed with 5% hydrochloric acid 

solution and saturated salt solution, dried over anhydrous sodium 

sulfate, filtered, and evaporated to give 1.90 g. of white solid. 

Recrystallization from acetone afforded 1. 75 g. (85 %) of 5- cholestene 

(21) as white needles, m.p. 92 -93 °[ lit. (112) m.p. 92-93'1 . 

Pyrolysis of Cholestanyl Borate 27). Cholestanol (1.00 g., 

0. 00268 mole) and 0. 180 g. (0. 0026 mole) of boric acid were heated 

under reflux in 50 ml. of benzene for 48 hours. The azeotrope which 

formed was removed with a Dean Stark trap. The benzene was re- 

moved in vacuo and the white residue was dried at 0. 1 mm. for 

several hours. Tetraglyme (15 ml.) was added and the mixture was 

heated under reflux for 40 hours, after which time the dark solution 

was cooled, poured into water, and extracted several times with 

ether. The combined ether extracts were washed repeatedly with 
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cold water to remove the tetraglyme, dried over anhydrous sodium 

sulfate, filtered, and evaporated in vacuo to provide 1.12 g. of vis- 

cous dark oil. Chromatography on 30 g. of alumina gave, upon elu- 

tion with hexane, 0.499 g. (52%) of colorless oil which crystallized 

upon standing. Two recrystallizations from acetone afforded needle - 

like material, m. p. 64-66°, which was probably a mixture of l- 

and 3- cholestenes. Silver nitrate impregnated thin layer chromatog- 

raphy (hexane- benzene 93 :7) showed only one spot which had the 

same Rf as both 2- and 3- cholestene. The exact composition of 

the mixture was not determined. 

Pyrolysis of Cholesteryl Borate (28). Cholesterol (1.00 g., 

0. 0026 mole) and 0. 180 g. (0. 0026 mole) of boric acid were heated 

under reflux in 50 ml. of benzene for 14 hours. The water was con- 

tinuously removed as an azeotrope with a Dean Stark trap. After 

cooling, the benzene was removed in vacuo to furnish the borate 

ester as a white glassy solid, m. p. 230 -250° (dec. ). Dry triglyme 

(25 ml.) was added and the solution was heated under reflux for 10 

hours. Upon cooling, the yellow solution was poured into ca. 500 

ml. of cold water and extracted several times with ether. The com- 

bined ether layers were washed repeatedly with cold water to remove 

the triglyme, dried over anhydrous sodium sulfate, filtered, and 

evaporated in vacuo to afford 1.05 g. of yellow solid. Chromatog- 

raphy on 30 g. of alumina gave no non -polar material, but furnished 
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0. 967 g. of white solid upon elution with ether. Recrystallization 

from methanol afforded needles, m. p. 148-149°, which were iden- 

tified as cholesterol by melting point and infrared spectrum compar- 

ison. 

Pyrolysis of Testosterone Borate (21). A mixture of 3. 03 g. 

(0. 0105 mole) of testosterone and 0. 648 g. (0. 0105 mole) of boric 

acid were heated under reflux in 75 ml. of benzene. The azeotrope 

which formed was removed with a Dean Stark trap. After 72 hours, 

the solvent was removed in vacuo and the white residue dried at 0. 1 

mm. overnight. Dry tetraglyme (40 ml.) was added and the mixture 

heated to 240° for 40 hours. After cooling, the red solution was 

poured into water and extracted several times with ether. The com- 

bined ether layers were washed repeatedly with water to remove the 

tetraglyme, dried over anhydrous sodium sulfate, filtered, and 

evaporated in vacuo to provide a red foam. The crude product was 

chromatographed on alumina to afford, upon elution with hexane - 

benzene (4:1 and 2:1 0. 255 
3, 5 

( ), g. (9 %) of Q -androstadiene -17 -one as 

the only crystalline material isolated. Recrystallization from meth- 

anol gave pure (30) as needles, m. p. 86-88° [ lit. m. p. 88-89° ] . 

The ultraviolet spectrum is almost superimposable with Q3, 5- 

cholestadiene, having X max 235 mµ and a shoulder at 242 mµ. 

The infrared spectrum exhibits major absorption bands at 

1740 cm -1 (cyclopentanone) and at 3030 cm -1 and at 1645 cm -1, 
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characteristic of carbon -carbon double bonds. 

The NMR spectrum shows several bands from 5.3 5 to 5. 9 6 

which are identical with the olefinic bands in 2' 5- cholestadiene. 

The methyl groups appear at 52 c, p. s. (18 -Me) and 58 c. p. s. (19 Me). 

The oxime derivative, after recrystallization from methanol, 

was a white powder, m. p. 163-167° [ lit. m. p. 164-1701 . 

6- Nitrocholesteryl Acetate (45). To a suspension of 30. 0 g. 

(O. 070 mole) of cholesteryl acetate (44) in 300 ml, of concentrated 

nitric acid was added 17.0 g. (0.25 mole) of sodium nitrite over a 

two hour period. The mixture was stirred rapidly with a mechanical 

stirrer for two hours, then poured into ca. 500 ml. of ice and water. 

After extracting with ether several times, the combined ether ex- 

tracts were washed with 10% sodium hydroxide solution until neutral, 

dried over anhydrous sodium sulfate, filtered, and evaporated in 

vacuo to yield a thick yellow oil. Upon trituration with methanol, 

a solid was obtained which was recrystallized from methanol to 

afford 10.30 g. (31 %) of 6- nitrocholesteryl acetate (45) as light yel- 

low needles, m. p. 97-100° [ lit. (4) m. m.p. 103-1041 . 

Cholestane- 313-ol -6- one -3- acetate (1.6.). In a 500 ml. 3- necked 

flask, 11.55 g. (0. 0244 mole) of 6- nitrocholesteryl acetate (45) was 

dissolved in 200 ml. of glacial acetic acid and 20 ml. of water was 

added, causing the steroid to precipitate as a fine suspension. Over 

a period of 2 hours, 25 g. (0.38 mole) of zinc dust was added. After 



129 

an initial exothermic reaction, the mixture was heated under reflux 

for 3 hours. The flask was allowed to cool, the residue filtered and 

washed with acetic acid, and the filtrate poured into ca. 500 ml. of 

cold water. The solution was extracted with ether several times and 

the combined ether extracts were washed with 5% sodium hydroxide 

solution and then with 5% sodium bicarbonate solution until neutral. 

The etherial solution was dried over anhydrous sodium sulfate, 

filtered, and evaporated in vacuo to yield 10.37 g. of crude white 

product. Recrystallization from methanol afforded 7. 12 g. (65 %) of 

the ketone (46) as shiny needles, m. p. 125.5-127° [ lit. (90) m. p. 

127 -128 °] . 

