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Abstract; Through the use of several steroidal cisoid and transoid «,3-unsaturated tosylhydrazones, it has been possible to es-
tablish the course of the NaBH3CN reduction of such tosylhydrazones. Depending on the nature of the tosylhydrazone, al-
kane, or alkene (with double bond migration to the site of the carbonyl carbon) or both may be formed. Alkene formation is
initiated by hydride reduction of the imminium system, while alkanes are produced by initial Michael-type addition of hy-
dride to the terminus of the conjugated system followed by reduction of the imminium moiety. Supporting evidence is provid-
ed by the course of NaBD3CN reductions and demonstration that in alkene products deuterium is attached to the carbon

which bore the original carbonyl group.

Sodium cyanoborohydride (NaBH3;CN) has recently
been shown to be a mild, highly selective reagent! for the
reduction of tosylhydrazone derivatives of aliphatic ketones
and aldehydes.? As such, this reaction provides a convenient
alternative to the Wolff-Kishner and Clemmensen reduc-
tions and other direct or indirect deoxygenation methods.>
It has also been reported that the NaBH3CN reduction of
a,B-unsaturated tosylhydrazones cleanly produces the al-
kene resulting from migration of the double bond to the car-
bon originally bearing the carbonyl group.?® This result is in
contrast to the observation of Caglioti and Magi* that the
lithium aluminum hydride reduction of «,8-unsaturated to-
sylhydrazones leads to the formation of mixtures of hydro-
carbons. In light of these reports and since the labeled re-
agent sodium cyanoborodeuteride (NaBD3CN) can be
readily prepared by exchanging the hydrogens of
NaBH;3;CN for deuterium,!®¢ it was decided to investigate
the mechanism of the tosylhydrazone reduction with
NaBH3CN and to determine the feasibility of this proce-
dure for selective deuterium labeling,

In particular, as part of our continuing effort to synthe-
size deuterium-labeled steroids for mass spectrometric stud-
ies, it was necessary to synthesize 12,12-d5 steroid hydro-
carbons from the corresponding ketones in high chemical
and isotopic yields.> When the tosylhydrazones of 3- or 12-
keto steroids were reduced with NaBH3CN, it was found
that pure hydrocarbon product was formed in yields of 75-
90%. Use of D,0 in the work-up procedure gave unlabeled
product, whereas NaBD3;CN as the reducing agent generat-

Scheme 1

T N\

H™ + RQC=N—NH—(%S — RQCH—\NA=N——H —

R,CH, + N,
ed a singly deuterated hydrocarbon. A d-labeled com-
pound was obtained by deuterium exchange of the hydrogen
on the nitrogen of the tosylhydrazone and reduction with
NaBD;CN using deuterated acid catalyst.® Therefore, the
reduction of saturated tosylhydrazones proceeds operation-
ally and mechanistically in the same fashion as had been
demonstrated earlier by us’ for sodium borohydride
(Scheme I).

In connection with another project, we needed to synthe-
size the labeled alkene cholest-7-ene-/4«-d, (2a). Accord-
ing to the findings of Hutchins and co-workers?® 14a-cho-
lest-7-ene (2b) should be cleanly produced by the
NaBH;CN reduction of cholest-8(14)-en-7-one tosylhydra-
zone (1), and preliminary investigations in our hands

; NNHTs
H
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Scheme 11
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proved this to be true. These workers assumed?® that the
double bond migration in the acid-catalyzed reduction of
tosylhydrazones of «,G-unsaturated ketones with
NaBH;CN proceeded according to Scheme II, in which
case NaBD3;CN reduction should result in the introduction
of a deuterium atom into the g position of the original ke-
tone (asterisked hydrogen in Scheme II).

In our steroid example 1, use of NaBD3;CN should,
therefore, lead in one step to the desired 14a-d; analog 2a,
However, in actual fact, the product proved to be 14a-cho-
lest-7-ene-7-d1 (2¢), thus showing that the originally postu-
lated?® mechanism (Scheme II) involving Michael-type at-
tack of hydride (or deuteride) could not be correct.

Therefore we decided to further investigate the
NaBH;CN reduction of «,8-unsaturated steroidal tosylhy-
drazones using the readily available tosylhydrazone of cho-
lest-4-en-3-one (3) as a model. In contrast to the relatively
simple product composition from the reduction of the cisoid
tosylhydrazone 1, it was found that in this instance a mix-
ture of hydrocarbons was generated which contained not
only the expected 5a- and 58-cholest-3-ene (4a and 4b), but
also the saturated products, 5a- and 55-cholestane (5a and
5b). These results show that not only the mechanism, but

—
TsNHN
3
+
R,
R, R

43, R, =o-H;R,=H 5a,R=coH
b.R,=8H;R,=H b,R=3-H

also the nature of the products may differ from earlier as-
sumptions2® in the literature.

Results and Discussion

The reaction conditions used for the NaBH3;CN (or
NaBD3;CN) reduction of the «,3-unsaturated steroidal tos-
ylhydrazones were those described by Hutchins and co-
workers? with the omission of the cyclohexane GLC inter-
nal standard. The tosylhydrazone was dissolved in 1:1
DMF-sulfolane, the NaBH3CN (or NaBD3CN) and a
trace of bromcresol green were added, the reaction mixture
was acidified by dropwise addition of concentrated HCI (or
a DCI-DOACc solution when deuterated acid catalyst was
required) until the blue-green indicator color disappeared
(ca. pH 3.8), and the solution was heated at 110° for 3-5 h.
After work-up, the crude product was purified by chroma-
tography, and the composition of the fractions was moni-
tored by GLC and mass spectrometry.

