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SECTION I
HISTORICAL INTRODUCTION

Cholesterol is a waxy, crystalline substance of def-
inite molecular weight, having the empirical formula 027HM60°
Its melting point is 147.5 - 148.500. The established system
of designating the rings by letter and the numbering of indi-

vidual carbon atoms accompany the structure at this time.

Cholesterol

Hereafter, the location of various positions by number may be
made by reference to this formula. The parent hydrocarbon,

cholestane, may be derived by completely saturating cholester-

ol with hydrogen. This provides us with a basis of naming
members of this series. Thus, cholesterol would be completely
identified by AS-cholesten-B (ﬁ)-ol, where the A signifies a
double bond and the superscript its position in the molecule.
The symbols & and @ refer to the orientation of substituents
attached to the nucleus. Those bearing the symbol/e are vis-
uallzed as projecting above the plane of the paper and are shown
by a solid line for the bond. & -oriented substituents are re-

garded as lying below the plane of the paper and are indicated



by a dotted line for the bond.

Cholesterol belongs to a class of organic compounds

called sterols, which are crystalline alcohols(Gr. stereos,

solid) and which are isolated from the unsaponifiable residues
of lipids derived from animals and plantsl. In recent years,
this classification has been extended to include a great many

other compounds, all having the same characteristic ring sys-

perhydro-l,2-cyclopentenophenanthrene

tem, but differing in the side chain; and which include, in
addition to cholesterol and the bile acids, androgens, estro-
gens, progestational hormones, adrenal cortical hormones,
cardiac glycosides and sapogenins. This larger and more gen-
eral classification has been given the name steroid. Today,
cholesterol and related substances, although still bearing the
name sterols, constitute but one category in the steroid class

of compounds. They may also be correctly referred to as ster-

oid alcohols, since all have at least one secondary alcoholic

groupe.

Cholesterol was first isolated as a morbid product in
gallstones by Valliseri in 17332, It is the principal animal

sterol and is found in all tissues in amounts ranging from a
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few hundredths of a per cent to ca. 5 per centB. The cor-
rect empirical formula was established by Reinitzer in 1888
as 027Hh50' Other miscellaneous experiments up to the year
1903 demonstrated the presence of a double bond and a second-
ary hydroxyl group, but not their respective positions in the

moleculeA.

In the second phase of the study, an attempt was made
to gain some insight into the structure of the complicated
moleculeE. This was accomplished through an examination of
various products of oxidation. A brilliant and arduous series
of investigations was initiated by Windaus in 1903 and by
Wieland in 1912. For a time, these workers followed parallel
but independent paths; although the method of attack in each
case was by degradation. Resolution of the problem by syn-
thesis of substances related to the complicated natural prod-
ucts was impossible, chiefly because at that time there was
no characteristic property to serve as a guide. Furthermore,
since the compounds themselves and any degradation products
thereof were colorless, the often valuable technique of spec-
troscopy could indicate nothing due to the absence of charac-

teristic absorption spectra.

Success was eventually achieved in 1927 and in the fol-
lowing year Wieland and Windaus reviewed in the Nobel Prize
addresses the results of their investigations on the sterols
and bile acidsé. The formula for cholesterol suggested at

this time barely reflects the real progress made, since it

was unduly distorted by certain errors which had crept into



OH
Cholesterol in 1927

the train of evidence. A few years later, in 1932, Rosenheim
and King called attention to a neglected piece of evidence, -
the formation of chrysene as a product of the selenium dehy-
drogenation of cholesterol and cholic acid. On the basis of
this fact and of the x-ray measurments of ergosterol and of
calciferol by Bernal, it was suggested that the ring nucleus
of the sterols was perhydrochrysene. Study of the evidence

in the light of this suggestion led Rosenheim and King, as well
as Wieland and Dane, to modify the perhydrychrysene to a per-
hydrocyclopentenophenanthrene nucleus. This new structure for
the sterols and the bile acids was immediately compatible with
the vast amount of experimental material which had been accum-
ulated. Finally, in 1939-40, Bachmann and co-workers carried
out a total synthesis of one of the sex hormones. Thus, by
degradation and by synthesis, the structure of the nucleus had

been established.

The complete elucidation of the structure of cholesterol
paved the way for quantitative metabolic experiments. Indeed,
the first experiments of this sort date back only to around

7

1931 . As usual, two individual sets of problems evolve in
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studying the metabolism of substances of biological importance.
One of these, from an anabolic viewpoint, is to provide infor-
mation relating to the in vivo synthesis of the substance under
consideration. The other type of experiments mentioned relate
to the disposition of the substance after it has either been
synthesized in the body or ingested as such. The interest in
this laboratory has been with the latter in the case of chol-
esterol and, more specifically at the inception of this work,
with the suspected transformation of this substance into andro-
gens, estrogens and adrenal cortical hormones within the body.
Even before convincing metabolic experiments were performed,
the strong structural relationship between cholesterol and the
steroid hormones justified speculation regarding 1ts transfor-
mation in the body to these regulators. That cholesterol la-
belled in the nucleus with tracer carbon would be of inestimable

value in resolving this problem was a foregone conclusion.