6a -Methylcholestane -3p-, 6p -diol (42). A methyl Grignard 

reagent was prepared by slowly adding 25 g. (11.0 ml. , 0.176 mole) 

of iodomethane in 50 ml. of dry ether to 4. 2 g. (0.173 mole) of mag.- 

nesium shavings in 150 ml. of dry ether. After the initial exothermic 

reaction was completed, the solution was heated under reflux for 1 

hour. A solution of 7.0 g. (O. 0157 mole) of cholestane-3ß-o1-6-one- 

3- acetate (46) was added and the resulting mixture was heated under 

reflux for 2 hours. Approximately 300 ml. of the ether was distilled 

from the mixture, 200 ml. of dry benzene was added, and distilla- 

tion was continued until the ether was removed. After an additional 

5 hours of heating under reflux, the solution was cooled, poured into 

ice and dilute hydrochloric acid, and extracted several times with 
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ether. The combined ether extracts were washed with 5% sodium 

bicarbonate solution and saturated salt solution, dried over anhydrous 

sodium sulfate, filtered, and evaporated in vacuo to yield a yellow 

solid. Recrystallization from methanol afforded 5. 84 g. (88 %) of 

the diol (47) as white shiny plates, m.p. 192-194° [ lit. (92) m.p. 

193 -194 °] . 

Acetylation of 5. 6 g. (0. 013 mole) of the diol (47) in 30 ml. of 

dry pyridine and 10 ml. of acetic anhydride gave, after work -up and 

recrystallization from methanol -chloroform, 5. 82 g. (95 %) of the 

monoacetate, m. p. 164 -165 ° [lit. (92) m: p. 166 ° ] . 

6- Methylcholesteryl Acetate (48). A solution of 4. 78 g. 

(0. 0104 mole) of 6a -methylcholestane- 43-6ß- diol -3- acetate (47) in 

100 ml. of dry pyridine was cooled in an acetone -ice bath to -10°. 

Thionyl chloride (25 ml.) was slowly added, causing the solution 

to turn deep yellow and terminally red. After stirring for 1 hour 

the excess thionyl chloride was decomposed by slowly adding ice 

while cooling and stirring, after which time the mixture was poured 

into cold water and extracted several times with ether. The corn - 

bined ether layers were washed with 5% hydrochloric acid solution 

until the aqueous layer remained acid to litmus, followed by washing 

with 5% sodium bicarbonate solution and finally with saturated salt 

solution. After drying over anhydrous sodium sulfate, the brown 

solution was filtered and evaporated in vacuo to give a brown solid. 



131 

Recrystallization from methanol afforded 3.32 g. (72 %) of product 

(48) as light yellow needles, m. p. 112 -114 ° [ lit. (92) m. p. 114.5- 

115.5 °] . 

6p- Methylcholestane -33, 6a- diol- 3-acetate (5 lb ). Under an 

atmosphere of nitrogen, O. 96 g. (O. 025 mole) of sodium borohydride 

in 50 ml. of dry diglyme was added dropwise to 4. 3 ml. (O. 034 mole) 

of boron trifluoride etherate. The diborane produced was passed 

into a solution of 3. 0 g. (O. 0068 mole) of 6- methylcholesterol 

acetate (48) in 150 ml. of dry diglyme. After stirring at room tern - 

perature for 2 hours, the excess diborane was destroyed by the addi- 

tion of methanol. The organoborane was oxidized by adding 3. 0 ml. 

of 5% sodium hydroxide followed by 3. 0 ml. of 30% hydrogen perox- 

ide. After stirring for 3 hours at room temperature the mixture 

was poured into 1 1. of cold water and extracted several times with 

ether. The combined ether layers were washed repeatedly with cold 

water to remove the diglyme, dried over anhydrous sodium sulfate, 

filtered, and evaporated in vacuo to afford 2. 71 g. of light yellow sol- 

id. Due to partial reduction of C3- acetate, the crude mixture was 

acetylated and worked -up in the normal manner to give 2. 78 g. of 

sticky yellow foam, m. p. 46 -65 ° . Thin layer chromatography 

(benzene -ethyl acetate 1:1) indicated the presence of one major com- 

ponent (Rf 0. 65) and two minor less polar components: (Rf 0. 85 and 

0. 89). Chromatography on 80 g. of alumina gave, with benzene -ether 
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gave one spot (Rf 0. 62) on thin layer chromatography. 
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The material 

was soluble in all organic solvents, but recrystallization from 

aqueous methanol provided white needles, m. p. 58-70°, a] D + 15°. 

The melting point could not be raised by further recrystallizations. 

The infrared spectrum shows alcohol bands at 3600 cm -1 

and 3500 cm -1 as well as normal acetate absorptions at 1725 cm -1, 

1235 cm -1 and 1025 cm -1. 

The NMR spectrum shows the 3a - proton as a multiplet cen- 

tered at 4. 64 6, the acetate methyl at 1.98 5, and the other methyl 

groups at 41 c. p. s. (18 -Me), 53 c. p. s. (6ß -Me), 50 and 56 c. p. s. (26- 

and 27 -Me), and 61 c. p. s. (19 -Me). 

Saponification of the hydroxy -acetate (51b) gave the diol (51a) 

as small needles (from methanol), m. p. 162-164°, a] + 24°. 

Anal. Calc. for C28 H56 02 C, 80.32; H, 12.04 

Found C, 80.13; H, 11.97 

The NMR spectrum shows the 3a proton as a broad band cen- 

tered at 3.56 6 with the methyl groups appearing at 40.5 c. p. s. (18- 

Me), 52 c. p. s. (6ß -Me), 49 and 55 c. p. s. (26- and 27 -Me), and 66 

c. p. s. (19 -Me). 

Forced Acetylation of 6p- Methylcholestane -3 3, 6a -diol -3- 

acetate (51b). A solution of 0.200 g. (0. 00044 mole) of 6p -methyl- 

cholestane -3(3, 6a -diol -3- acetate (51b), 0. 200 g. of p- toluenesulfonic 
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acid, 2. 0 ml. of acetic anhydride, and 10 ml. of glacial acetic acid 

was stirred for 6 hours at room temperature. The mixture was 

poured into cold water and extracted several times with ether. The 

combined ether layers were washed with 5% sodium bicarbonate solu- 

tion until neutral and then with saturated salt solution. After drying 

over anhydrous sodium sulfate the solution was filtered and evapo- 

rated in vacuo to afford 0. 153 g. (80 %) of product as a yellow solid. 

One recrystallization from methanol - chloroform gave white needles, 

m. p. 110-112°, which was shown by comparative infrared spectrum 

to be 6- methylcholesteryl acetate (48). 

6- Methylenecholestane- 313 -o1 -3- acetate (59b) . To 0. 252 g. 

(0. 00055 mole) of 6ß- methylcholestane -3(3, 6a -diol -3- acetate (51b) 

in 20 ml. of dry pyridine was added 4. 0 ml. of phosphorous oxy- 

chloride. The solution was stirred at room temperature for 24 

hours, after which time the excess phosphorous oxychloride was de- 

compos ed by slowly adding water while cooling the flask in an ice 

bath. After pouring the reaction mixture into water and extracting 

several times with ether, the combined ether layers were washed 

with 5% sodium bicarbonate solution until neutral and then with 

saturated salt solution. The solution was dried over anhydrous 

sodium sulfate, filtered, and evaporated in vacuo to afford a white 

solid. Sublimation at 110° and 0.1 mm. led to 0.172 g. (71 %) of 

product which was recrystallized from methanol to give needles, 
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m.p. 121 -122 °, a] -6.8° [lit. (152) m.p. 128 °,a] -6 °] . 

The infrared spectrum shows, in addition to normal acetate 

absorption bands, olefinic bands assigned to the exo- methylene 

group at 3100 cm -1, 1645 cm 1, and 886 cm -1 (strong). 

