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ture resulted in the isolatio: of 0.56 g. (70%) of 4-chloro- 
thiophenol, m. p. 51.5-53 , and a neutral oil which was 
similar to that isolated from the cleavage of benzyl phenyl 
sulfide. 

Summary 
1. 4-Bromothiophenol has been found to react 

rapidly with toluene, chlorobenzene and benzene 
in the presence of aluminum bromide, to  form 4- 
methyl-, 4-chl:ro- and unsubstituted diphenyl 
sulfide, respectively, with loss of hydrogen bro- 
mide. 2-Bromothiophenol behaves similarly, but 

the 3-bromo and the 4-chloro compounds do not 
give this reaction. Numerous kinetic and other 
experiments on the reaction are reported, leading 
to a proposed mechanism. 

The rate of cleavage of benzyl 4-chloro- 
phenyl and 3-bromophenyl sulfides by aluminum 
bromide has been measured, and the p value 
(Hammett) for the reaction has been determined. 

Numerous new compounds incidental to 
the work have been prepared and characterized. 
ROCHESTER, h7EW YORK RECEIVED MAY 20, 1950 
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[FROM THE DIVISION OF STEROID BIOCHEMISTRY, THE SLOAN-KETTERING INSTITUTE FOR CANCER RESEARCH] 

Preparation of Deuterated Steroids’ 
BY DAVID K. FUKUSHIMA, SEYMOUR LIEBERMAN AND BERNADETTE PRAETZ 

In  recent years there has been increasing recog- 
nition of the important role steroid hormones play 
in the function and regulation of various physio- 
logical processes. Because of the extraordinary 
success of the isotope tracing technique in clarify- 
ing other biochemical and physiological problems, 
there is also great interest in the application of this 
tool to the problems of steroid biochemistry.2 
With this in mind, two methods for the incorpora- 
tion of deuterium atoms on C7 of A5-unsaturated 
steroids have been developed. These methods 
are general and can be applied to a variety of ster- 
oid hormones or related compounds. They pos- 
sess the advantage that the deuterium is intro- 
duced in a known and stable position in com- 
pounds which still retain the 5,6-double bond and 
which therefore may readily be converted to a,p- 
unsaturated 3-ketones. Moreover, another desir- 
able property of the deuterated steroids is that 
the presence of a carbon-deuterium bond in the 
steroid molecule can be detected easily by its spe- 
cific absorption maximum in the infrared a t  about 
2100 cm.-l. This property not only facilitates 
the isolation of deuterated steroids, but also pro- 
vides a method for the semiquantitative analysis 
of the deuterium content of isotopically labeled 
substances. 

The report of Henbest, et aLIa on the preparation 
(1) Presented before the 33rd Meeting of the Federation of Ameri- 

can Societies for Experimental Biology, Detroit, Michigan, March, 
1949; Fed. Proc., 8, 200 (1949). 

(2) A number of isotopically labeled steroids have already been 
reported: (a) cholestenone and testosterone with Cl4 in ring A, 
Turner, Scicncc, 106, 248 (1948); THIS JOURNAL, 69, 726 (1947); 
(b) C14-methyl-labeled methyltestosterone, MacPhillamy and 
Scholz, J .  B i d  Chcm., 178, 37 (1949); (c) 04-methyl-labeled pro- 
gesterone, Riegel and Prout, J .  Org. Chem., IS, 933 (1938); Mac- 
Phillamy and Scholz, J .  Biol. Chcm., 178, 37 (1949); (d) dehydro- 
isoandrosterone with C’a in ring D, Hershberg, Schwenk and Stahl, 
Arch. Biochcmisfry, 19, 300 (1948) ; (e) deuterated cholesterol, Bloch 
and Rittenberg, J .  B id  Chcm., 149, 505 (1943); Anker. THIS 
JOURNAL, 66, 1752 (1944); (f) progesterone and testoterone with 
deuterium at CII and CIS. Roechlin, Kritchevsky and Gallagher, 
J .  Biol. Chcm., 184, 393 (1950). 

(3) Henbest, Jones, Bide, Peevers and Wilkinson, Nurure, 168, 169 
(1946). 

of 7-bromocholesterol acetate by N-bromosuccini- 
mide bromination of cholesterol acetate suggested 
to us the possibility of employing such A5-7- 
bromo-derivatives as intermediates. As illus- 
trated in Fig. 1, the replacement of the halogen of 
these derivatives (11) with deuterium affords 
tagged steroids containing the isotope in the stable 
position on C7. 

The procedure described4 for the allylic bromi- 
nation of cholesterol acetate with N-bromosuccini- 
mide yielded in our hands an uncrystallizable oil5 
which, after chromatography on magnesium sili- 
cate : Celite, afforded 38-acetoxy- As-cholestene- 
4P,7a-diolI a compound which will be described in 
detail in the following paper.6 For our deutera- 
tion experiments, therefore, we have employed 7- 
bromocholesterol benzoate which can easily be ob- 
tained cry~talline.~ We have also brominated 
A5-androstene-3/3,17/3-diol 3-acetate-17-benzoate 
(Ib) with N-bromosuccinimide and obtained a 
crystalline 7-bromo-derivative (IIb) in 40% yield. 
The position of the bromo group in I Ib  was proved 
by replacing the halogen with hydroxyl on an alu- 
mina column and oxidizing the resulting alcohol to 
the 7-keto derivative, 3/3-acetoxy-17/3-benzoxy- A5- 
androsten-7-one (IV). This 7-keto compound 
was also prepared by the direct chromic acid oxi- 
dation of Ib, following the method of Windaus, 
Lettr6 and Schenck.8 

A variety of methods for the reduction of the 7- 
bromo group of these derivatives was explored. 
Reduction of 7-bromocholesterol benzoate (IIa) 
with deuterium was best accomplished by using 
“deuterized” Raney nickel in ethyl acetate to give 
63y0 of 7-d-cholesterol containing 1.55 atom per 
cent. excess deuterium. 7-Bromo- A5-androstene- 

(4) British Patent 574,432. 
(5) In a more recent publication, the isolation of crystalline 7- 

bromocholesterol acetate has been reported in detail: Bide, Henbest, 
Jones, Peevers and Wilkinson, J .  Chcm. Soc., 1783 (1948). 