To elucidate regarding the desirability of obtaining
cholesterol labelled with isotopic carbon for tracer purposes,
a brief account will be made of the use of isotopes, both sta-
ble and radioactive, in biological investigationSB. The devel-
opment of the cyclotron, whereby non-radiocactive atoms may be
bombarded by high-speed subatomic particles(protons, neutrons,
deuterons, etc.) to produce artificially radioactive modifi-
cations of a number of elements, stimulated interest in the
use of radioactive isotopes, and considerable work has been
done with material from this source. Further, due to the avail-

ability of a great number of radiocactive isotopes as the result



of controlled nuclear fission, the application of radio-
active isotopes to biological studies promises to become

far greater.

Radioactive isotopes are measured in terms of the
radiation which they emit on decomposition to form other
elements, with the accompanying emission of & - or B-parti-
cles, and sometimes‘YFrays. From a practical point of view,
the/f-ray emission is usually the most important. Most in-
vestigators employ for ﬂ-—ray measurement a Geiger-Miiller
counter. Thls depends on the ability of a single/f-particle
to produce a separate current impulse in a suitable ionization
tube, which impulse can be amplified and made to activate a
counting device. Theoretically, each ionizing particle can
be counted; in practice, the counter is scaled to count a
predetermined fraction of the total pulses. The activity
of the material (and, hence, the isotope content) may, there-
fore, be expressed in counts per unit time, or in millicuries

or microcuries, where 1 millicurie= 1000 microcuries=3.7 x

lO7 counts per minute.

Radioactive isotopes do, however, differ with respect
to availability, half-life and type of radiation emitted.
Availability now appears to be largely a matter of techni-
cal development. The type of radiation emitted (kind and
intensity) influences the sensitivity and method of measure-
ment. Regarding half-life, those isotopes with a very short
one or those with a very long half-life are of less value in

biological investigations than those with a half-life of the



order of weeks or months. A short half-life means that
too great a proportion of the original material will have
lost its activity (and original chemical nature) during
the time required for transport after preparation to the
place of use and for manipulative details of the experi-
ment. A very long half-life means that a high proportion
of the isotope must be incorporated into a compound if ac-

curate radioactivity measurements are to be made.

Most of the common elements as ordinarily encounter-
ed consist of stable isotopes. Over 200 stable isotopes of
the various elements have been recognized as existing, but
only a very few have been obtained in concentrated form.

To obtain the separate isotopes from a mixture, or fractions
relatively enriched with respect to one isotope, advantage
is taken of properties such as diffusion or reaction veloc-
ity which may vary with mass differences. The first of
these to become available in amounts sufficient for purposes
of biological investigations was deuterium, obtained by Urey
and Washburn in 1932, by the fractional electrolysis of
water. Indeed, it was the availability of deuterium which
suggested to Schoenheimer and Rittenberg the possibility of
its use in metabolic studies, a concept which may be said to
have initiated the present phase of application of isotopes

to biological problems.

In tagging a molecule, or part of a molecule, stable

lsotopes have the advantage over the radioactive type in



that the time of preparation of a compound incorporating the
isotope, or the duration of the experiment, are of no import-
ance. There is no question concerning the possible effect

of radiation on the experiment, and in some instances the iso-
tope may be recovered at the end and used again. Disadvant-
ages relative to stable isotopes include the increased diffi-
culty of measurement, which is usually accomplished by mass
spectrography, a rather laborious technique. Higher concen-
trations of the isotope are required of the same experiment
employing a radioactive isotope, since measurements of radio-
activity are far more sensitive than measurements of mass.
Finally, there are relatively few stable isotopes available

for metabolic work of this type.

There are five isotopes of carbon. Of these, as shown

in Table 1, cl2 is ordinary carbon which is encountered in

nature, and always carries 1.1 per cent of stable 013. C10

Table 1
Relative | Half-life
Nucleus Planetary | Abundance | (Radio-
Symbol Protons | Neutrons | Electrons | (Stable) active)
ctO 6 i 6 ces 8.8 sec.
ot 6 5 6 coe 21.0 min.
ct? 6 6 6 98.9 e
ct3 6 7 6 1.1 s
Clh 6 8 6 cee 6100 yrs.




has such a short half-life that we may eliminate 1t Immed-

iately in consideration of its use in biological studies.

013, the only stable isotope besides natural carbon, has

been obtained in fairly concentrated form from natural car-
bon by suitable methods. It has found considerable use in
tracer studies; but, as just indicated, the methods for 1ts

11 a5 also a short half-life,

measurement are difficult. C
but despite this, a number of satisfactory metabolic exper-
iments have been performed employing it. It was, however,
necessary for the workers to conduct the syntheses and sub-
sequent experiments with a maximum of speed and efficiency,
lest so much radioactivity be lost as to render the count-
ing impossible. Also, enormous intensities are available
due to its short half-life, and even after several half-

lives have elapsed, measurements may be made by extrapolat-

ing the counting back to some arbitrary zero time.

Clu, on the other hand, has a very long half-life.