Reduction of the tosylhydrazone 3 with NaBH3;CN in
the indicated manner produced in 71% yield a mixture of

hydrocarbons consisting of 6.5% S5a-cholest-3-ene (4a),
32.5% 5(8-cholest-3-ene (4b), 30.5% 5a-cholestane (5a),
30.5% 583-cholestane (5b), and a trace of cholest-4-ene (13).
Further elution of the column gave fractions which were all
contaminated with sulfolane. To identify the rest of the re-
action product, the reduction was repeated using DMF
alone as the solvent. Alumina chromatography of the crude
product yielded 70% of a mixture of hydrocarbons having a
composition similar to that described above, followed by 8%
of one or more 1,2-bis(3-cholestanyl)diazenes (6)® and ca.

N=N

6

20-22% of a mixture of at least six compounds resulting
from hydrolysis of the tosylhydrazone to the starting enone
and subsequent reduction by NaBH3CN. A blank experi-
ment showed that such a regeneration of the enone from the
tosylhydrazone occurs to a limited extent under the reaction
conditions of the reduction.®

When 3 was reduced with NaBD3;CN in the presence of
hydrochloric acid, the cholest-3-ene mixture consisted pre-
dominantly of monodeuterated material (73% d; vs, 17% d»
and 8% dg), while the major component of the saturated
cholestanes was dideuterated (66% d> vs. 20% d, and 10%
d3). The location of the deuterium atom in 5«- and 53-cho-
lest-3-ene was established by 'H and !3C NMR spectrosco-
py to be at C-3 (4c and 4d). When the reduction of 3 with
NaBD;CN was catalyzed by deuterated acid, the 5«- and
53-cholest-3-enes contained predominantly two deuterium
atoms (81% dj vs. 15% d,) and the 5a- and 58-cholestanes
contained up to four deuterium atoms (55% d4 vs. 33% d;
and 7% d). The use of DO in the work-up procedure of
the reduction with NaBD3CN using deuterated acid cata-
lyst caused no appreciable change in the isotopic content of
the products.

As a result of the unexpected production of alkanes in the
reduction of the tosylhydrazone 3, the NaBH3CN reduction
of cholesta-4,6-dien-3-one tosylhydrazone (7) was investi-
gated to determine whether saturated products would be
formed also in this case. The hydrocarbon mixture obtained
in 59% yield from this reduction was separated to give 19%
of a 1:1 mixture of 5«- and 53-cholestane (5a and 5b), 28%
of cholest-5-ene (8a), 10% of a 1:4 mixture of Sa- and 56-
cholest-3-ene (4a and 4b), and 43% of cholesta-4,6-diene
9).

TsNHN

7

+

8a 9

The NaBH3CN reduction of another transoid «,(5-unsat-
urated tosylhydrazone, Sa-cholest-1-en-3-one tosylhydra-
zone (10), which differs from 3 only in the position of the
double bond, proceeded in a much more straightforward
manner to yield 70% of Sa-cholestane (5a) with only a trace
of cholest-2-ene detected by mass spectrometry. Reduction
with NaBD3CN gave approximately the same isotopic dis-
tribution as encountered in the case of the alkane product
from the reduction of 3, i.e., Sa-cholestane-d, when ordi-

Journal of the American Chemical Society | 98:8 | April 14, 1976



TsNHN , :
H
10 5a

nary hydrochloric acid was used and d4 product in the pres-
ence of deuterated acid.

When the cisoid «,8-unsaturated tosylhydrazone of cho-
lest-8(14)-en-7-one (1) was reduced with NaBH3CN, 14a-
cholest-7-ene (2b) was generated in 88% yield as the only
hydrocarbon, uncontaminated with saturated product. Re-
duction with NaBD3;CN yielded 14a-cholest-7-ene-7-d;
(2¢) of fair isotopic purity (27.4% do, 56.0% d;, 16.6% d»)
which was unchanged when D,O was used in the work-up
procedure. As expected, use of deuterated acid catalyst af-
forded cholest-7-ene-7,/4a-d, (2d) (68% isotopic purity).

Reduction of another cisoid «,3-unsaturated tosylhydra-
zone, cholest-4-en-6-one tosylhydrazone (11), with