(6) Lieberman and Fukushima, THIS JOURNAL, 74, 5211 (1950). 
(7) Buisman, Stevens and van der Vliet, Rcc. truu. chim., 66, 83 

(1947); Bernstein, e1 al., J .  Org. Chcm., 14, 433 (1949). 
(8) Windaus, Let& and Schenck, Ann. ,  640, 98 (1935). 
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3@,17P-diol 3-acetate-17-benzoate (IIb) was re- 
duced in 4970 yield with “deuterized” Raney 
nickel to the corresponding deuterated derivative 
(IIIb) containing 1.18 atom per cent. excess deu- 
terium. The catalytic reduction of the bromide 
I Ia  with 5% palladium on calcium carbonate gave 

of 7-d-cholesterol containing 1.39 atom per 
cent. excess deuterium. The reduction of the 
bromides by these catalysts was accompanied by 
couplings and in the case of IIa, resulted in 7,7‘- 
bicholesterol benzoate (V). A high ratio of 
Kaney nickel to  the bromide was found to be most 
effective in minimizing the formation of the 
coupled product. Other solvents such as cyclo- 
hexane and ethanol were employed in the reduc- 
tion with or without addition of bases such as so- 
dium hydroxide, pyridine or triethylamine, but 
the yield of cholesterol was not improved. Re- 
duction with zinc or zinc-copper couple in acetic 
acid gave large amounts of the coupled derivative 
and only poor yields of cholesterol. Several at- 
tempts were made to  reduce 7-bromocholesterol 
benzoate with lithium aluminum deuteride, lo how- 
ever, the reduction did not proceed as expected. 
Although its presence was indicated by the Lieber- 
mann-Burchard determination, no cholesterol 
could be easily isolated from the reaction mixture. 

That  the deuterium atom on C7 is stably bound 
was shown by the fact that no isotope was lost 
when 7-d-cholesterol be e was saponified 
to 7-d-cholesterol. the isotope con- 
centration was unchanged when 7-d-cholesterol 
(IIIa) was oxidized to 7-d- A4-cholesten-3-one 
(VI). Refluxing the a,@-unsaturated ketone 
(VI) with niethanolic potassium hydroxide for 

(9) Coupling reactions occurring during catalytic reduction of 
halogenated compounds heye been veiy studied: Busch and 
Weber, J .  prakt. Chem, i46, 1 (1936); Busch, Aagew. Chcm., 88, 
518 (1926); 47, 536 (1934); Grigorovskii and Pedorov, Zhur. Prik 
lad. Khim., 11, 529 (1948) (C. 4 . ,  43, 646 (1949)) 

(10) Nystrom and Brown. TAIS JOUBNAI., 70, 3738 (19481, 
Johnson, Blizzard and Carhart, ibrd , 70, 3684 (1948). 

two hours did not result in  any exchange oi deu- 
terium. 

The second method for introducing deuterium 
into the steroid nucleus is illustrated in Fig. 2 .  
This procedure is essentially that of Wolfrom 
and Karabinos“ who first prepared a thioacetal 
from a ketone for the express purpose of desul- 
furizing i t  with Raney nickel1* in order to con- 
vert a carbonyl to a methylene group. It is 
therefore possible to introduce deuterium into 
the steroid nucleus by the desulfurization of 
appropriate steroid thioacetals13 with “deuter- 
ized” Raney nickel. This procedure results in 
steroids which theoretically should contain two 
deuterium atoms in the molecule. It is apparent 
from the isotopic content of the products that 
the deuterium introduced was less than calculated 
for two deuterium atoms and the 7,7-&-nomen- 
clature is used with this fact in mind. A5-7- 
Keto-compounds, easily prepared by the direct 
chromic acid oxidation of the A5-unsaturated 
steroids, appeared to  be most suitable for the 
preparation of steroid hormones with the essential 
functional groups a t  C3, Cl, or GO. The 7-keto 
derivatives (VII) were also prepared by way of the 
7-bromo compounds as was mentioned above. 

The same steroids, cholesterol and aj-andro- 
stene-3,5-17,5-diol 3-acetate-17-benzoate, which 
were used to prepare the 7-bromo intermediates, 
were converted by chromic acid oxidation to 
their 7-keto derivatives. These A5-7-ketones 
(VIIa and VIIb) readily form cyclic mercaptols 
(VIIIa and VIIIb) with ethanedithiol in the 
presence of freshly fused zinc chloride as Haupt- 

(11) Wolfrom and Karabinos, #bid., 66, 909 (1944) 
(12) Bougault. Cattelaln and Chabrier, Comfit. rend., 108, 657 

11939); Bull. soc d i m . ,  [SI 6, 341 (1939); 7, 781 (1940); Mozingo, 
Wolf, Harris and Folkers. THIS JOURNAL, 66, 1013 (1943). 
(13) Recently the preparation of a number of steroid thioacetals 

has been reported: (a) Bernstein and Dorfman, i b i d ,  68, 1152 
(1946); (b) Hauptmann, <bid., 69, 582 (1947); (c) Norymberska, 
Xorymberski and Olalde, ibid. ,  TO, 1256 (1948) 
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Ri RI RI 

CHr-SH p\ A A 
I ’  I “deuterized” 

Raney nickel 

RO/ RO S-CH2 RO 
VII, R = CH?CO, RI = C~iHi7 VIIIa, R = CH,CO, R1 = CsHlr IXa, R = H, RI CsHn 
VIIb, R = CHaCO, R1 = CBH,COO VIIIb, R CHqCO, R1 = CeHjCOO IXb, R CHjCO, RI = CbH,COO 

I v I I I ~ ,  R = CoH,CO, RI = c&17 

I-IIId, R = H, RI = CEHL? 
Fig 2 .  

niann13b has shown with saturated 7-keto and 
A4-unsaturated-3-ketosteroids.14 The ethylene 
mercaptols of the A5-7-ketones were desulfurized 
with “deuterized” Raney nickel to afford the 
corresponding 7,7-&- A5-derivatives (IXa and 
IXb) in 50-6070 yield. 7,7-&-Cholesterol pre- 
pared in this manner contained 2.09 atom per 
cent. excess deuterium and 7,7-d2- Ab-androstene- 
3P, 17P-diol 3-acetate-17-benzoate contained 4.00 
atom per cent. excess deuterium. That deuterium 
atoms had exchanged with some of the hydrogen 
atoms of the ester groups of this latter compound 
during desulfurization was shown by the fact 
that the A5-androstenediol obtained after hy- 
drolysis contained only 2.15 atom per cent. 
excess deuterium. In the reduction of the bromo 
derivatives (11) with “deuterized” Raney nickel, 
little or no exchange was encountered because the 
saponified products had the same isotope concen- 
tration as the esters. 