The spectrum is simple, the radiation being almost entirely
confined to B-rays (electrons). Although this radiation is

by no means as energetic as that of C11

, accurate counting
may be accomplished by means of a suitable ionization tube.
Offsetting any disadvantage due to the "softness" of the
rediation, the extremely long half-life of Cit makes it amen-
able to any type of investigation employing tracer carbon,
regardless of the time consumed in the synthesis of the com-

pound to be studied and the ensuing biological experiments.

We thus have no correction to make for delay, as in the case



of Cll. Finally, the nature and low intensity of the
radiation presents relatively much less a hazard to the

worker, compared to that of Cll.

10
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PART A

Introductory Remarks

Nucleus Clu Labelled Cholesterol

The desirability for developing a synthetic
scheme designed to permit the inclusion of radio-
active C14 in the nucleus of cholesterol rather than
in the side chain stems from the interest, in this
laboratory, regarding the suspected conversion of
cholesterol in the body to steroid hormones, as has
been discussed previously (p. 5). Speculating fur-
ther along the lines that if cholesterol were the
precursor of these hormones, then its transformation
in that direction would most certainly not take place
by degradation and resynthesis of the nucleus; but
rather by enzymatic degradation of the side chain
down to a point where the residual side chain carried
just as many carbon atoms as the hormone being syn-
thesized, the nucleus remaining intact save for cer-
tain functional groups attached thereto. For example,

if progesterone were being formed, according to this

— - CH
} 3
\7 o=0
_|_
(0)
NN 0%
- —
Hypothetical

Cholesterol Intermediate Progesterone
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hypothesis, a b-carbon chain would be removed from
cholesterol, leaving two carbon atoms still attached.
Then, in some unknown manner, the intermediate would
be oxygenated to yield progesterone. This method of
synthesis by degradation is by no means a certainty,
and it is entirely possible that the entire side chain
is removed in one step and the required groupings
joined to the nucleus afterward. This would invali-
date the usefulness of cholesterol labelled in the side
chain with respect to the biological transformations
just postulated, since the label would disappear dur-

ing this time.

The value of cholesterol labelled in the nucleus
for other types of biological investigations has not
been overlooked. It is of major interest to ascertain
in what manner cholesterol is destroyed or disposed
with in the body. Obviously, its transformation into
steroid hormones can account for only a small amount.
Further, it has been demonstrated that mice can destroy
several times the normal body content of this substanceg.
Some, however, is converted in small amounts to chole-
stanol, and in relatively larger amounts to coprostanol
and epicoprostanol, all of which appear in the feces.
This does not imply that all the cholesterol is account-
ed for, nor whether cholestanol, coprostanol, and epi-
coprostanol are not further degraded, while only that

fraction escaping degradation appears in the feces,
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Cholesterol thus labelled should produce unequiv-
ocal proof of its transformation to the three reduc-
tion products mentioned, as well as indicate whether
the nucleus is broken down into smaller fragments

in some manner not yet determined.

Choice of Ring B for the Site of the Label

In July of 1948, when this work was proposed,
only two methods for preparing ring-—Cl)+ labelled
steroids in the cholestane series had evolvedlo’ll,
and which will be discussed fully in Section III.

The compound in each case was AL"-cholesten—B-one

(XLV), labelled in ring A. It was felt that if this
compound, already labelled in ring A by described
methods, could be conveniently converted to choles-
terol (I), then the problem at hand would be rela-
tively straightforward. An examination of the liter-
ature, however, disclosed only one method, by competent
Swiss workers, for the transformation of‘Aﬁ%cholesten-
3-one (XLV) to cholesterol (1)12. This was accomp-
lished in seven steps and with low overall yield. This

fact weighed heavily against the possibility of obtain-

ing radiocactive cholesterol via this intermediate.

The possibility of devising some method for
cleaving ring A of cholesterol (I), introducing a new
carbon atom and cyclizing back without affecting the

45 unsaturation also presented itself. Theoretically
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it was possible to accomplish this, but to preserve
the oxygen function at position 3, all schemes en-
visaged, which must of necessity terminate in a cyc-
lization procedure, would lead to carbonyl group at
this position, a highly unfavorable circumstance,
‘since‘AB-B-ketones are most unstable, the double bond
shifting spontaneously to CM:CS' This phenomenon 1is
well-known, for the direct oxidation of cholesterol

(I) to AS-cholesten-B-one is impossible, - the for-
mation of an 4,8 -unsaturated ketone being so strongly
favored that4Ah=cholesten-3-one (XLV) always resultsis.
It is, therefore, evident that the mere presence of a
ketonic group at position 3 in a AS-cJ.’lolestene mole-
cule is sufficient to shift the double bond to position
i« The difficulty of proceeding from here to choles-

terol (I) has already been mentioned (p. 13).