The NMR spectrum shows the two olefinic protons at 4. 65 6 

and 4.40 6, the 3a - proton as a broad band centered at 4. 55 b, and 

the acetate methyl at 1.95 6. The other methyl groups appear at 

49.5 and 55 c. p. s. (26- and 27 -Me), 42 c. p. s. (19 -Me), and 39 c. p. s. 

(18 -Me). 

Saponification of (59b) in methanolic potassium hydroxide gave, 

after normal work -up and recrystallization from methanol, pure 

6- methylenecholestane -3p -ol (59a) as shiny white plates, m.p. 119- 

120°, a] + 14 ° , [ lit. (149)m. p. 110 -113 ° ] . 

The NMR spectrum shows the two olefinic protons at 4. 72 6 

and 4.47 5, the 3a - proton as a broad band centered at 3. 64 6, and 

the methyl groups at 55 and 49.5 c. p. s. (26- and 27 -Me), 41.5 

c. p. s. (19 -Me), and 39 c. p. s. (18 -Me). 

6a -Hydroxymethylcholestane -3ß -ol (60 - from 48). In a 3- 

necked flask equipped with a nitrogen inlet, dropping funnel, and 

condenser, : 2. 0 g. (0. 0045 mole) of 6- methylcholesteryl acetate (48) 

was dissolved in 100 ml. of dry tetrahydrofuran. A 0. 7M solution of 

diborane in tetrahydrofuran (32 ml., 0.022 mole) was introduced 

into the dropping funnel through a rubber septum and added to the 
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steroid solution over a 25 min. period. After stirring for 12 hours 

at room temperature the mixture was heated under reflux for 12 

additional hours and then cooled. Methanol was slowly added to 

destroy excess hydride and the organoborane was oxidized by the 

addition of 2.0 ml. of 5% sodium hydroxide followed by 2. 0 ml. of 

30% hydrogen peroxide. After stirring for 1 hour, the tetrahydro- 

furan was partially removed in vacuo and the residue taken up in 

ether. The ether solution was washed with 5% hydrochloric acid 

solution, 5% sodium bicarbonate solution, and saturated salt solu- 

tion. After drying over anhydrous sodium sulfate, the light yellow 

solution was filtered and evaporated in vacuo to afford 1.91 g. of 

crude product. Thin layer chromatography (benzene -ethyl acetate 

1:1) indicated the presence of three components, the major one being 

very polar (Rf 0. 07). Chromatography of the crude material on 50 g. 

of alumina deactivated with 10% water gave, on elution with benzene- 

ether (2:1), 0. 78 g. (41 %) of white solid. Recrystallization from 

methylene chloride afforded the diol (60) as shiny white plates, m. p. 

224 -225 °, a] + 2. 1 ° 

Anal. Calc. for C28H50O2 C, 80.32; H, 12.04 

Found: C, 80. 12 H, 12.16 

The NMR spectrum is very dilute due to the insolubility of 

the compound in chloroform -d. The 3a -proton and the two protons 

on the 6a -methylene group are visible as a broad band centered at 
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ca. 3 . 6 6 and the methyl groups appear at 40.5 c. p. s. (18 -Me), 

49 and 55 c. p. s. (26- and 27 -Me), and 46 c. p. s. (19 -Me). 

6a- Hydroxymethylcholestane -3p -ol (60 - from 59b). A solution 

of 0.500 g. (0.0011 mole) of 6- methylenecholestane- 3(3 -o1 -3- acetate 

(59b) in 20 ml. of dry tetrahydrofuran was cooled in an ice bath. A 

1 M solution of diborane in tetrahydrofuran (2. 8 ml. , 0. 0028 mole) 

was added dropwise to the steroid mixture. After stirring at ice bath 

temperature for 10 hours, methanol was slowly added to destroy the 

excess diborane. The organoborane was oxidized by the addition of 

1.0 ml. of 5% sodium hydroxide followed by 1.0 ml. of 30% hydrogen 

peroxide and the mixture allowed to stir at room temperature for 2 

hours. The tetrahydrofuran was removed in vacuo and the residue 

dissolved in ether. The ether solution was washed successively with 

5% hydrochloric acid solution, 5% sodium bicarbonate solution, and 

saturated salt solution, dried over anhydrous sodium sulfate, fil- 

tered, and evaporated in vacuo to yield 0.51 g. of a partially crystal- 

line solid. The material was saponified as usual to afford 0.357 g. of 

crude diol. Thin layer chromatography (benzene -ethyl acetate 1 :2) 

indicated the presence of two components, the major one having a Rf 

value (0. 073) identical to that of 6 a- hydroxymethylcholestane- 3 -ß -o1 

(60) prepared from 6- methylcholesteryl acetate (48). Chromatog- 

raphy of the crude material on 12 g. of alumina deactivated with 8% 

water gave, on elution with ether, 0. 23 g. (50 %) of white solid. Re- 

crystallization from methylene chloride afforded the pure diol (60) 
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as white plates, m.p. 224-226°, a ] 
D 

+ 1.3°. 

The infrared and NMR spectra are identical with those obtained 

for the compound prepared by the alternate route (from 48). 

5a -Pregnane- 3(3- o1 -20- one -3- acetate (65). In a Parr hydrog- 

enation apparatus, 50 g. (0.139 mole) of pregnenolone acetate (64) 

in 280 ml. of glacial acetic acid was shaken with 1 g. of platinum 

oxide under a pressure of 48 p.s.i.g. After hydrogen uptake had 

ceased, the catalyst was removed by filtration and the filtrate was 

stirred for 24 hours with 56.5 ml. of chromium trioxide solution 

(0.165 g. of chromium trioxide per ml. of acetic acid). Methanol 

was added to destroy the residual oxidizing agent and the mixture 

was poured into cold water. After extracting several times with 

ether, the combined ether layers were washed with sodium bicarbon- 

ate solution until the aqueous layer remained basic to litmus and then 

with saturated salt solution, dried over anhydrous sodium sulfate, 

filtered, and evaporated in vacuo to give 55.7 g. of crude product. 

Two recrystallizations from methanol afforded 40.9 g. (82%) of the 

saturated product (65) as white plates, m. p. 143.5-145° [ lit. (65) 

m.p. 144.5 °] 

A20 -Pregnene -3ß, 20 -diol diacetate (68). A solution of 

18.0 g. (0. 050 mole) of 5a -pregnane- 3ß -o1 -20 -one -3- acetate (65) 

in 100 ml. of isopropenyl acetate containing 0. 1 ml. of concentrated 

sulfuric acid was heated under reflux for 5 hours. An additional 5. 0 
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ml. of isopropenyl acetate containing 0.1 ml. of concentrated sulfur- 

ic acid was added and 70 ml. of the solution was removed by distil- 

lation. The brown mixture was cooled, poured into cold water, and 

extracted several times with ether. The combined ether layers were 

washed with 5% sodium bicarbonate solution and with pure water, 

dried over anhydrous sodium sulfate, filtered, and evaporated in 

vacuo to afford a dark syrup. The crude oil was dis solved in hexane 

and passed through 120 g. of silica gel to obtain 12.32 g. of red oil. 