In  all the deuteration experiments cited above, 
the amount of deuterium introduced into the 
steroid nucleus is less than that which would be 
expected from stoichiometric considerations alone. 
This is due to an isotope fractionation in favor of 
hydrogen which was present in both of the 
methods described above. In  the method in- 
volving the catalytic reduction of the 7-bromo 
steroids, the hydrogen arises from the deuterium 
gas which contained about 5 per cent. of the 
lighter element. Furthermore, the catalysts, 
palladium on calcium carbonate and “deuterized” 
Kaney nickel, employed in this method and in the 
desulfurization experiments still contained small 
but significant amounts of hydrogen. Thus, 
even though the hydrogen is present in only rela- 
tively small amounts, it reacts a t  a much faster 
rate than does deuterium and this results in the 
introduction of less deuterium than the ratio of 
deuterium to hydrogen would lead one to antici- 
pate. 

The Ultraviolet Absorption Spectra of Steroid 
Mercapto1s.-During the course of this investi- 
gation, a number of papers by Fehnel and 
CarrnacklG and by KochlB appeared which dis- 

(14) In  a recent publication Ralls, Dodson and Riegel (THIS 
JOURNAL, 71, 3320 (1949)) prepared and desulfurized VIIIa in order 
to reduce the carbonyl group in 7-ketocholesterol acetate. 

(15) Fehnel and Carmack, ibid., 71, 84 (1949). 
‘(16) Koch, J .  Chcm. Soc., 387 (1949). 

cussed the absorption spectra of various organic 
sulfur compounds. Since the steroid mercaptols 
synthesized in the present work were structurally 
different from any of the compounds employed 
by these investigators, we have determined their 
spectra in the region between 215-320 mp and 
the maxima are tabulated in Table I. If proper 

TABLE I 
ULTRAVIOLET ABSORPTION SPECTRA OF STEROID MER- 

CAPTOLS 
f A  

Max desthio 
Compounds Am& e), derivative Ae 

7-Ketocholesterol acetate 
ethylene rnercaptol 
(VIIIa) 222 6,430 80” 6350 

ethylene rnercaptol 
(VIIIC) 230 19,400 14,400b 5000 

3P-Acetoxy-l7,5’-benzoxy- 
A5-androsten-7-one 
ethylene rnercaptol 
(YIIIb) 228 20,800 14,000“ 6800 

mercaptol (X) 240 333 

propane (XI) 237 66015 

i-Ketocholesterol benzoate 

Cholestan-3-one ethylene 

2,2-bis-(n-butylmercapto) - 

Cholesterol acetate (end absorption). Cholesterol 
benzoate (emx = 14,400 a t  230 mp). e A6-Androstene- 
38,17B-diol 3-acetate-17-benzoate (emax = 14,100 a t  230 
w). 
allowances are made for the absorption of the 
acetate and benzoate groups, the contribution 
of the cyclic A51g-unsaturated mercaptols to the 
absorption spectra of compounds VIIIa, VIIIb 
and VIIIc is found to be about 6,000 (At). This 
is greater than that (333) of the cyclic saturated 
steroid mercaptol, cholestan-3-one ethylene mer- 
captol (X). This latter value agrees fairly well 
with the value (660) obtained by Fehnel and 
Carmack for the simple acyclic mercaptol, 2 3  
bis-(n-buty1mercapto)-propane (XI). The higher 
extinction coefficient of the unsaturated steroid 
mercaptols must therefore be related to the 
presence of the 5,6-double bond even though it 
might be expected that the effect of this unsatura- 
tion would be insulated from the chromophoric 
group by the quaternary carbon of the spirane 
ring. That  the double bond is not in true 
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CaH,; 

x SI 
F1g ;3 

conjugation with the chromophore is evidenced 
by the fact that the wave length of the maxima 
of the unsaturated mercaptols is approximately 
the same as that of the saturated derivative. 
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Experimental li 
"Deuterized" Raney Nickel.18-The Raney nickel cat- 

alyst (W-4) was prepared by the method of Pavlic and 
Adkins's and was found to contain about 165 cc. of hy- 
drogen per cc. of catalyst (equivalent to  about 0.7 g. of 
dry nickel). To 100 cc. of Raney nickel catalyst (under 
ethanol) was added 800 cc. of methylcyclohexane. The 
alcohol and any Rater present were removed by azeotropic 
distillation with methylcyclohexane a t  70 (bath tempera- 
ture) a t  20 cm. To the dry catalyst was added 13.5 cc. of 
deuterium oxide (99.9 per cent.) and 1 1. of dry methyl- 
cyclohexane. The mixture was shaken well and warmed 
for fifteen minutes. The equilibrated deuterium oxide 
was removed by azeotropic distillation with methylcyclo- 
hexane. This equilibration was repeated five times with 
volumes of 13.5, 12.5, 12, 12 and 11.5 cc. of deuterium 
oxide. The water from the last equilibration contained 
88.5% deuterium oxide. Dry methylcyclohexane was 
added a t  each equilibration to replace the amount distillecl; 
After the equilibration was complete, the "deuterized 
Raney nickel was shaken with deuterium gas (95%). 