—_—
:
NNHTSs R, R
1 8a,R,=R,=H
b, R,=D;R,=H
¢, R,=R,=D

NaBH3;CN again produced only the alkene resulting from
double bond migration to the original carbonyl carbon, cho-
lest-5-ene (8a), in 79% yield, and no detectable alkane
product. The use of NaBD3CN with hydrochloric acid gave
cholest-5-ene-6-d; (8b) (60% d; vs. 33% dj), while intro-
duction of deuterated acid afforded dideuterated product of
79% isotopic purity, which was established to be cholest-5-
ene-4a.6-d> (8¢) by 'TH NMR (see Experimental Section).
On the basis of these results, the following conclusions
can be drawn concerning the mechanism of the sodium cya-
noborohydride reduction of «,3-unsaturated tosylhydra-
zones. The deuterium labeling showed that one of the hy-
drogens involved in the reduction process is provided by the
NaBH;CN. When the hydrocarbon product from the re-
duction with NaBD3CN is the alkene resulting from migra-
tion of the double bond (e.g., 1 — 2), the deuterium is lo-
cated exclusively at the original carbonyl carbon (e.g., 2¢).
However, these monodeuterated alkenes are of rather poor
isotopic purity due to the ability of the NaBD3CN to under-
go hydrogen-deuterium exchange near pH 3!®¢ (the reduc-
tion is run below pH 3.8). There is also a considerable
amount of dideuterated product present in these alkenes,
which is attributable to exchange of the hydrogen on the ni-
trogen of the tosylhydrazone with deuterium (Scheme III).
It is this hydrogen on the tosylhydrazone nitrogen which is
the second hydrogen involved in the reduction process (vide
infra). The use of a deuterated acid catalyst in the
NaBD;CN reduction produces a dideuterated alkene, again
due to exchange of the hydrogen of the tosylhydrazone ni-
trogen with deuterium. When alkanes are produced in the
reduction of a,8-unsaturated tosylhydrazones, NaBD;CN
and a proton acid catalyst give dideuterated product result-
ing from two successive reductions, while NaBD3;CN with a
deuterated acid catalyst gives tetradeuterated material. The
isotopic purity is also poor in these cases, since with two re-
ductions there is even greater opportunity for hydrogen-
deuterium exchange. Some deuteration of the enolizable
protons of the tosylhydrazone may also be occurring.!?
Sodium cyanoborohydride has been found to have a pro-
pensity for selectively reducing imminium ions.! It is gener-
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Scheme II1
"BD,CN + HT + R,C=NNHTs —
“BD,HCN + D* + R,C=NNHTs —
“BD,HCN + H' + R,C=NNDTs

Scheme IV

R,C=NNHTs —— R,C—=N*HNHTs —2>

—’r
R,CHNHNHTs —=> R,CHN=NH —» N, + RCH,

Scheme V
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H N\
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H* “BH.CN
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N |
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ally assumed that alkyldiazenes, resulting from 1,2-elimina-
tion of toluenesulfinic acid from RNHNHTs,!! are inter-
mediates in the NaBH;CN reduction of such imminium
type ions formed by the protonation of tosylhydrazones
(Scheme 1V).2° It has been established that such alkyldi-
azenes (as well as aryl- and alkenyldiazenes) undergo a bi-
molecular decomposition to produce the corresponding al-
kane (Scheme V) plus other products.® However, it does not
seem likely that such an alkyldiazene intermediate is possi-
ble in the NaBH3CN reduction of an «,8-unsaturated tos-
ylhydrazone to produce as the only olefin the alkene result-
ing from migration of the double bond, since deuterium la-
beling has shown that initial hydride (or deuteride) attack
occurs at the imminium ion carbon. In the reduction of cho-
lest-4-en-6-one tosylhydrazone (11), hydride attack at C-6
of the protonated tosylhydrazone followed by loss of tolu-
enesulfinic acid would produce the alkyldiazene 12
(Scheme VI). Decomposition of 12 following a bimolecular
pathway such as that shown in Scheme V would be expect-
ed to lead to cholest-4-ene (13) or a mixture of 13 and cho-
lest-5-ene (8a). In actual fact the rearranged alkene 8a is
the only product observed.!?

Therefore, it seems probable that the reduction of the
a,B-unsaturated tosylhydrazone 11 to give only 8a occurs in
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a concerted manner such as that shown in Scheme VII,
Such a reaction pathway is especially attractive for those
a,0-unsaturated tosylhydrazones which have, or can as-
sume, a cisoid conformation, because of the intermediate
six-membered cyclic transition state required for delivery of
tosylhydrazone hydrogen to the terminus of the conjugated
system. Indeed, for the cisoid tosylhydrazones 1 and 11 and
all of the a,B-unsaturated tosylhydrazones reported by
Hutchins et al.2® that can assume a cisoid conformation, the
alkene arising from double bond migration is formed in
good yield as the only product.

The stereochemical course of the reduction is completely
consistent with Scheme VII since NaBD3;CN treatment of
11 in the presence of deuterated acid led to cholest-5-ene-
4a,6-d5 (8¢). Initial hydride attack at C-6 in such systems
is known!3 to occur from the 3 side of the molecule and the
resulting 6a-tosylhydrazine intermediate 14 could then de-
liver the proton attached to nitrogen only from the « side to
produce (in the deuterated example) 8c. It is also notewor-
thy that in the NaBH3CN reduction of the tosylhydrazone
1, the only product formed was 14a-cholest-7-ene (2b) with
no 148 compound detected, indicating complete stereospe-
cific transfer of the hydrogen on nitrogen in this case as
well.

For a,3-unsaturated tosylhydrazones which are restricted
to a transoid conformation by structural rigidity, the results
of the NaBH3CN reduction are not as straightforward as
those for cisoid tosylhydrazones. Hutchins and co-workers??
report considerably poorer yields for the reductions of such
compounds, with the only product reported being the rear-
ranged alkene. As shown above, the NaBH;CN reductions
of the transoid steroidal tosylhydrazones 3, 7, and 10 pro-
duced good yields of hydrocarbons, but a considerable
amount (or all, in the case of 10) of the product was satu-
rated,

In the NaBH3;CN reduction of the tosylhydrazone 3, the
only alkenes generated, 4a and 4b, were again the result of
double bond migration. These alkenes must also be pro-
duced by a mechanism similar to that described in Scheme
VII (or ref 12), since the NaBD3CN reduction of 3 led to
alkenes labeled at C-3 (4c and 4d). In this instance, how-
ever, the intramolecular proton transfer step (Scheme VIII)
is less sterically favorable than for a cisoid tosylhydrazone
(Scheme VII) and indeed accounts for only 39% of the hy-
drocarbon product.