Crystallization from methanol gave 11.1 g. (55 %) of the enol ace- 

tate (68) as small plates, m. p. 86.5-88-5° [ lit. (186) m. p. 88-891 ] 

The NMR spectrum shows the two terminal olefinic protons 

as a broad singlet at 4. 72 6 and the 3a - proton as a broad band cen- 

tered at 4.58 5. The two acetate methyls are located at 2. 03 6 (20- 

acetate) and 1.93 6 (3- a.cetate), while the two angular methyl groups 

appear at 37 c. p. s. (18 -Me) and 50 c. p. s. (19 -Me). 

5a - Pregnane -3p, 21 -diol diacetate (73). To 1. 0 g. (0. 0025 

mole) of 
A20 -5a -pregnene -3p, 20 -diol diacetate (68) in 25 ml. of dry 

tetrahydrofuran was added 5. 0 ml. of a 1 M solution of diborane in 

tetrahydrofuran over a 5 minute period. After stirring for 9 hours 

at room temperature, methanol was added to destroy excess hydride. 

Oxidation of the organoborane was carried out by adding 1.0 ml. of 

5% sodium hydroxide solution followed by 1.0 ml. of 30% hydrogen 

peroxide and stirring the mixture at room temperature for 4 hours. 

. 
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The mixture was poured into water and extracted several times 

with ether, and the combined ether extracts then washed with 5% 

hydrochloric acid, 5% sodium bicarbonate, and saturated salt solu- 

tion. After drying over anhydrous sodium sulfate, the solution was 

filtered and evaporated in vacuo to give 0. 89 g. of white solid. Acet- 

ylation of the material in 5. 0 ml. of pyridine and 1.5 ml. of acetic 

anhydride gave, after normal work -up procedure, 0. 94 g. of light 

yellow solid. Two recrystallizations from aqueous methanol afforded 

0.46 g. (46 %) of the diacetate (73) as small white plates, m. p. 133- 

134.5°, a ] D+ 6.7 °, [lit.(164)m.p.135- 135.5 °,a] D+ 2.50] . 

The NMR spectrum shows the 3a- proton as a broad band cen- 

tered at 4.55 5 and the two C -21 protons as a crude triplet at 3. 97 8. 

The two acetate methyls appear at 1.93 5 and 1. 96 5, while the angu- 

lar methyl groups are located at 35.5 c. p. s. (18 -Me) and 50 c. p. s. 

(19 -Me). 

5a - Pregnane -3p, 21- diol -diacetate (73) To a solution of 1. 0 g. 

(0. 0025 mole) of 20 -5a -pregnene -3(3, 20 -diol diacetate (68) in 40 ml. 

of dry diglyme was added 5. 0 ml. of a 1 M solution of diborane in 

tetrahydrofuran. After stirring for 10 hours at room temperature, 

the tetrahydrofuran was removed by distillation and the solution was 

heated under reflux for an additional 10 hours. The brown mixture 

was cooled and treated with 1. 0 ml. of 5% sodium hydroxide and 1. 0 

ml. of 30% hydrogen peroxide. After stirring for 2 hours the mixture 
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was poured into cold water and extracted several times with ether. 

The combined ether extracts were washed repeatedly with cold water 

to remove the diglyme, dried over anhydrous sodium sulfate, filtered, 

and evaporated in vacuo to afford 0. 825 g. of light yellow oil. Acety- 

lation of the material with 5.0 ml. of pyridine and 1.5 ml. of acetic 

anhydride gave, after normal work -up procedure, O. 904 g. of yellow 

solid. Thin layer chromatography (benzene -ethyl acetate 3:1) showed 

the presence of two components, the minor one at Rf 0. 85 and the 

major one at Rf 0. 78. Chromatography on 25 g. of alumina gave 

0. 042 g. of an oil upon elution with hexane -benzene (4 :1), and 0.543 

g. (54% ) of a white solid with benzene. Recrystallization of the 

solid from methanol afforded the diacetate (73) as fine needles, m. p. 

134 -135 ° , whose infrared spectrum is identical with that of the 

diacetate obtained from room temperature hydroboration, oxida- 

tion, and acetylation of A. 20-5a -pregnene -3p, 20-diol diacetate. 

5a -Pregnane- 3p- o1 -20- one -3- acetate Tosylhydrazone (L I). 

A solution of 9. 5 g. (0.051 mole) of p- toluenesulfonylhydrazine in 

200 ml. of methanol was added to 18.0 g. (0. 050 mole) of 5a -preg- 

nane- 3p- o1 -20- one -3- acetate (65) in 300 ml. of methanol. The mix- 

ture was stirred at room temperature for 16 hours, during which 

time the tosylhydrazone separated from solution as a white solid. 

Removal of the methanol in vacuo afforded the crude product which 

was recrystallized from methanol -chloroform to give 22.1 g. (84 %) 
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of pure tosylhydrazone (66), m.p. 199-202° (dec. )[ No m.p. given 

in lit. (66)] . 

trans 7(20) Pregnene- 3ß -o1 -3-acetate (67). To a solution 

of 0. 97 g. (0. 042 mole) of sodium in 200 ml. of dry methanol was 

added 22.1 g. (0.042 mole) of 5a- pregnane- 3p- o1 -20- one -3- acetate 

tosylhydrazone (66). After stirring for 30 minutes the methanol was 

removed in vacuo and the sodium salt was dried at 0. 1 mm. for 12 

hours. Dry diglyme (ca. 200 ml.) was distilled into the sodium salt 

and the resulting mixture was heated. At an oil bath temperature of 

140°, nitrogen evolution began. The bath temperature was increased 

to 165° until all nitrogen evolution had ceased (2 hours). The mix- 

ture was cooled, poured into 1 1. of cold water, made slightly acidic 

with 5% hydrochloric acid solution, and extracted several times with 

ether. The combined ether layers were washed repeatedly with cold 

water to remove the diglyme, dried over anhydrous sodium sulfate, 

filtered, and evaporated in vacuo to give a wax. The crude product 

was acetylated by stirring overnight with 40 ml. of dry pyridine and 

15 ml. of acetic anhydride. Normal acetylation work -up produced 

12.9 g. of white solid which upon thin layer chromatography (benzene - 

ethyl acetate 3 :1) showed two spots, the major component at Rf 0. 78 

and the minor one at Rf 0. 64. Chromatography on 200 g. of alumina 

gave, upon elution with hexane -benzene (2 :1), 7. 65 g. of white solid 

which was recrystallized from methanol - chloroform to afford 7. 28 g. 

-5u 
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(50 %) of the A17(20)-olefin (67) as long needles, m. p. 123-124.5° 

[ lit. (66) m. p. 122-124°] . Further elution with methanol produced 

5. 5 g. of solid material which proved to be starting tosylhydrazone 

(66) by m.p. (187 -192 °) and comparison infrared spectrum. 

The NMR spectrum shows the C -20 olefinic proton as a doublet 

(J = 7 c. p. s. ) at 4. 94 6 and the 3a - proton as a broad band centered 

at 4.57 5. The acetate methyl appears at 1.92 5 while the angular 

methyl groups are visible at 42 c. p. s . (18 -Me) and 50 c. p. s. (19 -Me). 

The 21- methyl group cannot be located in the methylene envelope. 