This fact and other minor considerations not
favoring the approach to a synthetic scheme making
possible the incorporation of C]'LL into ring A of chol-
esterol (I), attentlion was therefore diverted to ring
B. The results of these investigations appear in the

following Parts of the Section.
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PART B

3(8)-acetoxycholestan-b-one as a Synthetic Goal

Theoretical

At the outset, several schemes were envisaged
whereby a carbon atom in ring B could be replaced with
another from a new source (hence, ultimately, a Clu
atom), with subsequent restoration of the 6-membered
ring either by cyclization procedures or by methods of
ring expansion. It was felt, however, that even with
the accomplishment of such a scheme or schemes, the re-
sultant intermediate might be converted to cholesterol
only with difficulty, thus rendering the method useless.
In other words, whatever plan was adopted, it must allow
for an economical conversion to cholesterol, once Clh

was introduced into the molecule.

On this basis, it was decided to resolve the latter
part of the problem first. This necessitated searching
for a common pathway through which all proposed proced-
ures could lead to cholesterol. Careful study disclosed
that if the compound 3(f)-acetoxycholestan-6-one (III)
were chosen as a common intermediate, cholesterol should
be obtained, theoretically, in a minimum of steps and

with a satisfactory overall yield.

The conversion of 3(4)-acetoxycholestan-6-one(III)
to 3(B)-acetoxycholestan-6(4)-0l(IV) was accomplished

by catalytic hydrogenationlu, while the remainder of
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the transformation was effected by dehydrohalogen-
ationl®. This latter treatment, in effect a two-step
reaction, the first of which replaces the 6-hydroxyl
with halogen, while the second removes elements of
hydrochloric acid to leave a double bond at 05:06,
yielded 3(8)-acetoxy-&-cholestene(V), which on mild

saponification was converted to cholesterol(I).

In order to study this conversion, it was neces-
sary to obtain a quantity of III sufficient for exper-
imental purposes. The literature revealed a satisfac-
tory method starting with cholesterol(I), which was
nitrated to form 6-nitro-a&’-cholestene-3-nitrate(II).
This, in turn, was reduced by the action of zinc in

acetic acid to yield 3(8)-acetoxycholestan-b-one(III).

Discussion

a) 6-nitro-é§~cho;g§tene—B-nitrate(II2

Workers prior to 1938 experienced consider-
able difficulty in preparing this compound, obtain-
ing low and variable yields. This was due, presum-
ably to the employment of room temperatures for
conducting the nitration. At such temperatures,
oxidation largely occurs, with little or no nitration.
The Heilbron work in 193815 solved this problem by
adding a mixture of fuming nitric acids to a stirred

suspension of cholesterol(I) at ca. -15°C. At the
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end of the prescribed reaction time, a fine

slurry of 6-nitro-AP-cholestene-3-nitrate (II)

separated which, upon recrystallization, melted

at 128°¢.

3 () -acetoxycholestan-b-one (IIT)

The preparation of this compound from
b-nitro-& -cholestene-3-nitrate (II) is also
given by the same reference in (a) above, but
is very time consuming (12 hours refluxing)
and with a rather laborious work-up. Dodson
and Riege116 have modified this procedure in
such a manner that the entire reduction takes
place in only four hours. By greatly diluting
the reaction mixture with water at the termin-
ation of the reaction, they are able to filter
off the reduction product and crystallize directly.
The yields obtainable in this way based on the
nitro compound(II) are good, usually around 60

per cent. The pure compound melts at 128—12900.

}Qﬂ)—acetoxypholestan-ége)-ol(IV).

The reduction of 1150 mg. 3(8)-acetoxychol-

estan-6-one(III) was accomplished by the method

1l

platinum oxide and hydrogen, except that acetic

of Plattner and Lang employing pre-reduced

acid was substituted for ethanol as the hydrogen-
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ation solvent. This was done to allow the
mixture, at the end of the experiment, to be
filtered from the platinum before crystalliza-
tion took place, which is commonly observed

when ethanol is employed. During the hydrog-
enation which was carried out in this laboratory,

the theoretical amount of hydrogen was absorbed.

The product so obtained was recrystallized
twice from methanol and melted at 157-158°C.,
yield 1010 mg., 88 per cent of theory. Both

Plattner and Langlh and Reich and Lardonl@

pub-
lish for 3(8)-acetoxycholestan-6(8)-0l(IV) a
melting point of 141-142°¢., with an[a]2D0= 6.
The lack of agreement between the published
melting points and that as determined herein
prompted a further literature search, where it
was found that a Japanese worker, Misao Chuman,
obtained IV by the catalytic hydrogenation of
cholesterol #-oxide in acetic acid’. The melt-
ing point reported by this worker was 155-156°¢C.,
which agrees with our value. Chuman also states
that the 3(4)-acetoxycholestan-6(8)-01(IV) thus
obtained was the same as that prepared from
3(8)-acetoxycholestan-6-one(III). He further
saponified IV to cholestan-3(8),6(8)-di01(VII),

m.p. 188-189°c., which agrees with the value of
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191°¢. given by Plattner and Langlu for the

same compound.