The predominant formation of 53-cholest-3-ene (4b) in
the NaBH;CN reduction of 3 is readily rationalized in
terms of the mechanism depicted in Scheme VIII, because
favored attack of the “BH3;CN is expected!# to proceed
from the « face of the molecule. Internal hydrogen transfer
from nitrogen to C-5 can then only take place from the 8
side of the molecule via a half-boat intermediate. The small
amount of Sa-cholest-3-ene (4a) isolated from the reduc-
tion of 3 presumably arises from the minor 33 attack!* of
hydride to the imminium system.

The generation of alkanes in the NaBH3CN reduction of
3 must occur through a different mechanism from that de-

Scheme VIII
B ;\ R
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N
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H H
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scribed in Scheme VIII for the formation of alkenes 4a and
4b. Attack of hydride in a Michael-type addition at the 3
carbon of the protonated tosylhydrazone followed by isom-
erization of the resulting alkenyltosylhydrazine 15a!9 to the
saturated tosylhydrazone 15b, reprotonation, and subse-
quent reduction by a second hydride would produce the sat-
urated cholestanes Sa and 5b (Scheme I1X). It should be
noted that in contrast to the preponderant formation of 54-
cholest-3-ene (14b), reflecting the great steric preference!4
for initial « attack by hydride to the imminium system, the
alkane mixture consists of equal amounts of S«- and 583-
cholestanes (5a and 5b). In this instance, the stereochemical
course is controlled by the initial Michael-type attack at
C-5 and it is known from other Michael additions to A%-3-
keto steroids!® that such reactions generate approximately
equal amounts of S« and 58 isomers.

The alkanes 5a and 5b formed in the reduction of the di-
enone tosylhydrazone 7 can be accounted for in a similar
manner, assuming again initial Michael-type hydride attack
at C-7 (Scheme X). The observed production of cholest-5-
ene (8a) can be rationalized via isomerization of 16 to the
nonconjugated unsaturated tosylhydrazone 17 followed by a
second reduction with NaBH3CN. Cholesta-4,6-diene (9)
must be produced by initial hydride attack at C-3 and inter-
nal hydrogen transfer from nitrogen to C-5 similar to
Scheme VIII. The resulting nonconjugated diene 18 then
isomerizes to the conjugated diene 9 (Scheme XI). This
product accounts for 43% of the hydrocarbon mixture, com-
pared to the 39% of alkenes 4a and 4b formed in the reduc-
tion of 3 by a similar mechanism.

We conclude that alkene formation (with migration of
the double bond) is initiated by hydride reduction of the im-
minium system (Schemes VII and VIII), while alkanes are
generated by initial Michael-type addition of hydride to the
terminus of the conjugated system (Scheme IX). The rela-
tive proportion of alkene vs. alkane product will then de-
pend on extrinsic factors favoring either Michael addition
or imminium ion reduction. This is nicely documented in
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the reduction of the Sa-cholest-1-en-3-one tosylhydrazone
(10) which we found to proceed solely with formation of al-
kane product, 5a, i.., initial Michael-type attack of hy-
dride. It is well known that while the reaction of NaBH4
with cholest-4-en-3-one proceeds almost exclusively by re-
duction of the carbonyl group,!#®? 5a-cholest-1-en-3-one,
under similar conditions, undergoes almost exclusive 1,4-
addition!® with production of a saturated rather than an un-
saturated analog.

In summary, while the NaBH3CN reduction of «,8-un-
saturated tosylhydrazones is clearly of synthetic utility,
caution must be exercised in predicting the nature of the
products. Of least utility are those substrates (e.g., cholest-
4-en-3-one tosylhydrazone (3)) in which the balance be-
tween imminium reduction and Michael attack is so deli-
cate that a mixture of alkene and alkane products is ob-
tained.

Experimental Section

General, NaBH;CN was obtained from Alfa Inorganics and
used without purification. NaBD3CN was prepared by exchanging
the hydrogens of NaBH3CN for deuterium using the procedure of
Borch and co-workers.!¢ Sulfolane and DMF were distilled under
vacuum from CaHj,, mixed in a 1:1 ratio by volume and stored
over 4A molecular sieves. Melting points were determined on a
Kofler hot-stage apparatus and are uncorrected. Infrared spectra
were recorded for solutions in chloroform on a Perkin-Elmer
Model 421 spectrometer, 'H NMR spectra on Varian Model T-60
and Bruker Model HXS-360 spectrometers, and 13C NMR spectra
on a Varian XLFT-100 spectrometer using deuteriochloroform as
solvent and tetramethylsilane as internal reference. Optical rota-
tions were measured for solutions in chloroform using a Perkin-
Elmer Model 141 spectropolarimeter. Uv spectra were recorded
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for solutions in 95% ethanol on a Cary-14 spectrometer. Low-reso-
lution mass spectra were obtained by Messrs. R. G. Ross and R.
Conover with AEI MS-9 and Atlas CH-4 instruments using a di-
rect inlet system. Elemental analyses were determined by the Mi-
croanalytical Laboratory, Stanford University.