7-d-ChoIesterol (IIIa) from IIa with "Deuterized" 
Raney RickeI as Catalyst.-To a suspension of 20 cc. of 
"deuterized" Raney nickel was added 2.00 g. of 7-bromo- 
cholesterol benzoate7~2~ IIIa) in 250 cc. of dry ethyl ace- 
tate. The mixture was shaken with deuterium (95%) 
under atmospheric pressure for one hour. The catalyst 
was removed by decantation and filtration with the aid of 
Celite. Because a considerable amount of the product re- 
mained adsorbed on the nickel, it was necessary to wash 

(17) The melting points were taken in a Hershberg apparatus and 
are correct to *lo. The carbon and hydrogen analyses were done 
by Mr J. Alieino, Metuchen, Xew Terser The authors wish to 
acknowledge their appreciation to Mr Robert W. Jailer for the 
deuterium analyses reported herem and a150 to Dr. Harold Beyer 
and Mr. Moues Berman for their assrstance with the mass spectrom- 
eter We also wish to express our gratitude to Dr K Dobriner 
and Mrs. P. Humphries for the deterrnination of the infrared spectra 
For a discussion of the infrared spectra of steroids containing deu- 
terium, see Dobriner, el al , Sczencc, 109, 260 (1949) 

(18) We wish to express our appreciation to Dr. R. Moeingo, 
Merck and Co., Rahway, New Jersey, for suggesting this method to 
us. 

(19) Pavlic and Adkins, THIS JOURNAL, 68, 1471 (1946). 
(20) We wish to express our gratitude to Dr. Gordon Grant, 

Ayerst, McKenna and Harrison, Ltd , Montreal, Canada, who made 
a large supply of this compound available to us 

the catalyst several times with ethyl acetate to insure a 
quantitative recovery. The solvent was evaporated and 
the residue was hydrolyzed with 50 cc. of benzene, 125 cc. 
of methanol and a solution of 5 g. of potassium hydroxide 
in 5 cc. of water. After refluxing one hour the solvents 
Ivere removed in vacuo, water was added and the residue 
extracted with ether. The ether solution was washed with 
water, dried over sodium sulfate and evaporated to dry- 
ness. The semi-crystalline residue, 1.68 g., was chroma- 
tographed on 30 g. of alumina. The column was developed 
with ligroin (b. p. 30°), benzene: ligroin ( l : l ) ,  benzene 
arid mixtures of ether and benzene, and mixtures of meth- 
anol and ether. From the benzene and benzene-ether 
( 3 :  1) eluates was obtained 960 mg. of crude i-d-choles- 
terol, which upon recrystallization from acetone gave 
592 mg,. of pure 7-d-cholesterol, m. p .  148-149"; [ ~ Y ] ~ ~ D  
-40.5 =t 2"  (11.36 mg. in 2.00 ml. of chloroform); 
the m. p. of the admixture with undeuterated cholesterol 
was not depressed. From the mother liquor was ob,- 
tained 250 mg. of 7-d-cholesterol with m. p. 147.5-148.5 , 
giving a total of 844 mg. (63%) of 7-d-cholesterol. In- 
frared analysis of these samples revealed the presence of 
the characteristic absorption at  2100 em.-' associated with 
the C-D bond. Quantitative analysis with the mass 
spectrometer indicated that the 7-d-cholesterol contained 
1.55 atom per cent. excess deuterium, corresponding to 
0.71 atom deuterium per molecule. 

From another reduction of 7-brornocholesterol benzoate 
with "deuterized" Raney nickel (which was prepared by 
four equilibrations with deuterium oxide), 7-d-cholesterol 
benzoate, m. p. 144-146", clear a t  BO", was obtained by 
recrystallization of the reaction mixture from acetone. 
This sample contained 0.94 atom per cent. excess deute- 
rium, corresponding to 0.47 atom deuterium per molecule; 
7-d-Cholesterol (in. p. 148-148.5"; [ a I z 9 ~  -39.4 * 4 
(chloroform)) obtained by the hydrolysis of this ester con- 
tained 1.03: atom per cent. excess deuterium or 0.48 atom 
deuterium per molecule. This indicates that no exchange 
with the hydrogen of the ester group had occurred and also 
indicates that under the conditions of saponification, the 
deuterium on C.i is stably bound. 

7-d-Cholesterol (IIIa) from IIa Using Palladium as 
Catalyst.-Five grams of 5% palladium on calcium car- 
bonate was prereduced with deuterium in 25 cc. of dry 
ethyl acetate. One-half gram of 7-bromocholesterol 
benzoate (IIa) in 35 cc. of dry ethyl acetate was added 
and the mixture shaken with deuterium for one and one- 
half hours. The reduction mixture was worked up and 
hydrolyzed as above to give 275 mg. of crystalline ma- 
terial. Purification by chromatography on acid-washed 
alumina yielded 178 mg. (52.5%) of crystalline 7-d- 
cholesterol in the benzene eluate. After recrystallizatio: 
from acetone, it melted at  145.5-147"; [ c Y ] ~ ~ D  -40.8 
* 3 "  (5.82 mg. in 2.00 rnl. of chloroform). The deute- 
rium content of this sample was 1.39 atom per cent. excess 
deuterium, corresponding to 0.64 atom deuterium per 
molecule. 

Reduction of IIa with Lithium Aluminum Deuteride .- 
One gram of 7-bromocholesterol benzoate (IIa) was placed 
in a thimble in a Soxhlet extractor, and 200 mg. of lithium 
giluininum deuteride in 150 cc. of dry ether was placed in 
the extraction flask. Upon heating, the ether extracted 
the benzoate from the thimble and thus slowly brought i t  
into reaction with the lithium aluminum deuteride. After 
one and one-half hours the reaction mixture was cooled 
and water was added followed by dilute sulfuric acid. 
The ether solution was washed with sodium bicarbonate 
solution and water and dried over sodium sulfate. Evap- 
oration of the solvent yielded 825 mg. of yellow product 
which gave a positive Beilstein test for halogen and 
smelled of benzyl alcohol. 

The reaction product was hydrolyzed with methanolic 
potassium hydroxide solution to give 739 mg. of bromine- 
free product which was chromatographed on alumina. 
The main fraction was eluted with benzene-ligroin (1 : 1) 
:rnd benzene and consisted of 612 mg. of white crystals. 
Recrystallization from acetone gave a product, m. p. 
13.7-137". which w i i s  estimated to contain 37% 'of 
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cholesterol by the Liebermann-Burchard determination. 
Attempts a t  purification of this product through the di- 
bromide were unsuccessful; only 180 mg. of impure choles- 
terol, m. p. 136-137" were recovered. 