The value of [d] %O= -6.0 for the specific
rotation as determined in this laboratory is,
on the other hand, in excellent agreement with
that of the Swiss workers. As a final verifi-
cation, both saponification18 and acetylation
of IV were attempted with the expectation that
cholestan-3(4),6(8)-diol(VII) and 3(8),6(8)-
diacetoxycholestane(VI) would be formed, respec-
tively, both of which by melting points could
be correlated with compounds already prepared
by Plattner and Langlu. As anticipated, two
compounds were obtained, both differing from
the starting material, 3(4)-acetoxycholestan-
6(8)-01(IV). The melting points were carefully
determined and are submitted in Table 2, where
the melting points from all sources for compounds

IV,VI and VII are listed for comparison. It

Table 2
Plattner Chuman Determined
IV 14h1-1142%. | 155-156°c. | 157-158°¢C.
VI 136-137°¢C. cee 136-138°¢.
VIT 189-190°%¢. | 188-189°c. | 191-192°.
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seems certain, therefore, that compound IV

is indeed 3(ﬂ)-acetoxycholestan-6Qﬂ)-ol and
that the melting point as reported here 1is
correct. It is difficult to overlook the fact
that the choice of solvent for carrying out
the hydrogenation was responsible for the dis-
crepancy noted. Chuman and this laboratory,
both employing acetic acid, obtained melts of
155-156°¢. and 157-15800., respectively. The
Swiss workers, on the other hand, using ethan-
0ol, recorded 1h1-142°C. for the same compound.
It is possible that in the latter case, drying
was not sufficient to remove either water or
solvent associated with the crystals; but the
agreement established here with the value of
the specific rotation as obtained by these wor-
kers indicates, to the contrary, that their
compound was pure. Hence, no satisfactory ex-

planation is possible.

Conversion of 3(8)-acetoxycholestan-5(4)-0l(IV)

to Cholesterol(I).

In a preliminary run, 120 mg. IV were
dehydrohalogenated according to Reich and Lardonl®.
The resulting material was worked up and crystal-
lized without regard to yleld, solely for purpose
of identification. This material melted at 113-

114°c. and gave no depression when admixed with
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an authentic sample of439€)-acetoxyza§-chol-
estene(V). A positive test with tetranitro-
methane was obtained, denoting a double bond.
On this basis, the compound was identified as

cholesterol acetate(V).

A second similar run was accomplished,

starting with 200 mg. IV. 1In order to obtain
an optimum yield of cholesterol(I), the chol-
esterol acetate(V) resulting from the dehydro-
halogenation was not purified, but saponified
directly employing potassium hydroxide at room
temperature. Crystallization of the saponified
material gave 10 mg. of substance, melting at
146-118°c., which did not depress the melting
point of an authentic sample of cholesterol(I).
Overall yield of I based on 3(4)-acetoxychol-
estan-6-one(III), 71 per cent of theory. This

was further purified and the specific rotation

20
D

agrees well with the published value @5 = -39%7.

determined. This gave an @] S = -38, which

3. Experimental

a) Preparation of 6—nitro-d§-cholestene-}-nitrate(II).

To 20.0 gm. of cholesterol(I) of the com-
mercial variety in a 500 ml. Erlenmeyer flask

were added 80 ml. glacial acetic acid, and the
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mixture stirred with a mechanical stirrer until
all the cholesterol(I) was in suspension. From

a mixture of 80 ml. nitric acid, d. 1.50, plus 50
ml. nitric acid, d. 1.515, 30 drops were subtrac-
ted and added to this suspension. The flask was
then surrounded with an ice-salt bath (at -10 to
“1500.) and the remainder of the nitric acid added
over a period of one hour with constant stirring.
After the acid had been added, the reaction mix-
ture was allowed to stir for an additional half-
hour, after which time the separating solld was
filtered off as rapidly as possible through a
sintered-glass funnel by suction. Suction was
maintained for one hour to promote drying, where-
upon the solid was trénsferred to a flask and dis-
solved in a minimum quantity of boiling acetic
acid. The 6-nitro-aA’-cholestene-3-nitrate(II)
crystallized in fine, hard needles and weighed
15 gm., m.p. 125-127°C. Yield, 62.6 per cent
of theoretical.

Preparation of ;&5)—acetoxycholestan-é-one(III).

To a warm, stirred solution of 15.0 gm.
6-nitro-a&°-cholestene-3-nitrate(II) in 300 ml. gla-
cial acetic acid, 30 ml. water were added. Stirring
was continued while 30 gm. zinc dust were added care-

fully and in small portions over a period of one hour.
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After 0.5 hours, however, when the initial exo-
thermic reaction subsided, a small flame was
applied to bring the temperature slowly up to
110°C. This temperature was maintained for an
additional 3.5 hours, at the end of which time
the reaction was considered complete. Solvent
losses from the heating were overcome by adding
50 ml. of a 1:10 mixture of water and acetic

acid at the end of each hour. Next, the reaction
mixture was filtered hot, thus removing any un-
reacted zinc, followed by a wash of 25 ml. of
cold glacial acetic acid. The hot filtrate was
added to an equal volume of cold water, the en-
tire contents cooled in an ice-bath, then set
aside in the refrigerator overnight. On the fol-
lowing day, the semi-crystalline 3(4)-acetoxy-
cholestan-b-one (III) was filtered on a Buchner
funnel, washed well with water, taken up in hot
methanol and allowed to crystallize slowly over-
night. The crystalline material was filtered

on the following day and amounted to 8.5 gm.,
60.5 per cent of theory, m.p. 1201-127°C. A fur-
ther crystallization brought the melt to 127-128°¢.