Gas-liquid phase chromatography (GLC) was performed on a
Hewlett-Packard Model 402 high-efficiency instrument using 6-ft
glass columns packed with 3% OV-25 on Gas-Chrom Q (100-200
mesh) from Applied Science Laboratories, Inc. Column chroma-
tography was done using Merck neutral activity II alumina and
TLC was carried out on silica gel HF3s4 plates visualized by
spraying with ceric surface solution (2% in 1 M sulfuric acid) fol-
lowed by heating.

General Procedure for Tosylhydrazone Preparation,2® A solution
of the ketone and a 10-20% molar excess of p-toluenesulfonylhy-
drazine in absolute ethanol (ca. 5-10 ml/mmol of ketone) was
heated under reflux for 0.5-1 h. The solution was cooled and the
precipitate was collected by suction filtration and washed with 95%
ethanol to yield the tosylhydrazone. The products obtained were
sufficiently pure that recrystallization was not necessary.

Cholest-4-en-3-one Tosylhydrazone (3): yield, 88%; mp 138-
140° dec (lit.* mp 142°); NMR § 0.68 (s, 3 H, C-18 CH3), 0.99 (s,
3 H, C-19 CH;), 2.40 (s, 3 H, Ar-CH3), 5.74 (s, | H, vinyl), 7.24
(d, J = 8 Hz, 2 H, aromatic), 7.76 (d, J = 8 Hz, 2 H, aromatic).

Cholesta-4,6-dien-3-one Tosylhydrazone (7); yield, 87%; mp
175-177° dec; NMR 6 0.72 (s, 3 H, C-18 CH3), 0.89 (s, 3 H, C-19
methyl), 2.40 (s, 3 H, Ar CH3), 5.80-6.07 (m, 3 H, vinyl), 7.29 (d,
J =8 Hz, 2 H, aromatic), 7.88 (d, / = 8 Hz, 2 H, aromatic’).

Anal. Caled for C33Hs5oN>0,S: C, 74.18; H, 9.09; N, 5.09; S,
5.82. Found: C, 73.88; H, 8.84; N, 5.18; S, 5.95.

Sa-Cholest-1-en-3-one Tosylhydrazone (10) yield, 75%; mp
167-169° dec (lit.1” mp 168-170° dec); NMR 6 0.65 (s, 3 H, C-18
CH3), 0.79 (s, 3 H, C-19 CH3), 2.41 (s, 3 H, Ar CH3), 591 (d, J
= 10 Hz, 1 H, vinyl), 6.38 (d, J = 10 Hz, 1 H, vinyl), 7.28 (d,J =
8 Hz, 2 H, aromatic), 7.78 (d, J = 8 Hz, 2 H, aromatic).

Cholest-8(14)-en-7-one Tosylhydrazone (1); yield 66%; mp 134-
136° dec; NMR 4 0.64 (s, 3 H, C-19 CH3),!8 0.83 (s, 3 H, C-18
CH3),18 2,40 (s, 3 H, AR CH3), 7.26 (d, J = 8 Hz, 2 H, aromat-
ic), 7.83 (d, J = 8 Hz, 2 H, aromatic).

Anal. Caled for C34H52Nzozst2H5OH2 C, 72.18; H, 9.77; N,
4.68; S, 5.36. Found: C, 72.07; H,9.64; N, 4.74; S, 5.29.

Cholest-4-en-6-one Tosylhydrazone (11); yield, 69%, mp 155-
157° dec; NMR 6§ 0.55, 0.61, 0.65 (3 H, C-18 CH3), 091 (s, 3 H,
C-19 CH3), 2.42 (s, 3 H, Ar CH3), 5.71 (m, 1 H, vinyl), 7.30 (d, J
= 8 Hz, 2 H, aromatic), 7.84 (d, J = 8 Hz, 2 H, aromatic).

Anal. Caled for C3sH353N>0,S: C, 73.91; H; 9.42; N, 5.07; S,
5.80. Found: C, 73.87; H, 9.35; N, 5.15; S, 5.98.

General Procedure for Reduction of the Tosylhydrazones with
Sodium Cyanoborohydride (Deuteride), A mixture of the tosylhy-
drazone, a fourfold molar excess of NaBH3CN (NaBD3;CN), and
a trace of bromcresol green in 1:1 DMF-sulfolane (ca. 5 ml/mmol
of tosylhydrazone) was acidified by dropwise addition of concen-
trated HCI (DCI-DOAc solution!®) until the blue-green color dis-
appeared. After heating with stirring at 105-110° for 3-5 h, the
reaction mixture was cooled, diluted with H,O (D,0), and extract-
ed three times with ether. The combined ether extracts were
washed well with H,0, saturated NaHCO;, and H;0, dried
(MgSO0,), and concentrated. The resulting product was chromato-
graphed on alumina by eluting with hexane to yield the hydrocar-
bon.

Reduction of Cholest-4-en-3-one Tosylhydrazone (3) with Sodium
Cyanoborohydride, The reduction of 3 (200 mg) with NaBH;CN
carried out according to the general procedure yielded after col-
umn chromatography 96 mg (71%) of a hydrocarbon mixture as a
colorless oil. Further elution with more polar solvents gave frac-
tions which were all contaminated with sulfolane.