7-d-A+-Cholesten-3-one (VI) .-A solution of 350 mg. of 
7-d-cholesterol (1.04 atom per cent. excess deuterium or 
0.48 atom deuterium per molecule) in 50 cc. of toluene and 
8 cc. of cyclohexanone was distilled until the distillate was 
free of water. To the solution was then added 0.6 g. of 
aluminum tertiary butylate in 15 cc. of toluene. The mix- 
ture was refluxed for one hour, cooled, acidified with 10% 
sulfuric acid solution and was steam distilled for three and 
one-half hours. The residue was extracted with ether and 
the ether solution was washed with sodium carbonate solu- 
tion and water, dried and evaporated to  give 371 mg. of 
yellow oil. Upon chromatography on alumina, 265 mg. 
of crystalline compound was eluted with ligroin (b. p. 
60 ") . Recrystallization from methanol yielded 7-d- 
A'-cholesten-3-one, m. p. 79.5-80.5", containing 1.06 atom 
per cent. excess deuterium or 0.47 atom deuterium per 
molecule. 

A solution of 198 mg. of the above 7-d-cholestenone in 
25 cc. of methanol and 15 cc. of 5% methanolic potassium 
hydroxide was refluxed for two hours under nitrogen. 
The mixture was diluted with water and extracted with 
ether. The ether solution was washed with water, dried 
and evaporated to  give 198 mg. of yellow oil. Purification 
by Chromatography on alumina and recrystal1iz:tion from 
methanol yielded 7-d-cholestenone, m. p. 79-80 , contain- 
ing 1.08 atom per cent. excess deuterium or 0.48 atom deu- 
terium per molecule. 

7,7/-Bicholesterol Benzoate (V) .-The solvent from 8 
cc. of Ranev nickel was removed by distillation under re- 
duced pressure a t  room temperature and replaced with 
300 cc. of ethyl acetate. After the catalyst was shaken 
with hydrogen, 1.00 g. of 7-bromocholesterol benzoate was 
added. The hydrogenation was carried out a t  room 
temperature for two and one-half hours. The catalyst 
was removed by filtration and washed several times with 
benzene. The ethyl acetate filtrate and benzene wash- 
ings were combined and washed with water, sodium car- 
bonate and water. The organic extract was dried over 
sodium sulfate and the solvent evaporated leaving 855 mg. 
of semi-crystalline material. This was dissolved in 100 
cc. of ligroin and one-half of it (427 mg.) was chromato- 
graphed on acid-washed alumina. Elutions with ligroin, 
benzene-ligroin (19: 1) gave 338 mg. (78%) of cholesterol 
benzoate. 

From the benzene-ligroin (4: 1) and benzene eluates was 
obtained 69 mg. of 7,7'-bicholesterol benzoate (V),  m. p. 
194-197 O .  Recrystallization from acetone gave a sample 
melting a t  194.5-196"; [a I2 'D  -11.7 * 1" (17.1 mg. in 
2.00 ml. of chloroform). 

Anal. Calcd. for (C34H4902)~: C, 83.38; #, 10.09; 
mol. wt., 979.5. Found: C, 83.69; H, 10.08; mol. wt., 
892. 

The coupled product was also obtained in the reduction 
of 7-bromocholesterol benzoate with zinc or zinc-copper 
couple and acetic acid as well as in the catalytic reduction 
with 5% palladium on calcium carbonate when the ratio 
of catalyst to bromide was low. 

7-Bromo-A6-androstene-3 p,l7p-diol-3-acetate-17-ben- 
zoate (IIb) .-To a refluxing solution of 2.00 g. of As-andro- 
stene-3p,17~-diol-3-acetate-17-benzoate (Ib)21 in 50 cc. 
of carbon tetrachloride were added 840 mg. of N-bromo- 
succinimide and 50 mg. of benzoyl peroxide. The mixture 
was allowed to reflux for seven minutes, then chilled and 
filtered. The carbon tetrachloride filtrate was washed 
with sodium carbonate solution and water, dried o v y  
sodium sulfate and the solvent removed in vacuo a t  40 . 
When the residual oil (3.22 g.) was allowed t o  stand in the 
cold with ligroin (b. p. 30°), 1.57 g. of crystalline product 
was obtained. Several washes with cold ether and re- 
crystallization from ether-ligroin gave 641 mg. of 7- 

(21) We are grateful to  Dr. C. R. Scholz, Ciba Pharmaceutical 
Co., Summit, New Jersey, for generously supplying us with this 
material. 

bromo-A5-androstene-! 8, 17p-diol 3 -acetate- 17 -benzoate 
(IIb), m. p. 131-132 : [ c Y ] ~ ~ D  -193.5 * 2" (8.99 mg. 
in 2.00 ml. of chloroform). From the mother liquor was 
obtained an additional 338 mg. of the crystalline 7-bromo 
derivative, m. p. 129-131 O ,  to  give a total yield of 979 mg. 

Anal. Calcd. for C28H3S04Br: C, 65.23; H, 6.84. 
Found: C, 65.27; H, 6.92. 

7-d-As-Androstene-3 p,17 p-diol 3-Acetate-17-benzoate 
(IIIb) .-7-Bromo-A5- androstene - 3 p,17 8-  diol-3 -acetate- 
17-benzoate (IIb) (543 mg.) in 75 cc. of ethyl acetate was 
reduced with "deuterized" Raney nickel (prepared by 
four equilibrations with deuterium oxide, 99.5%) and 
deuterium (95%) a t  room temperature and atmospheric 
pressure. The reduction mixture was worked up as de- 
scribed above to  give 459 mg. of bromine-free oil which 
was dissolved in ligroin and chromatographed on. acid- 
washed alumina. From the benzene-ligroin (9: 1, 4: 1 
and 1:l) eluates 311 mg. of crystalline material was 
obtained. Recrystallization from ether yielded a mixture 
of plates and needles. These two types of crystals could 
be separated by fractional crystallization from hot ace- 
tone; the needles (30 mg., m. p. 303-308") being less 
soluble in this solvent. The more soluble plates were then 
recrystallized several times from ligroin (b. p. 90") to give 
189 mg. (41%) of 7-d-A5-androstene-3~,17/3-diol-3-ace- 
tate-17-benzoate (IIIb), m. p. 174-178"; [aIesD -4.8 
=t 3 O (8.20 mg. in 2.00 ml. of chloroform). When mixed 
with an auzhentic sample of Ib, m. p. 177-178', [ C Y ! ~ ~ D  
-3.9 * 2 , there was no depression in melting point. 
The acetate benzoate (IIIb) contained 1.18 atom per cent. 
excess deuterium cdrresponding to 0.43 atom deuterium 
per molecule. 7-d-As-Androstene-3 8, 178-diol (m .p. 
180-181 ") obtained by the hydrolysis of the above acetate 
benzoate contained 1.35 atom per cent. excess deuterium 
corresponding to 0.41 atom deuterium per molecule. 