5a - Pregnane -3p, 20ß- diol(.3). To 2. 0 g. (0. 0058 mole) of 

trans- 7(20) 
3p -ol -3- acetate (67) in 25 ml. of dry 

tetrahydrofuran was added 8. 7 ml. of a 1 M solution of diborane in 

tetrahydrofuran. After stirring for 2 hours under nitrogen at room 

temperature, methanol was slowly added to destroy excess hydride. 

Oxidation of the organoborane was accomplished by treating the mix- 

ture with 3. 0 ml. of 5% sodium hydroxide and 3. 0 ml. of 30% hydro- 

gen peroxide and stirring at room temperature for 2 hours. After 

pouring the mixture into water and extracting several times with 

ether, the combined ether layers were washed successively with 5% 

hydrochloric acid solution, 5% sodium bicarbonate solution, and 

saturated salt solution, dried over anhydrous sodium sulfate, fil- 

tered, and evaporated in vacuo to afford 2. 00 g. of white solid. To 

assure complete reduction of the acetate group the material was 

-5a -pregnene- 
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saponified by heating in methanolic potassium hydroxide. Work -up 

and recrystallization from acetone gave the diol (69) as compact white 

crystals, m. p. 191 -192 ° [ lit. (118)m. p. 194 -195 ° ] . Acetylation of 

0. 80 g. of the diol and recrystallization from methanol provided the 

diacetate as white plates, m. p. 138 -139 ° [ lit. (118)m. p. 141 -142 ° ] . 

A2 -5a- Pregnene- 21 -ol- acetate (1,). To 4.5 ml. (0.035 mole) 

of boron trifluoride etherate was slowly added 0. 72 g. (0. 019 mole) 

of sodium borohydride in 40 ml. of dry triglyme. The diborane pro- 

duced was passed into 1.0 g. (0. 0025 mole) of A20 -5a - pregnene -3p, 

20 -diol diacetate (68) dissolved in 25 ml. of dry triglyme. The solu- 

tion was stirred at room temperature for 4 hours, during which 

time the organoborane formed as a white solid. The gas inlet was 

removed and the mixture heated under reflux for 6 hours. After 

cooling, the dark solution was stirred for 2 hours with 1.0 ml. of 

5% sodium hydroxide and 1.0 ml. of 30% hydrogen peroxide, then 

poured into cold water and extracted several times with ether. The 

combined ether extracts were washed repeatedly with cold water to 

remove the triglyme, dried over anhydrous sodium sulfate, filtered, 

and evaporated in vacuo to yield 0. 83 g. of a dark solid. Acetylation 

of the crude material with 5 ml. of pyridine and 2 ml. of acetic 

anhydride gave, after normal work -up, 0.88 g. of viscous dark oil. 

Thin layer chromatography (benzene -ethyl acetate 3:1) indicated the 

presence of six minor components and one major component at Rf 
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0. 83. Chromatography of the oil on 30 g. of alumina gave, with 

hexane -benzene (4 :1), 0.33 g. (38%) of the major component as a 

colorless oil which crystallized upon standing. Recrystallization 

from aqueous methanol afforded the product (75) as small plates, 

m. p. 72-73 ° , a ] + 55°. Identical results were obtained with 

trans -617(20) -5a -pregnene -3ß -ol -3-acetate (67). 

The NMR spectrum shows the two olefinic protons as a broad 

singlet at 5. 54 5 and the two C -21 protons as a triplet (J = 7 c. p. s. ) 

at 3.98 5. The acetate methyl is located at 1.95 6, while the two 

angular methyl groups are at 36 c. p. s. (18 -Me) and 45 c. p. s. (19- 

Me). 

2, 3 -Dimethyl -2- butene. Pinacol hexahydrate (200 g.) was 

dissolved in 400 ml. of benzene. The mixture was heated under 

reflux and the azeotrope produced was removed with a Dean Stark 

trap. After removal of all the water the benzene was removed by 

distillation. Upon further heating, the pinacol was distilled to pro- 

duce 70 g. of pure product, b. p. 170-175° . To 70 g. (0.59 mole) 

of pinacol was added 88 g. (0. 059 mole) of triethyl orthoformate 

and the resulting mixture heated to 125 -140° over an 8 hour period, 

during which time 52 ml. of ethanol was removed by distillation. 

Acetic acid (0. 5 ml. was added and the temperature of the mixture 

increased, during which time carbon dioxide was evolved and the 

distillate (80 ml.) was collected. The distillate was washed with 
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water to remove the ethanol, dried over magnesium sulfate, fil- 

tered, and distilled through a short column. After a brief fore -run, 

21 ml. (42 %) of 2, 3- dimethyl -2- butene was collected, b. p. 73 -74° 

[ lit.(78)b. p. 72 -73 °] . 

Preparation of Standard Solution of Thexylborane in Tetrahydro- 

furan (194). Under a nitrogen atmosphere, 4. 0 g. (0.105 mole) of 

sodium borohydride in 100 ml. of dry diglyme was slowly added to 

18 ml. (20.3 g. , 0.143 mole) of boron trifluoride etherate. The 

diborane produced was passed into a stirred solution of 15 ml. (10. 7 

g., 0.127 mole) of 2, 3- dimethyl -2- butene in 75 ml. of dry tetrahydro- 

furan which was cooled in an ice -salt bath. After stirring for 3 

hours, the thexylborane solution was transferred to a dry bottle 

equipped with a rubber septum and stored at 0° . The thexylborane 

concentration (1.28 M) was determined in the same manner as the 

standard diborane solutions, according to the equation: 

ThexBH2 + 2 ROH > 2 H2 + ThexB(OR)2 

5a -Pregnane -3p, 21 -diol diacetate (3.1) from Thexylborane 

Hydroboration. To 2. 01 g. (0. 0050 mole) of 020-5a -pregnene-313, 2 

diol diacetate (68) dissolved in 25 ml. of tetrahydrofuran and cooled 

in an ice bath, was added 25 ml. of ca. 1.28 M thexylborane in tetra- 

hydrofuran. After stirring for 12 hours, the tetrahydrofuran was 

removed in vacuo to afford a colorless oil. Under a nitrogen 
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atmosphere, 50 ml. of dry tetraglyme was added and the mixture 

was heated. At a temperature of 190 the solution began to turn 

yellow and after 15 minutes it was very dark. The solution was 

allowed to remain at 190-195° for 3 hours, then cooled and the 

organoborane oxidized by stirring with 5 ml. of 5% sodium hydrox- 

ide and 5 ml. of 30% hydrogen peroxide for 4 hours. After pouring 

into ca. 800 ml. of water containing a small amount of 5% hydro- 

chloric acid, the mixture was extracted several times with ether. 

The combined ether layers were washed repeatedly with water to 

remove the tetraglyme, dried over anhydrous sodium sulfate, fil- 

tered, and evaporated in vacuo to provide 2.42 g. of dark oil. Acety- 

lation of the crude mixture gave 2.17 g. of brown gum which had 

a banana -like odor. Thin layer chromatography (benzene -ethyl 

acetate 4:1) indicated the presence of two compounds at Rf 0. 62 

(major) and Rf 0. 72 (minor). Chromatography of the crude acetate 

mixture on 60 g. of alumina gave, on elution with hexane -benzene 

(4:1), 0. 204 g. of an oil (minor product) which was not identified. 