Hydrogenation of 3(8)-acetoxycholestan-b-one(IIT).

To 200 mg. platinum oxide in a 200 ml. round

bottom flask were added 10 ml. pure acetic acid.
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The flask was attached to a hydrogenation appar-
atus, hydrogen admitted at a pressure of approx-
imately 1.1 atmospheres and the flask gently
shaken for 0.5 hours, at the end of which time
the platinum oxide was considered completely re-
duced to colloidal platinum. The flask was dis-
connected and 1150 mg. 3(8)-acetoxycholestan-
6-one(III) in LO ml. acetic acid added. The flask
was then returned to the hydrogenation rack as
before, hydrogen admitted at the same pressure,
and shaking resumed. At the end of 2.5 hours 50
ml. hydrogen (one mole equivalent) were absorbed.
Shaking was continued for an additional 0.5 hours,
during which time no further take-up of hydrogen
was observed. The flask was disconnected and the
contents filtered by suction through a Whatman
No. 50 paper to remove the catalyst. The filtrate
was removed quantitatively to a clean round bottom

flask and taken down to dryness in vacuo at 60°¢.

The residue was taken up with methanol and allowed
to crystallize slowly at room temperature. The
material was filtered and crystallized once more
from methanol. This resulted in 1010 mg. 3(4)-
acetoxycholestan-6(8)-01(IV), m.p. 157-158°¢.,
il

theory.

0= _6.0 (c2.0 Chf). Yield, 88.0 per cent of
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l&ﬂ),6(ﬂ)-diacetoxycholestane(VIL.

In a small flask containing 200 mg.
3(8)-acetoxycholestan-6(4)-01(IV) was added a
mixture of O.L ml. pyridine and 0.2 ml. acetic
anhydride. The flask and contents were heated
for one hour at 80°C., then water was carefully
added to precipitate the acetylated material.
After cooling the crystals were filtered, washed
well with water and sucked dry. Two crystalliz-
ations from methanol gave VI, m.p. 136-138°C.

Cholestan-3(4),6(8)-diol (VII).

In a 100 ml. round bottom flask containing
100 mg. 3(8)-acetoxycholestan-6(8)-01(IV) in 10
ml. methanol was added 0.5 ml. water containing
32 mg. potassium carbonate. The flask was stop-
pered and the entire contents shaken gently for
16 hours. The solution was then transferred
quantitatively to a small flask, warmed on the
steam-bath and water added dropwise to a point
of slight turbidity. The flask was then removed
and the material allowed to crystallize. The
material obtained from this crystallization mel-
ted at 191-192°C., and was identified as choles-
tan-3(8),6(8)-d101(VII).
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£) 'égg)-acetoxy-aﬁ-cholestene(VL.

g)

To 120 mg. 3(B)-acetoxycholestan-6(4)-01(IV)
in a small flask were added 1.0 ml. pure pyridine
and 0.l ml. pure phosphorus oxychloride. The
flask was tightly stoppered and allowed to stand
at room temperature for 20 hours. After this time,
the flask was unstoppered and water carefully ad-
ded in a dropwise manner. The entire contents
were then removed quantitatively, by means of al-
ternate washings with ether and water, to a 125 ml.
separatory funnel. More ether was added, the fun-
nel shaken, and the contents allowed to separate.
The lower layer was discarded, the ether extract
washed twice with dilute hydrochloric acid, once
with 5 per cent aqueous potassium carbonate, and
finally with water. The separating ether layer
was transferred to a flask and dried for one hour
over anhydrous magnesium sulfate. This was then
filtered and evaporated, the residue taken up and
crystallized from methanol-ether. The crystalline
material thus obtained melted at 112-114°¢., and

was identified as 396)-acetoxy-Aﬁ-oholestene(V).

Cholesterol(I).

In an identical manner as described in (f)
above, 200 mg. 3(8)-acetoxycholestan-6(8)-0l(IV)

were treated with 10.0 ml. pure pyridine and L.0



ml. pure phosphorus oxychloride. Instead of
crystallizing, however, the crude cholesterol
acetate(V) thus obtained was dissolved in a
mixture of 50 ml. methanol and 25 ml. ether.
To this was added a solution of 250 mg. potas-
sium hydroxide in 3 ml. water, and the flask
allowed to stand at room temperature for 16
hours. The solution was then concentrated on
the steam-bath to about 25 ml. and allowed to

cool. At the end of one hour, the separating

27

material was filtered and washed well with water.

Crystallization from methanol gave 140 mg. of
material melting at 16-148°C., and giving no
depression when mixed with an authentic sample

of cholesterol(I). [aago-.: -38. (¢ 1.5, Chf).

Yield based on 3(4)-acetoxycholestan-6(4)-ol(IV),

81.0 per cent of theory.
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PART C

Attempted Preparation of Seco-6-cholestan-3(4)-ol-7-one(XII).

l. Theoretical.