Preparative TLC of the hydrocarbon mixture on AgNOs-im-
pregnated silica gel and developing with CCly yielded a 1:1 mix-
ture (by GLC) of 5a- and 58-cholestane (5a and 5b, 43 mg, 61%)
and a 1:5 mixture (by GLC) of 5a- and 58-cholest-3-ene (4a and
4b, 27 mg, 39%) plus a trace of cholest-4-ene (13). These com-
pounds were identified by molecular weight (mass spectrometry),
NMR, and comparison of GLC and TLC (AgNOj; impregnated
silica gel) retention times with authentic samples.20

Reduction of Cholest-4-en-3-one Tosylhydrazone (3) with Sodium
Cyanoborohydride in DMF Solvent, The reduction of 3 (450 mg)
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with NaBH3;CN was carried out as described above except that the
solvent was pure DMF. Chromatography of the crude reaction
product on alumina and eluting with hexane yielded a mixture of
hydrocarbons (214 mg, 70%) of similar composition as that above;
30% benzene in hexane eluted a white crystalline compound (25
mg, 8%) thought to be one or more 1,2-bis(3-cholestanyl)diazenes
(6) which crystallized from ethyl acetate: mp 187-190°; mass
spectrum M+ 770 (=CssHg4N>3).

Anal. Caled for Cs4HoyN3: C, 84.16; H, 12.21; N, 3.63. Found:
C,83.89; H, 11.92; N, 3.63.

Further elution of the column with ether gave a yellow oil (71
mg, ca. 20-22%) which was found to be a mixture of at least six
compounds by TLC and GLC. The ir spectrum of the mixture in-
dicated that there was little, if any, tosylhydrazone present (no
peaks at 3290, 3210 (N-H), and only a very small peak at 1150
em™! (-SO,-)). The ir did show the following peaks: 3685, 3615
(O-H), 1704 (saturated C=0), 1665 (unsaturated C=0), and
1596 cm~! (C=C). The GLC-mass spectrum of this mixture con-
firmed the fact that it was probably a mixture of 5a- and/or 58-
cholestan-3£-ol (M* 388), 5a- and/or 58-cholestan-3-one (M*
386), and a trace of cholest-4-en-3-one (M* 384), but the resolu-
tion of the many peaks on GLC was poor and positive identifica-
tion was not pursued.

Partial Hydrolysis of Cholest-4-en-3-one Tosylhydrone (3) under
the Conditions of the Sodium Cyanoborohydride Reduction. A solu-
tion of 3 (150 mg) (purified by column chromatography on alumi-
na to remove any traces of underivatized ketone) and a trace of
bromcresol green in 1.5 ml of DMF was acidified by adding con-
centrated HCI dropwise until the blue-green color disappeared.
The reaction was heated at 105° for 5 h, then worked up in the
usual manner to give 133 mg of yellow semicrystalline material.
Chromatography on alumina eluting with hexane and then ben-
zene afforded 33 mg of yellow semicrystalline material shown to be
mostly cholest-4-en-3-one by TLC and GLC comparison with an
authentic sample.?! Elution with ether gave an orange oil (62 mg)
which was mainly the starting tosylhydrazone as shown by ir,
NMR, and TLC comparison with an authentic sample.

Reduction of Cholest-4-en-3-one Tosylhydrazone (3) with Sodium
Cyanoborodeuteride, The NaBD3;CN reduction of 3 (650 mg) af-
forded 295 mg (67%) of a hydrocarbon mixture which was sepa-
rated by preparative TLC on AgNOj3 impregnated silica gel by de-
veloping with CCly to give a 1:1 mixture of 5a- and 58-cholestane-
d; (113 mg) [mass spectrum M+ 374 (Cy7HuD2) (do, 2.8; 4y,
20.2; da, 66.2; d3, 9.6; d4, 0.8; ds, 0.4%] and a 1:6 mixture of Sa-
and 5B-cholest-3-ene-3-d; (4c and 4d, 109 mg) [mass spectrum
M+ 371 (C27HasD) (do, 8.2; d1, 73.0; d2, 16.8; d3, 1.0; ds, 1.0%);
'H NMR 6 5.36 (broad s, ca. 1 H, vinyl); 13C NMR showed sig-
nals at 6 131.2 (corresponding to C-4 of Sa-cholest-3-ene)?? and
132.1 ppm (which should be C-4 of 58-cholest-3-ene) in a 1:6
ratio]. There are no signals at 125.1 (C-3 of Sa-cholest-3-ene)?? or
within 2 ppm of 125.1 ppm (which would correspond to C-3 of 58-
cholest-3-ene). Thus the deuterium in 4¢ and 4d is located at C-3.

Reduction of Cholest-4-en-3-one Tosylhydrazone (3) with Sodium
Cyanoborodeuteride Using a Deuterated Acid Catalyst, The reduc-
tion of 3 (100 mg) with NaBD3CN using the DCI-DOAc acid cat-
alyst produced 50 mg (74%) of a hydrocarbon mixture, which was
separated as above to yield a 1:1 mixture of 5a- and 58-cholestane-
d4 (24 mg) [mass spectrum M+ 376 (C27HasDa) (do, 1.2; 41, 0.9;
da, 6.7; d3, 32.9; ds, 55.1; ds; 2.5; ds, 0.7%] and a 1:7 mixture of
Sa- and 5B-cholest-3-ene-d> (17 mg) [mass spectrum M* 372
(C27H44D2) (d(), 0.9; dl, 14.7; dz, 81.1; d3, 3.3%); NMR 6 5.32
(broad s, ca. 1 H, vinyl].