Elution with benzene gave the major product as 0. 618 g. (31% ) of 

crystalline material. Recrystallization from methanol gave needles, 

m. p. 132-133°, whose physical properties (melting point, infrared 

spectrum, and NMR spectrum) were identical with those of 5a - 

pregnane -3ß, 21 -diol diacetate (73) prepared by normal hydroboration 

of the enol acetate (68). Further elution with benzene -ether (2:1) 
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furnished 0.548 g. (30%) of yellow solid. Recrystallization from 

hexane -acetone gave long needles, m.p. 152-153°, whose infrared 

spectrum shows alcohol absorption bands at 3650 cm -1 (sharp) and 

3500 cm 
-1 

(broad) in addition to normal acetate bands. Acetylation 

gave the diacetate as small needles, m. p. 132-133° (from methanol), 

which proved to be 5a -pregnane -313, 21 -diol diacetate by comparative 

melting point, infrared spectrum,and thin layer behavior. Since 

the acetate -ol was not present in the thin layer of the crude acetate 

mixture, it is assumed that partial hydrolysis of the primary 21-ace- 

tate occurred during the column chromatography. 

The NMR of the acetate- alcohol shows the 3a -proton as a 

broad band centered at 4. 6 6 while the C -21 protons appear as a 

broad hump (triplet ?) centered at 3.6 6. The acetate methyl is at 

2.01 6 and the angular methyl groups are located at 35 c. p. s. (18- 

Me) and 50 c. p. s. (19 -Me). 

4- Cholesten -3, 6 -dione (c). 4- Cholesten -3, 6 -dione was pre- 

pared by the sodium dichromate oxidation of cholesterol as described 

(94). Starting with 25 g. of cholesterol the maximum yield of pure 

4- cholesten -3, 6 -dione obtained was 8. 5 g. (33 %) as light yellow shiny 

plates, m. p. 123-124 ° [ lit. (94) m. p. 124 -125 ° ] 

Hydroboration and Elimination of 4- Cholesten -3, 6- dione($3). 

Under an atmosphere of nitrogen, a solution of 4.0 g. (0. 196 mole) 

of sodium borohydride in 200 ml. of dry diglyme was slowly added 

. 
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to 30 ml. (33.8 g. , 0.24 mole) of boron trifluoride etherate. The 

diborane produced was passed into a rapidly stirred solution of 12.0 

g. (0. 030 mole) of 4- cholesten -3, 6 -dione in 200 ml. of dry diglyme. 

After a short while the borate -organoborane precipitated from the 

s olution as a fine suspension. The mixture was stirred at room tem- 

perature for 4 hours and then cooled while 75 ml. of acetic anhydride 

was added. The nitrogen inlet tube was replaced by a thermometer 

and the flask was heated by means of an oil bath. The solid material 

dissolved at ca. 110° and the solution began to turn yellow. After 2 

hours of heating under reflux (142°) the dark solution was cooled and 

poured into 1200 ml. of cold water. Three extractions with ether 

afforded a dark organic extract which was washed 5 times with cold 

water and then with 5% sodium hydroxide solution until the aqueous 

wash was basic to litmus. After washing the ether extracts with 

water several additional times the solution was dried over anhydrous 

sodium sulfate, filtered, and evaporated in vacuo to provide 13.00 g. 

of a thick dark oil which still contained a small amount of diglyme. 

Chromatography of the material on 350 g. of alumina gave, with 

hexane -benzene 6:1, 4.97 g. (39% ) of crude 3- cholesten -6- acetate 

(89b) as a colorless oil. Thin layer chromatography (benzene -ethyl 

acetate 4 :1) showed two overlapping spots at Rf 0. 74 and Rf 0. 76, 

corresponding to the isomeric 6a - and 613- acetates. 

The infrared spectrum shows normal acetate absorption bands 



149 

at : 1735 cm -1, 1240 cm -1, and 1025 cm -1, and significant bands 

due to the cis- disubstituted double bond at 3050 cm -1, 1650 cm -1, 

and 680 cm -1. 

The NMR spectrum shows the two olefinic protons as a crude 

doublet at 5. 6 5, two broad bands in the approximate ratio of 1 :2 

centered at ca. 5. 25 6 and 4. 6 6, assigned to the 6a- proton of the 

6p- acetate and the 6ß- proton of the 6a- acetate, respectively, and 

the acetate methyl group at 2. 00 5. The other methyl groups are at 

42 c. p. s. (18 -Me), 50 and 56 c.p.s. (26- and 27 -Me), and 52 c. p. s. 

(19 -Me of 6a -acetate). The 19- methyl group of the 6(3- acetate is 

evidently obscured by the 26- and 27- methyl peak. 

3- Cholesten -(6a -and 6(3) -ol (89a.). The epimeric mixture of 

3- cholesten -6a -acetate and 3- cholesten -6p- acetate (89b, 4. 84 g. , 

0. 0113 mole) was heated under reflux for 2 hours in 100 ml. of 3% 

methanolic potassium hydroxide. After cooling, the solution was 

made approximately neutral by the addition of 5% hydrochloric acid 

and most of the methanol removed in vacuo. The slurry which re- 

mained was poured into cold water and extracted with ether several 

times. The combined ether extracts were washed successively with 

5% hydrochloric acid, 5% sodium bicarbonate, andfinally with saturated 

salt solution. The yellow solution was dried over anhydrous sodium 

sulfate, filtered, and evaporated to afford 4.42 g. of crude ene -ol 

as a yellow solid which could not be recrystallized. 
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The infrared spectrum shows a broad alcohol absorption at 

3400 cm 
-1 and cis -disubstituted double bond bands at 3050 cm -1, 

1645 cm -1, and 675 cm 1. 

The NMR spectrum shows the two olefinic protons as a crude 

doublet at 5. 77 5, a broad band centered at ca. 4. 055 assigned to 

the 6a- proton of the 66- alcohol, and a broad six -peak multiplet due 

to the X proton of an A2BX pattern centered at 3.45 5 assigned to 

the 6p- proton of the 6 a- alcohol. The latter two bands have relative 

areas of approximately 1:2, respectively. The methyl groups appear 

at 40 c. p. s. (18 -Me), 49 and 55 c. p. s. (26- and 27 -Me), 47 c. p. s. 

(19 -Me of the 6a- alcohol), and a shoulder at 57 c. p. s. (19 -Me of the 

6p- alcohol). 

3- Cholesten -6 -one (101). A solution of 0. 80 g. (0. 0021 mole) 

of the crude 3- cholesten -(6a- and 613) -ol mixture (89a) in 85 ml. of 

acetone (distilled from potassium permanganate) was cooled in an 

ice bath and stirred rapidly while 0. 60 ml. of Jones reagent was 

added. After stirring for 20 minutes the green mixture was poured 

into water and extracted several times with ether. The combined 

ether layers were washed with 5% sodium bicarbonate solution, fol- 

lowed by saturated salt solution. After drying over anhydrous sodi- 

um sulfate the solution was filtered and evaporated in vacuo to afford 

a light yellow oil, 0. 768 g. , which partially crystallized upon stand- 

ing. Thin layer chromatography (benzene) revealed the 
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presence of three components, the major one at Rf 0.64. The minor 

component at Rf 0.52 appeared to be one of the starting alcohols while 

the other minor component was an unidentified polar material. Two 

recrystallizations from methanol furnished 0.238 g. (30 %) of the 

ene -one (101) as needles, m.p. 97-99°, a ] D-0.6°. According to 

thin layer chromatography, this compound corresponded to the major 

component of the crude oxidation product. 