The plan for incorporating Clu into ring B adopted
herein devolved about the success in obtaining the com-
pound seco-6-cholestan-3(8)-0l-7-one(XII), not hitherto
described. Such compounds can, theoretically, be made
to undergo a sequence of reactions whereby a ring con-
taining a ketonic function can be enlarged to give the
next higher homolog. This is called the Tiffeneau ring-
enlargement reactionzo, and is merely an extension of

the Demjanow rearrangement21

s, Which involves the action
of nitrous acid on cycloalkylmethylamines, an example

of which is the formation of cyclohexanol from cyclo-

pentylmethylamine:
CHp— CH» CHp CHo CHOH
_CHCHpNH, —_HNO2
CHpo—CHo CHp—CHp——CHo
cyclopentyl-
me thylamine cyclohexanol

The extension of this rearrangement given by
Tiffeneau provides for the transformation of an alicyc-
lic ketone to the next higher homolog which is also ke-
tonic. The application to steroids was first made in
1940 by Goldberg and Monnier22 for the preparation of

D-homoandrosterone which will serve as an example of the
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CN
0 :
~—OH
HCN PtsHo
- —_—
HO-* HO- AcOH
androsterone
androsterone cyanohydrin
CHpNH 0
: OH Il
HNO2
’ .
HO*" HO*"
androstan-3(«),17(f)-
diol-17(«)-methyleneamine D-homoandrosterone

reaction, as well as indicate the feasibility of 1its
application to the expansion of ring B of seco-6-
cholestan-3(#)-o0l-7-one({II). It will be noted,
however, that in this case, where the hydroxy-methyl-
eneamine underwent the Demjanow rearrangement, the

result was a cyclic ketone and not a secondary alco-

hol.

Provided that XII could be prepared and success-
fully subjected to the Tiffeneau reaction (by anology
with the preparation of D-homoandrosterone), the com-
pound anticipated would be cholestan-3(4)-ol-b-one(XV)
which, on acetylation, yields 3(#)-acetoxycholestan-6-

one(III)., The desirability for obtaining this compound
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was discussed in Part B. The key reaction in

this proposed transformation is the addition of
hydrogen cyanide to the carbonyl group of XII.

e molly i employed for this addition, then the
method allows for the incorporation of Clu into
ring B, this same carbon atom eventually locating
itself at position 6 of cholestan-3(4)-ol-6-one(XV)

(Chart 2, XII=—eXV).

Two methods for the preparation of seco-b6-
cholestan-}@@)-ol-?-one(XII) were theoretically
possible. The first involves the benzil-benzilic
acid rearrangement as applied to cyclic diketones,
the net effect being to contract the ring to form a
cyclic monoketone with one carbon atom les523. The
application of this reaction to steroids was made
pursuant to the structure investigation in the bile
acid series by Lassar-Cohn in 18992u, the immediate
product being cilianic acid, an &-hydroxy acid,
which could lose carbon monoxide and water to yield

a ketone. The contraction in this experiment was

¢l HgCOOH (Ii C),HgCOOH

]

X0

(oH") (H2S0
C \ HO0C SORHO0
HOI(_)IO 0 i \O HOO ( /

cilianic acid
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accomplished by warming with 12 per cent aqueous
sodium hydroxide. Carbon monoxide and water may be
split off, either by heating or by using some mild
dehydrating agent, such as 50 per cent sulfuric acid.
It was noted, however, that this rearrangement was
undertaken where ring A of the steroid nucleus was
open. As proposed herein (IX-—=XI), ring A is kept
intact, hence ring B is doubly annulated with the
result that such a reaction might be hindered. De-
spite this, the rearrangement of 3(#)-acetoxychol-
estan-6,7-dione(IX) to seco-b-cholestan-3(8),7-diol-
7T-carboxylate(XI) was attempted. Satisfactory pro-
cedures for the preparation of 3(&)-acetoxycholes-
tan-6,7-dione (IX) were found in the literaturezu’25.
3(8)-acetoxycholestan~-b6-one(III) was monobrominated
in the 7 position to yield 3(#)-acetoxy-7-bromochol-

estan-6-one(VIII) which, in turn, was oxidized to IX.

The second and alternate proposal for procuring
seco-6-cholestan-3(8)-0l-7-one(XII) involved the pyr-
olysis of the barium salt of cholestan-3(8)-0l-6:7-
dioic acid(XIX). This procedure stems from the work
of Stang626 who, taking cognizance of certain evidence
leading to a revision of the Wieland-Windaus formulae
for cholesterol and the bile acids (p. l}), pyrolyzed the

barium salt of cholestan-é:?-dioic acid and obtained

seco-6-cholestan-7-one, thus furnishing for the first
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time unequivocal chemical proof that ring B is 6-

membered.