Reduction of Cholest-4-en-3-one Tosylhydrazone (3) with Sodium
Cyanoborodeuteride Using a Deuterated Acid Catalyst Followed by
a D,0 Workup, The above reaction was repeated and the reaction
mixture was diluted first with 0.5 ml of D,0 followed by the usual
work-up and chromatography to give 52 mg (77%) of a hydrocar-
bon mixture consisting of a 1:1 mixture of Sa- and 58-cholestane-
ds (27 mg) [mass spectrum M+ 376 (Cy7HasDs) (do, 2.6; d1, 1.5;
dz, 9.1; ds, 35.1; dy4, 42.8; ds, 7.8; dg, 1.1%] and a 1:6 mixture of
5a- and 5B3-cholest-3-ene-d; (17 mg) [mass spectrum M* 372
(C27H4sD2) (do, 1.0; dy, 14.6; d2, 77.1; d3, 6.3; ds, 1.0%); NMR §
5.31 (broad s, ca. 1 H, vinyl].

Reduction of Cholesta-4,6-dien-3-one Tosylhydrazone (7) with
Sodium Cyanoborohydride, The reduction of 7 (200 mg) with
NaBH3;CN afforded a mixture of hydrocarbons (160 mg, 59%)

which was separated by preparative TLC on AgNOs-impregnated
silica gel by developing with chloroform to give the following com-
pounds: a 1:1 mixture (by GLC) of 5a- and 58-cholestane (5a and
5b, 15 mg, 19%), cholest-5-ene (8a, 22 mg, 28%) [mp 95-96°
(MeOH) (lit.23 mp 91-93°); [a]p —54° (c 1.1) (lit.?? [a]p —56°);
mass spectrum M* 370 (C7Hye); NMR 6 0.67 (s, 3 H, C-18
CH3), 0.99 (s, 3 H, C-19 CH3), 5.23 (m, 1 H, vinyl], a 1:4 mixture
(by GLC) of 5a- and 58-cholest-3-ene (4a and 4b, 8 mg, 10%), and
impure cholesta-4,6-diene (9, 33 mg, 43%) as an oil which would
not crystallize (lit.24 mp 91-92°); [a]p +4.8° (c 0.54) (lit.2* [a]p
+7°, also +9°, +13°); mass spectrum M* 368 (C27H4s); NMR 8
0.71 (s, 3 H, C-18 CH3), 0.90 (s, 3 H, C-19 CH3), 5.43-5.63 (m, 3
H, vinyl); uv Amax 245 nm (lit.2* Apax 230, 238, and 245 nm (e
21 500, 25 800, and 14 500).

Reduction of 5a-Cholest-1-en-3-one Tosylhydrazone (10) with
Sodium Cyanoborohydride, The reduction of 10 (100 mg) with
NaBH3CN carried out according to the general procedure yielded
white crystals of 5a-cholestane (5a, 47 mg, 70%). Recrystallization
from methanol gave material with mp and mmp 79-81° (lit.2> mp
79-80°), mass spectrum M* 372 (C»7Hug) (also traces of unsatu-
rated material M* 370 and m/e 316 corresponding to the retro-
Diels-Alder fragmentation of cholest-2-ene). However, this olefin
is only a slight impurity not visible by TLC on AgNOs;-impregnat-
ed silica gel); NMR 6 0.65 (s, 3 H, C-18 CH3), 0.77 (s, 3 H, C-19
CH3).

Reduction of 5a-Cholest-1-en-3-one Tosylhydrazone (10) with
Sodium Cyanoborodeuteride, The NaBD3;CN reduction of 10 (50
mg) gave Sa-cholestane-dy (26 mg, 76%) as white crystals which
were recrystallized from MeOH; mp 79.5-81°; mass spectrum M™*
374 (Cy7HagD3) (do, 10.6; d4, 28.0; d4, 57.8; d3, 3.6%).

Reduction of Sa-Cholest-1-en-3-one Tosylhydrazone (10) with
Sodium Cyanoborodeuteride Using a Deuterated Acid Catalyst Fol-
lowed by an H,0 or DO Workup, Tosylhydrazone 10 (100 mg)
was reduced with NaBD3;CN and the DCI-DOAc catalyst accord-
ing to the general procedure. After the reduction was complete, the
reaction mixture was divided into two portions, one of which was
diluted with H,O and worked up as usual to give white crystals of
Sa-cholestane-ds (12 mg): mp 80-82° (MeOH); mass spectrum
M+ 376 (C27H44D4) (dl, 16, dz, 7.8; d3, 33.3; d4, 561, d5, 12%)
The second portion of the reaction mixture was diluted with DO
followed by the usual work-up, yielding cholestane-d4 (33 mg): mp
80-82° (MeOH); mass spectrum M* 376 (Cy7HasDy) (dy, 2.3; d3,
7.9; d3, 33.0; d4, 5.5, ds, 1.3%).

Reduction of Cholest-8(14)-en-7-one Tosylhydrazone (1) with So-
dium Cyanoborohydride, The reduction of 1 (110 mg) with
NaBH3CN yielded white crystals of cholest-7-ene (2b, 68 mg,
88%) which were recrystallized from ethanol: mp 86.5-88° (lit.23
mp 86-87°); [a]D +8.0° (¢ 1.0) (lit.23 [a]p +11°); NMR 6 0.53
(s, 3 H, C-18 CH3), 0.76 (s, 3 H, C-19 CH3), 5.17 (broad, 1 H,
vinyl); mass spectrum M* 370 (C37H46).