Upon saponification, the mother liquors of the acetate 
benzoate (IIIb) vielded an additional 24 mp. of the 

(40.5%). 

deuterated'diol,' m. p. 178-179". 
.. 

7-Ketocholesterol Acetate Ethylene Mercaptol (VIIIa) . 
-To remove traces of water a small amount ofbenzene was 
distilled from a mixture of 10.0 g. of 7-ketocholesterol 
acetate20 in 100 cc. of benzene and 20 g. of anhydrous so- 
dium sulfate. To the cooled mixture was added 8 cc. of 
ethanedithiol and 10 g. of freshly fused zinc chloride. 
After the reaction mixture was allowed to  stand for four 
days a t  room temperature, ether was added. The ether 
extract was washed repeatedly with water, 5% sodium 
hydroxide solution and water and dried over sodium sul- 
fate. Evaporation of the solvent yielded 14.64 g. of crude 
mercaptol. Recrystallization from ligroin (b. p. 60') 
gave 8.41 g. of rosettes of needles of the ethylene mercapt!l 
of 7-ketocholesterol acetate (VIIIa), m. p. 183-186 . 
The mother liquor gav: a further crop (655 mg.) of mer- 
captol, m. p. 180-183 . The analytical sample was re- 
crystallized from acetone, m. p. 189.5-190'; [ o ~ ] ~ ~ D  
-81.4 * 3"  (6.88mg. in 2.00 ml. of chloroform); e z z Z m p  
= 6,430 (95% ethanol). 

Anal. Calcd. for C31H500&: C, 71.77; H ,  9.64. 
Found: C, 71.66; H,  9.33. 

The acetate (VIIIa) was saponified by heating far 
twenty minutes in methanolic sodium hydroxide solution 
and the product obtained melted a t  186-188" (needles 
from be;zene:methanol) ; a mixture with VIIIa melted a t  
154-165 , The 3 8-hydroxymercaptol was benzoylated 
a t  room temperature with benzoyl chloride in pyridine and 
the product was purified by chromatography on alumina 
and by recrystallization froT benzene: methanol. The 
benzoate melted a t  239-240 . This 7-keto-cholesterol 
benzoate ethylene mercaptol (VIIIc) was identical with 
that prepaied directly from 7-ketocholesterol benzoate 
(m. p. 160 ; [ a I z 8 ~  -54.6' (chloroform)) and ethanedi- 
thiol in the proesence of zinc chloride. The product melted 
a t  241-242.5 ; [ a ] 2 * ~  -41.2 A 3"  (6.33 mg. in 2.00 ml. 
of chloroform) ; €230 mp = 19,400 (95% ethanol). 

Anal. Calcd. for C36HSzO&: C, 74.43; H, 9.02. 
Found: C, 74.54; H ,  9.19. 
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7,7-dz-Cholesterol (Ea)  .-A solution of 500 mg. of the 
ethylene mercaptol of 7-ketocholesterol acetate (VI&) 
in 75 cc. of ether was stirred with 5 cc. of "deuterized" 
Raney nickel for seven hours and then allowed to stand at 
room temperature for sixteen hours. The catalyst was re- 
moved by filtration and washed several times with ethyl 
acetate. The ether solution and ethyl acetate washings 
were combined and the solvent evaporated to  give 408 mg. 
of oil. The oil was hydrolyzed by heating with 4 cc. of 
5% methanolic potassium hydroxide, 25 cc. or methanol 
and 1 cc. of benzene for 30 minutes. The crystallirie 
saponified product was purified by chromatography on 
alumina and three main fractions were obtained. Frac- 
tion I, eluted with ligroin, was an oil, 31 mg., which prob- 
ably was the hydrocarbon produced by hydrogenolysis of 
the 3-acetoxy group. Fraction 11, eluted with benzene: 
ligroin (1: 1). was crystaJine cholesterol weighing 171 mg. 
and melting at 138-142 . Recrystallization from acetone 
gave a sample melting at  146.5-148.5'; I L Y ] ~ ~ D  -38.1 
* 3' (6.30 mg. in 2.00 ml. of chloroform). Deuterium 
content of this sample of cholesterol was 2.09 atom per 
cent. excess deuterium corresponding to  0.96 atom deute- 
rium per molecule. Fraction 111, eluted with benzene 
and ether, proved to be 108 mg. of the hydroxy mercaptol 
( VIIId). The conditions of desulfurization determined 
the relative amounts of material in edch fraction. Thus, 
when the mercaptol (1.72 9.) was heated a t  100" for sis 
hours with Raney nickel, 632 mg. of fraction I, 462 mg. in 
fraction I1 and only 55 mg. in fraction I11 was obtained. 
Recrystallization of fraction 1 from acetone gave a com- 
pound melting a t  75-77"; [ a I z e ~  4-21.1 * 2" (chloro- 
form); the mixed m. p. with cholestane (m. p. 79-80") 
was 70-58". The infrared spectral analysis showed the 
,ibsence of hydroxyl and acetovyl groups and the spectrum 
was similar to  that of cholestane. The reported rotation 
of cholestane is +24.522 and of copro,tane (m. p. 69 - 
70') is +25.6.22 A positive test was obtained with tetra- 
nitromcthane indicating the presence f an unsaturated 
hydroybon,  probably A3-cholestenc 1 reported xn 11. 