The ultraviolet spectrum shows only end absorption. The infra- 

red spectrum exhibits a carbonyl absorption at 1710 cm -1 and cis - 

disubstituted double bond bands at 3050 cm -1, 1645 cm -1, and 665 

-1 cm . 

The ß, y- unsaturated ketone was chromatographed on fluorosil 

without rearrangement, however, chromatography on alumina gave 

rise to the a , p- unsaturated ketone (4- cholesten -6 -one, 102), m. p. 

105 -106 °, 243, e = 8050 [lit. (184) m.p. 107 -108 °, X 241, 
max max 

E = 7800] . 

Cholestan -(6a. - and 6p) -ol (103a). To 0.100 g. of platinum 

oxide in 50 ml. of ethyl acetate was added 1.04 g. (0.0027 mole) of 

the mixture of 3- cholesten -(6a - and 6p) -ol (89a). The solution was 

stirred vigorously under a slight pressure of hydrogen for 4 hours, 

after which time the catalyst was removed by filtration. Evapora- 

tion of the solvent in vacuo gave the saturated alcohol (103a), 1.06 g., 

as a white wax which could not be made to crystallize. Thin layer 

X 
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chromatography (benzene -ethyl acetate 4:1) showed the presence 

of only one component as an elongated spot at Rf 0.50), although the 

NMR spectrum indicates that the product is a mixture of saturated 

alcohols. 

The NMR spectrum shows the 6a -proton of the 60- alcohol as a 

broad band centered at ca. 4. 1 6 and the 6p- proton of the 6a -alcohol 

as a broad band centered at ca. 3.4 6 in a relative ratio of 1 :2, re- 

spectively. The methyl groups are present at 39 c. p. s. (18 -Me), 

49 and 55 c. p. s. (26- and 27 -Me), 47 c. p. s. (19 -Me of the 6a -alcohol), 

and a shoulder at 57 c. p. s. (19 -Me of the 6p- alcohol). 

Acetylation of 0.53 g. (0.0014 mole) of the waxy solid (103a) 

gave 0.55 g. of the mixture of acetate isomers (103b) as an oil. The 

infrared spectrum shows the usual acetate absorption bands at 1735 

cm 1, 1240 cm 1, and 1021 cm -1 and is transparent in the double 

bond regions. 

The NMR spectrum indicates the product is approximately a 

2:1 mixture of 6a -acetate to 63- acetate, with the 6p- proton of the 

6a -acetate appearing as a broad band centered at ca. 4. 7 6 and the 

6a - proton of the 6p- acetate appearing as a broad band centered at 

ca. 5.2 6. The acetate methyl group appears at 2. 00 6 as a sharp 

singlet, and the other methyl groups are at 39 c. p. s. (18 -Me), 50 and 

55 c. p. s. (26- and 27 -Me), 48 c. p. s. (19 -Me of the 6a -acetate), and 

57 c. p. s. (19 -Me of the 613- acetate). 
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Cholestan -6 -one (90). A solution of 0.627 g. (0.0016 mole) 

of the cholestan -(6a - and 6ß) -ol mixture (103a) in 65 ml. of acetone 

(distilled from potassium permanganate) was cooled in an ice bath 

and stirred rapidly while 0.45 ml. of Jones reagent was added. 

After stirring for 20 minutes the mixture was poured into cold wa- 

ter and extracted several times with ether. The combined ether 

extracts were washed with 5% sodium bicarbonate solution and with 

saturated salt solution, dried over anhydrous sodium sulfate, fil- 

tered, and evaporated in vacuo to furnish 0. 645 g. of crude ketone. 

Recrystallization from methanol afforded 0.463 g. (74% ) of choles- 

tan -6 -one (90) as shiny white plates, m. p. 93 -94 °, [ lit. (103) m. p. 

97-98°] . The infrared spectrum is identical with that of an authen- 

tic sample of cholestan -6 -one. 

3- Cholesten- 6a -yl -2- toluenesulfonate (7). To a cooled solu- 

tion of 3. 53 g. (0. 0091 mole) of the epimeric 3- cholesten -(6a - and 

6p) -ol mixture (89a) dissolved in 35 m. of dry pyridine was added 

2.00 g. (0.0105 mole) of finely ground p- toluenesulfonyl chloride. 

The flask was allowed to stand at 0° for 5 days, during which time 

pyridine hydrochloride precipitated as small crystals. The dark 

yellow solution was poured into an ice- dilute hydrochloric acid 

mixture and extracted several times with ether. The combined ether 

extracts were washed with 5% hydrochloric acid, to remove the pyri- 

dine, then with 5% sodium bicarbonate solution, and finally with 



154 

saturated salt solution. After drying over anhydrous sodium sulfate, 

the solution was filtered and evaporated to afford 4.37 g. of an 

orange gum. Thin layer chromatography (benzene -ethyl acetate 9:1) 

revealed the major components as an elongated spot centered at 

Rf 0. 72 as well as two more polar minor components. Chromatog- 

raphy of the crude gum (4.35 g.) on 150 g. of activity III neutral 

alumina gave, with hexane, 0.345 g. (10% ) of an oil which crystal- 

lized upon standing. Recrystallization from acetone gave long need- 

les, m. p. 78-79°, X 235, max which were identified as 3, 5- choles - 

tadiene (104) by comparison with an authentic sample. Elution with 

hexane- benzene (4 :1) through hexane- benzene (2:1) furnished 2.59 g. 

(53 %) of crystalline ene- tosylate (78) which showed only one spot 

(Rf 0. 75) on thin layer chromatography (benzene -ethyl acetate 9:1). 

Recrystallization from methanol afforded small needles, m. p. 97- 

98 ° . A further methanol recrystallization provided the analytical 

sample, m. p. 98-99°, a] + 70°. 

Anal. Calculated for C34H520 3S : 
C, 75. 52 H, 9. 69 

Found: C, 75.48; H, 9.55 

The infrared spectrum shows significant bands at 1360 cm 1 

and 1170 cm 
-1 

(SO2 stretching) and aromatic C -H absorption at 

3050 cm -1 and 1600 cm -1. The olefinic bands are not visable except 

for a very weak band at 1645 cm -1. 

The NMR spectrum shows the four aromatic protons as the 
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usual A2B2 
2 2 

quartet centered at 7.51 6, the olefinic protons as a 

broad singlet at 5. 50 6, the 6ß- proton as a broad multiplet centered 

at 4.40 6, and the tolyl methyl as a sharp singlet at 2.43 6. The 

methyl groups appear at 39 c. p. s. (18 -Me), 49 and 55 c. p. s. (26- 

and 27 -Me), and a shoulder at 47 c. p. s. (19 -Me). 