Reduction of Cholest-8(14)-en-7-one Tosylhydrazone (1) with So-
dium Cyanoborodeuteride, Reduction of 1 (40 mg) with NaBD3CN
afforded cholest-7-ene-7-d; (2¢, 23 mg, 86%); mp 85-87° (EtOH);
mass spectrum M* 371 (C27HysD) (do, 27.4; dy, 56.0; d2, 16.6%);
NMR 6 5.17 (small signal, ca. 0.3 H, vinyl).

Reduction of Cholest-8(14)-en-7-one Tosylhydrazone (1) with So-
dium Cyanoborodeuteride Followed by a DO Workup, The above
reduction was repeated and the reaction mixture was diluted with
0.5 ml of D,O followed by the usual workup to yield cholest-7-ene-
7-dy (2¢, 23 mg, 86%); mp 86-88° (EtOH); mass spectrum M*
371 (C27H45D) (d(), 30.0; dl, 51.9; dz, 18.1%); NMR § 5.16 (small
signal, ca. 0.3 H, vinyl).

Reduction of Cholest-8(14)-en-7-one Tosylhydrazone (1) with So-
dium Cyanoborodeuteride Using a Deuterated Acid Catalyst, The
tosylhydrazone 1 (40 mg) was reduced with NaBD3CN and the
DCI-DOACc catalyst to give cholest-7-ene-7,/4a-d; (2a, 23 mg,
86%): mp 85-87° (EtOH); mass spectrum M™* 372 (C27HasD3)
(d(), 3.3; d1, 12.3; dz, 67.8; d3, 5.7; d4, 3.1; d5, 4.0; ds, 3.8); 1H
NMR showed no vinyl proton signal, and 13C NMR showed no
signals at & 117.5 (C-7)22 or 55.2 ppm (C-14),22 indicating that
these carbons are labeled with deuterium.

Reduction of Cholest-4-en-6-one Tosylhydrazone (11) with Sodi-
um Cyanoborohydride, The reduction of 11 (110 mg) with
NaBH3CN according to the general procedure yielded white crys-
tals of cholest-5-ene (8a, 53 mg, 79%) which were recrystallized
from ethanol: mp 92-94° (lit.2> mp 91-93°); [a]p —53° (¢ 1.7)



(1it.23 [a]p —56°); mass spectrum M* 370 (C27H46); NMR 6 0.67
(s, 3 H, C-18 CH3), 1.00 (s, 3 H, C-19 CH3), 5.27 (broad d, J = 8
Hz, | H, vinyl).

Reduction of Cholest-4-en-6-one Tosylhydrazone (11) with Sodi-
um Cyanoborodeuteride, The tosylhydrazone 11 (50 mg) was re-
duced with NaBD3CN to give cholest-5-ene-6-d; (8b, 28 mg,
84%): mp 93-95° (EtOH); mass spectrum M™* 371 (Cy;H4sD)
(do, 32.8; dy, 59.9; d2, 6.3; d3, 1.0%); NMR § 5.25 (small signal,
ca. 0.3 H, vinyl).

Reduction of Cholest-4-en-6-one Tosylhydrazone (11) with Sodi-
um Cyanoborodeuteride Followed by a D20 Workup, The above re-
duction was repeated and the reaction mixture was diluted with 0.5
ml of D50 followed by the usual work-up to yield cholest-5-ene-6-
dy (8b, 82%); mp 93-95°; mass spectrum M* 371 (C,7H45D) (do,
22.5;dy,67.0; d3,9.6; d3, 0.9%); NMR 6 5.25 (small signal, ca. 0.3
H, vinyl).

Reduction of Cholest-4-en-6-one Tosylhydrazone (11) with Sodi-
um Cyanoborodeuteride Using a Deuterated Acid Catalyst, The re-
duction of 11 (40 mg) with NaBD3CN and the DCI-DOAc cata-
lyst according to the general procedure afforded cholest-5-ene-
4a,6-d; (8¢, 23 mg, 86%): mp 93.5-95.5° (EtOH); mass spectrum
M+ 372 (C27H44D2) (d(), 0.8; dl, 9.4; dz, 79.4; d3, 7.9; d4, 25%),
60-MHz 'H NMR showed no vinyl proton signal and 360-MHz
'H NMR showed only a very small signal for a vinyl proton at &
5.25, thus locating one deuterium atom at C-6. The 360-MHz 'H
NMR spectrum of unlabeled cholest-5-ene (8a) separated one al-
lylic proton signal at 6 2.21 (broad t, / = 14 Hz, | H) from the
other allylic protons centered at 1.97 (broad m, 3 H). In the dideu-
terated compound, the signal at 2.21 almost completely disappears,
indicating a stereospecific replacement of one allylic proton with
deuterium. Irradiation of the vinyl proton in the unlabeled com-
pound caused only a slight change in the signal at § 2.21, while
major changes were noticeable in the shape of the signal at 1.97.
This means that the signal at 2.21 can be assigned to one of the
C-4 protons, which has only a small allylic coupling to the C-6 pro-
ton. Two of the protons which resonated at 6 1.97 are then at C-7
and have a larger vicinal coupling to the C-6 proton. The C-4 pro-
ton at 6 2.21 (which is replaced by deuterium in the d»-labeled
compound) is assigned the a configuration on the basis of its down-
field shift from the other allylic protons. The 4« proton lies almost
directly in the plane of the double bond and is therefore expected
to be more deshielded than the other allylic protons which are out
of this plane.2
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