The yield of hydrocarbon fraction I ( ould be decreased 
Ly lowering the temperature, but when this was done, the 
amount of recovered thioacetal was Icrge. By carrying 
out the reaction a t  room temperature 'or long periods of 
time,e4 the best yield of dciulfurized product (fraction 11) 

89-91 ; [aln -56.3").23 

was obtained. 
3@-Acetoxy-17~-benzoxy-l"-androsten-7-one (IV) from 

1Ib.--Six-tenths n a m  of 'i-br0mo-~~-androstenc-3 @, l ip-  
diol-3-acetate-l7-%enzoate (IIb) was dissolved in 60 cc. 
of benzene-ligroin (1 : 3) and poured through a column of 
acid -washed alumina. Elutions with benzene-ligroin 
(1 : I), benzene, ether-henzene (1 : 1) , ether and meth- 
ano1:ether (1:99) gave 11 mg. (A). 33 mg. (B) ,  329 mg. 
(C), 34 mg. (D) and 129 mg. (E) of oil, respectively. A 
portion (225 mg.) of fraction C was dissolved in 2 cc. of 
glacial acetic acid and oxidized with 3.3 cc. of 2% chromic 
acid solution. After three hours the excess oxidant was 
destroyed with methanol and the mixture was taken to 
dryness i n  vacuo. The residue was extracted twice with 
cther and the neutral fraction obtained from this extract 
was semi-crystalline and weighed 215 mg. Fractions I3 
and I) were each oxidized in a similar fashion. The oxi- 
dation products from the three runs were combined (247 
trig.) aiid were recrystallized from acetone-ether to give 
161 mg. of 3@-acrtosy-17@-henzoxy-A~-androsten-7-one 

An additional 35 mg., 111. p. 188.5- 
199 O,  was obtained from the mother liquor. The aii:lyticdl 
sample melted a t  205.5-206"; la]Zqn -56 0 3 (113  
m a .  in 2.00 ml. of chloroform). 

1 X r ) ,  m. p. 203-204". 

- 
Anal. Cnlcd. for C2,NJ4U5: C ,  74.63; H, 7.61. 

Found: C, 74.71; I%, 7.70. 
3@-Acetoxy-17p-benzoxy-A5-androsten-7-one (IV) from 

Ib.--.FolIouing the procedure of Rutcnandt and co-work- 
(22) Mauthner, dlotzafsir., BO, 635 (19!3!j;. 
(23) Mauthrter, ibid., 47, 411 (1!106j. 
(24) McIntosh, Meinzer 'L;I,~ Levm,  'l'ins J O C K S A L ,  70, 2'3.7: 

(1948). 

ersts 562 mg. of As-androstene-3 @,17 @-diol 3-acetate-17; 
benzoate in 10 cc. of glacial acetic acid was oxidized at  55 
with 450 mg. of chromic acid in 3 cc. of 59'30 acetic acid 
solution. The chromic acid solution was added in three 
portions, 1.3 cc. a t  the start, 0.5 cc. after fifteen minutes 
and 1.2 cc. an hour later. The oxidation mixture was 
kept at 55' for three hours, the excess chromic acid was 
then decomposed with methanol and the solvent removed 
zn vacuo. Water was ndded to the residue and the mixture 
then extracted with cther. The ether solution was washed 
with sodium carbonate solution and water, dried and the 
solvent evaporated leaving 230 mg. of semi-crystalline res- 
idue. After recrystallization from acetone-ether, 118 
mg. of 38-acetosy-17p-benzosy-A5-androsten-7-one (IV) , 
m. p. 201-203.5' was obtained. The admixture with the 
7-keto derivative obtained above melted a t  202-205". 
3 @-Acetoxy- 1 7&benzoxy-A5-androsten-7-one Ethylene 

Mercaptol (VIIIb) .-This mercaptol was prepared from 
323 mg. of 3@-acetoxy-17~-benzoxy-As-androsten-7-one 
(VIIb) by the procedure described above. The product 
was purified by chromatogrdphy on acid-washed alumina ; 
277 mg. of the ethylene mercaptol (VIIIb) was obtained 
from the benzene-ligroin (1 : 3-1 : 1) eluates. Recrystal- 
lization from acetone gave white needles melting at 215- 
218.5'. The analytical sample melted at 216-219"; 
[ a l Z s ~  -52.3 d= 2' (10.70 mg. in 2.00 ml. of chloro- 
form) ; €228 m p  = 20,800 (95% ethanol). 

Anal. Calcd. for C,oHd&: C, 68.40; H ,  7.27. 
Found: C, 68.28; H, 7.08. 

7,7-d2-Aj-Androstene-3@, 17B-dio1-3-acetate-17-ben- 
zoate (IXb) from VII1b.-A solution of 625 mg. of 3p- 
acetoxy-17~-benzoxy-A5-androsten-7-one ethylene mer- 
captol (VIIIb) in 100 cc. of anhydrous ether was stirred 
with 10 cc. of "deuterized" Raney nickel for ten hours and 
then allowed to  stand for an additional twelve hours. 
The catalyst was removed by filtration and washed with 
ethyl acetate. The ether solution and ethyl acetate 
washings were combined and the solvent removed to give 
466 mg. of crystalline residue. Upon chromatographic 
analysis on acid-washed alumina, 26 mg. of crystalline 
rnaterial was obtained in fraction I (ligroin) which upon 
recrystallization from ether-methanol gave a product melt- 
ing at  125-140". This was not further investigated. 
From fraction I1 (benzene-ligroin (1:4) and (1:3)) 158 
ing. of 7,7-dz-A5-androstene-3 @, 17@-diol 3-acetate-17- 
benzoate (IXb), m. p. 168-174", was obtained. Re- 
crystallization from acetone gave heavy plates, m. p. 178- 
179"; [ a I z 5 D  -4.9 * 2"  (10.6 mg. in 2.00 mf. of chloro- 
form). Deuterium content of this sample was 4.00 atom 
per cent. excess deuterium, corresponding to  0.96 atom 
deuterium per molecule. 7,7-dr-A6-Androstene-3@,17f?- 
t-liol obtained from the hydrolysis of the above sample con- 
tained 2.15 atom prr cent. excess deuterium, corresponding 
to  0.65 atom deuterium per molecule. This decrease in 
iiotope concentration indicates that some of the hydrogen 
on the ester groups had exchanged. Fraction I11 (ben- 
zene : ligroin (1 : 1) , benzene and ether) weighed 216 mg. 
and was not homogeneous. I t  was therefore repurified by 
chromatographic analysis to yield an additional 14 mg. tf 
IXb and 120 mg. of the thioacetal VIIIb, m. p. 215-221 . 