Solvolysis of 3- Cholesten- 6a -yl-p- toluenesulfonate (2.) in 

Potassium Acetate - Acetic Acid. Under a nitrogen atmosphere, 

1.00 g. (0.00185 mole) of 3- cholesten -6a -yl -p- toluenesulfonate (78) 

was added to a solution of 1.80 g. (0.0184 mole) of potassium ace- 

tate in 50 ml. of glacial acetic acid and the mixture heated under 

reflux for 5 hours. After cooling, the solution was diluted with ice 

and the mixture extracted 4 times with ether. The combined ether 

extracts were washed with 5% sodium hydroxide solution until the 

aqueous layer was basic to litmus and then with saturated salt solu- 

tion. Drying over anhydrous sodium sulfate, filtration, and evapo- 

ration of the ether layer in vacuo afforded O. 694 g. of a light yellow 

oil which slowly crystallized upon standing. Thin layer chromatog- 

raphy (benzene) showed the presence of two components, Rf 0. 69 

(minor) and 0.94 (major). Chromatography of the crude product on 

25 g. of activity III neutral alumina gave, with hexane, 0.467 g. 

(69 %) of a crystalline material, identified by its physical properties 

[ m. p. 77-78° (from acetone), ñ max 
235] and by comparison with 

an authentic sample as 3, 5- cholestadiene (104). Elution with 
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hexane -benzene (2 :1) furnished 0.141 g. (18 %) of an oil, identified 

by its infrared and NMR spectra as a 6:1 mixture of 3- cholesten- 

6a -yl- acetate and 3- cholesten- 0-yl- acetate (99 and 100). 

Saponification of the ene- acetate mixture gave 0. 124 g. of an 

ene- alcohol mixture whose infrared spectrum is identical with that 

of (89a). The NMR spectrum shows the olefinic protons as a mul- 

tiplet at 5. 79 6, while the 6a -proton of the 6p- alcohol and the 6p- 

proton of the 6a -alcohol appear as broad bands in the ratio of 1:6 

at 4. 02 6 and 3.47 6, respectively. The 6p- proton again gives a 

6 -peak multiplet due to the X proton of an A2BX multiplet, with 

J as = 10 c. p. s. and J ae 4 c. p. s. The methyl groups appear at 

40 c. p. s. (18 -Me), 48 and 55 c. p. s. (26- and 27 -Me), and 46 c. p. s. 

(19 -Me of the 6a -alcohol). 

Solvolysis of 78 (0. 816 g. , 0. 0015 mole) with 0. 65 g. (0. 0066 

mole) of potassium acetate in 15 ml. of acetone and 4 ml. of water 

(heated under reflux for 16 hours) resulted in exclusive recovery of 

starting material. The infrared spectrum and thin layer chromatog- 

raphy behavior is identical with that of 78. 

Solvolysis of 0. 765 g. (0.0014 mole) of 78 in 35 ml. of glacial 

acetic acid containing 1.20 g. (0.0122 mole) of potassium acetate at 

85° for 4 hours again gave back only starting material. 

Solvolysis of 0. 270 g. (0. 005 mole) of 78 in 10 ml. of cyclo- 

hexanone and 2 ml. of water containing 0. 20 g. (0. 0020 mole) of 

= 
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potassium acetate (heated under reflux for 12 hours) afforded O. 253 

g. of yellow oil. Thin layer chromatography (benzene) indicated the 

major product (Rf 0.57 ca. 10 80%) to be starting material. Some 

elimination to 3, 5- cholestadiene (Rf O. 77, ca. 10%) had occurred, 

while the remainder of the mixture was unidentified polar material. 

Diborane Reduction of Cholestane -6 -one (90). A solution of 

O. 775 g. (O. 0020 mole) of cholestane -6 -one in 25 ml. of dry tetra - 

hydrofuran was cooled in an ice bath while 5 ml. of a 1.15 M solu- 

tion of diborane in tetrahydrofuran was added. The solution was 

allowed to stir for 7 hours under nitrogen, after which time methanol 

was added to destroy excess diborane. After pouring into water and 

extracting with ether several times, the combined ether layers were 

washed with saturated salt solution, dried over anhydrous sodium 

sulfate, filtered, and evaporated in vacuo to give 0. 792 g. of non- 

crystalline residue. Thin layer chromatography (benzene -ethyl 

acetate 4:1) showed that the mixture of products was identical with 

that obtained from lithium aluminum hydride reduction of cholestane- 

6 -one. Chromatography of 0. 531 g. of the residue was carried out 

on 15 g. of alumina. Elution with hexane -benzene (2:1) gave 0. 303 g. 

of an oil which was pure by thin layer chromatography. Crystalliza- 

tion from methanol gave cholestane -63 -ol (91) as compact crystals, 

m. p. 81-82° (lit. (1 71) m. p. 80 -81 ° ). Further elution with hexane - 

benzene (1 :1) afforded 0. 133 g. of oil which appeared by thin layer 

chromatography to be ca. 80% cholestane- 613 -ol. Elution with 
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benzene -ether (8:1) furnished 0.035 g. of pure cholestane -6a -ol 

(92), m. p. 126 -128 ° (from methanol)(lit. (171) m. p. 128 -129 ° ). 

The thin layer chromatography behavior and infrared spectrum were 

identical with that of cholestane -6a -ol prepared by sodium in ethanol 

reduction of cholestane -6 -one. From the amounts of isomeric alco- 

hols recovered it was estimated that diborane reduction of choles- 

tane-6-one furnished 92% cholestane -4-ol and 8% cholestane- 6a -ol. 

Diborane Reduction of Cholestane -3 -one (93). A solution of 

0.810 g. (0.0021 mole) of cholestane -3 -one in 25 ml. of dry tetra- 

hydrofuran was cooled in an ice bath while 5 ml. of a 1.15 M solu- 

tion of diborane in tetrahydrofuran was added. After stirring under 

nitrogen for 20 hours, the excess diborane was destroyed by the 

slow addition of methanol. The mixture was poured into water and 

extracted several times with ether. The combined ether layers 

were washed with saturated salt solution, dried over anhydrous 

sodium sulfate, filtered, and evaporated in vacuo to give 0. 795 g. 

of crude product. Chromatography of 0.365 g. of the alcohol mix- 

ture on 10 g. of alumina gave, upon elution with benzene, 0. 023 g. 

of crystalline material which was recrystallized from methanol to 

afford pure cholestane -3 a -ol (95), m. p. 184.5-185° (lit. (153) m. p. 

184-184.5'). Further elution with benzene -ether furnished 0. 326 

g. of white solid which was recrystallized from methanol to afford 

cholestane -3p -ol (94), m.p. 141.5-142° (lit. (153) m. p. 142 -143 °). 
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Based upon the total recovery of the two isomers (0.349 g. ), it 

appears that diborane reduction of cholestane -3 -one gave 7% chol- 

estane -3a -ol and 93% cholestane- 3p -ol. 

Cholestane -6a -ol (92). To 0.200 g. (0.0052 mole) of choles- 

tane -6 -one suspended in 10 ml. of absolute ethanol was added 1.0 

g. of sodium. The metal soon dissolved and the solution was heated 

under reflux for 2 hours, then cooled and poured into water. After 

extraction with ether, the combined ether layers were washed with 

5% hydrochloric acid solution and saturated salt solution, dried over 

anhydrous sodium sulfate, filtered, and evaporated in vacuo to give 

0. 197 g. of light yellow solid. Two recrystallizations from methanol 

afforded cholestane -6a -ol as fluffy crystals, m.p. 125-126°[ lit. 

(171) m.p. 128 -129 °] . 
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