Cholestan-3-one Ethylene Mercapto1.-Cholestan-3- 
one (300 mg.) was condensed with ethanedithiol (0.4 cc.) 
in  the manner described above for 7-ketocholesterol ace- 
tate. The semi-crystalline reaction product weighed 352 
ing. and was recrystallized twice from ligroin (b,. p. 60") 
to give ail analytical sample, m. p. 142-143 ; [ a ] "D 
+29.7 * 1 ' (8.76 mg. in 2.00 ml. of chloroform) ; e210 m p  

S?: C ,  75.26; H, 10.89. 

Summary 
Two methods for the introduction of stably 

bourid deuterium into thc steroid nucleus have 
l~ecn  invcstigritr~cl. 

2.5, i > ~ ~ t c n ~ ~ m l t ,  I ~ ~ I U ~ I I I : L I I I I  aitii l'alaud, B E Y . ,  71, 1316 (1938). 
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One method consisted in the bromination of 
Ah6-unsaturated steroids with N-bromosuccinimide 
followed by catalytic replacement of the 7-bromo 
group of the product with deuterium. The 
deuterium atom in 7 4 -  As-steroids prepared in 
this manner was shown to be stably bound. The 
other procedure involved the desulfurization of 
suitable steroid mercaptols with "deuterized" 

Raney nickel dord ing  &-steroids. The mer- 
captols used in this study were readily prepared 
from A6-7-ketosteroids by condensation with 
ethanedithiol in the presence of anhydrous zinc 
chloride. The ultraviolet spectra of the ethylene 
mercaptols have been determined and the con- 
tribution of the dithiolane ring estimated. 
NEW YORK 21, N. Y. RECEIVEDMAY 1, 1950 

[FROM THE DIVISION OF STEROID BIOCHEMISTRY, SLOAN-KETTERING INSTITUTE FOR CANCER RESEARCH] 

A5-Cholestene-3&4P,7~-triol and the Inhibition of the Oxidation of Hydroxyl Groups 
by Vicinal Substituents 

BY SEYMOUR LIEBERMAN AND DAVID K. FUKUSHIMA 

In  the preceding paper' we mentioned the 
isolation of 38-acetoxy- A5-cholestene-4/3,7a-diol 
(11), m. p. 175-176', from the reaction of choles- 
terol acetate (I) with excess N-bromosuccini- 
mide. The evidence for this structure is presented 
in this paper and is based upon a study of deg- 
radation products, molecular rotation differ- 
ences, and ultimately conversion to a known 
compound whose constitution is well established. 
3P-Acetoxy- A5-cholestene-4/3,7a-diol (11) ex- 
hibited certain unexpected properties toward 
oxidizing agents, and since these properties are 
of some interest in the field of neighboring group 
reactions, we have extended our studies to en- 
compass other instances of these effects. 

The analysis of I1 satisfied the empirical formula 
C29H4804 and the method of preparation involving 
the use of an excess of N-bromosuccinimide 
suggested that the product was a 3P-acetoxy- A5- 
cholestene-4,7-diol derived from cholesterol ace- 
tate by ala' d i b r o m i n a t i ~ n ~ , ~ ? ~  followed by re- 
placement of the allylic bromide by hydroxyl 
during c h r ~ m a t o g r a p h y . ~ * ~ ~ ~  The compouhd 
formed a triacetate (IIIb), C33H6206, m. p. 172- 
173.5', [ f f ]D  -175', and was saponified to a 
triol, C27H4a03 (IIIa), m. p. 195-197', [Q(]D 
- 102'. 

A search of the literature for derivatives of A5- 
cholestenetriol-3,4,7 revealed that in 1946 Pe- 
trow and Starling' reported the preparation of 
two isomers, A5-cholestenetriol-3/3,4/3,7Ps and 
A5-cholestenetriol-3/3,4/3,7aa whose physical con- 

(1) Fukushima, Lieberman and Praetz, THIS JWJRNAI., 72, 5205 
(1960). 

(2) Ziegler, Spath, Schaaf, Schumann and Winkelmann, Ann. ,  
651, 80 (1942). 

(3) Howton, THIS JOURNAL, 69. 2060 (1947). 
(4) Barnes, ibid. ,  70, 145 (1948). 
(5) Buisman, Stevens and v. d. Vliet, Rcc. Iran chim., 66, 83 

(1947). 
(6) Sutton and Dutta, J. Chem. Soc., 939 (1949). 
(7) Petrow and Starling, ibid. ,  749 (1946). 
(8) Petrow and Starling' assigned the opposite configuration to the 

CI-OH groups. The configurations used throughout this paper are 
those of Shoppee (Annual Regorls. 48. 200 (1947)), who pointed out 
that these designations are in better agreement with those predicted 
by moleculy rotatory data. 

IIIa, R = H 
IIIb, R = CHaCO 
IIIc, R = CaHbCO 

\ OH 
I1 

Y Y  OR 
Va, R = CHXO Rl = H 
Vb, R = R1 = CHsCO 
VC, R = Ri' = H 
Vd, R = Ri = CsHsCO 

o// ' ' Lu 
I V  

Fig. 1. 

stants and those of their tribenzoates are listed in 
Table I. A comparison of these data with the 

TABLE I 

AND THEIR TRIBENZOATES 
PHYSICAL CONSTANTS OF A6-CHOLESTENE-38,48,7-TRIOLS 

AW!holestenetriol- M. p., OC. [a]D Ref. 
38,48,78 188-190 + 5.0' 7 

Tribenzoa t e  190-192 4- 99.6" 7 
38,48,7a: softens 130, 169-170 - 96.9' 7 

Tribenzoate 150-152 - 45.0' 7 
Triol IIIa 195-197 - 102.0° 

Tribenzoate IIIc 159-160 - 79.7' 
physical constants of Compound IIIa  led us to  
believe that i t  was not identical with either of the 
isomeric triols; the tribenzoate I I Ic  appeared to 
conkm this conclusion because i t  differed signifi- 
cantly from either tribenzoate. 

There was.a possibility that I1 was not the 4,7- 
dihydroxy compound but was a rearrangement 