The preparation of the barium salt of cholestan-
3(8)-01-6:7-dioic acid(XIX) is outlined in Chart 2,
IIT—=XV—XIX. 3(#)-acetoxycholestan-b6-one(III) was
saponified to free the 3(#)-hydroxyl, yielding choles-
tan-3(#)-0l-6-one(XV). This, in turn, was chlorinated,

with inversion at C,, to give 3(&)-chlorocholestan-0-

39
one(XVI). In this manner, a function was preserved at
03 which would easily resist the vigorous oxidative
attack in the following reaction employed to cleave
ring B with the concomitant formation of 3(&)-chloro-
cholestan-6:7-dioic acid(XVII). JSaponification of this
compound resulted in the replacement of the 3(&)-chloro

with a 3(8)-hydroxy group, again with inversion at 03,

to yield cholestan-393)-01-6:7-dioic acid(XVIII).

This seems, at first glance, a circuitous route
whereby 3 (&)-chlorocholestan-6-one(XVI) is obtained.
One might be prone to suggest that if, starting with
cholesterol(I) (which was, indeed, necessary to obtain
396)-acetoxycholestan-é—one(III)), 3(«)-chloro-A5-chol—
estene were prepared, it would be necessary only to
nitrate and reduce in a manner entirely similar to that
as disclosed in Chart 1, I—=III. That such a sequence
could be realized is more than theory, since 3(8)-

chloro-A°-cholestene (XXV) has been converted to 3(8)-
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chlorocholestan-6-one @QXVID) in this mannere!. It is,
however, impossible to invert the configuration at

C3 in cholesterol(I) by replacement reactions, even
though these reactions may be operating via an SNl
mechanism (nucleophilic substitution reaction of the
first order). Despite whether phosphorus pentachlor-
ide, thionyl chloride, or thionyl chloride plus pyr-

idine is employed to replace the C.,-hydroxyl, reten-

3

tion of configuration is observed in each case, the

resulting chloro group being attached in the S-posi-

tion.

This anomaly has been carefully studied by

Shoppe328

, who points out that the presence of the
double bond at 05:06 is responsible, due to the pol-
arizability of the electrons at CS. Considering the
chlorination of cholesterol(I) by phosphorus penta-
chloride then, one obtains the following picture:
Under the influence of the reagent the ionization of
the C3-hydroxy1 is favored, and as this ionization
passes over its energy barrier, the polarizable elec-
trons of the C5:06 double bond interact with the car-
bon cation formed at 03 before the reagent can attack
at this point. This iInteraction is sufficient to
overcome both the energetic and geometric factors

which normally operate to favor the production of a

linear transition state. Instead, the formation of
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a pyramidal transition state obtains, with the result
of retention of configuration after attack by the rea-

gent and completion of reaction. This concept is not

f2
o
1 3\%/ 5\06

valid, however, for intramolecular mechanisms, in which
cases a carbon cation is not possible, but chemical ev-

idence strongly suggests that the S .1 is the operating

N
mechanism herein.

In the saturated series, an example of which is
cholestan-3(f#)-ol-6-one(XV), the electrons at Cg have

no longer any potential influence on the disposition of
the carbon cation formed at C3 during attack by a nucle-
ophilic reagent. This allows for the production of a

2 mechanism,

N
hence such replacement reactions(halogenation, hydroxyl-

linear transition state which requires an S

ation, acetoxylation, etc.) proceed in a perfectly nor-
mal manner, inversion of configuration being observed
in the case of the chlorination of cholestan-3(8)-ol-
6-one (XV) and of the saponification of 3(«)-chlorochol-

estan-6:7-dioic acid(XVII).

Discussion.

a) The Benzil-Benzilic Acid Rearrangement.

The preparation of 3(f)-acetoxycholestan-
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6,7-dione IX, was accomplished by previously described
procedures. 3(#)-acetoxycholestan-b-one(III), the
preparation of which has been described in detail (pp.
22-23), was treated with bromine in acetic acid and
thus monobrominated at position 7 to yield 3(A8)-acetoxy-
7-bromocholestan -6-one(VIII)2u, MeD e 1hh-lh500. This,
in turn, was treated with silver nitrate in pyridine,
replacing the bromine at C with a carbonyl group,
affording 3QB)—acetoxycholestan-é,7-dione(IX)25, MePoe
156-15700. The formula as depicted in Chart 2 is for
purpose of simplification only. As it is now well-
known, IX exists as a mono-enol either as IXa or IXng,
since the structure contains one active hydrogen. Un-

fortunately the absorption does not distinguish between

CoH
CgHy7 CgHy 7 8417
AcO i ~0 Ac NS0 AcO O
0 OH 0
IX IXa IXb

the structures IXa and IXb, since the two unsaturated
systems are identical in chromophoric power. From
theoretical considerations, the exaltation of the
absorption maximum due to the enolic hydroxyl group

amounts to a shift of 31 Mide
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Repeated attempts to effect rearrangement of
3(8)-acetoxycholestan-6,7-dione(IX) failed. These
attempts were carried out under a variety of condi-
tions, employing 10,20,30,40 and 50 gm. potassium
hydroxide per 100 ml. of 1:5 water-methanol, with
refluxing times varying from 2 to 20 hours. In each
case, saponified starting material was obtained and
identified as cholestan-396)-01-6,7-dione(XV)30, MeDe
152-153°C. A typical trial will be discussed under
Experimental.

It was apparent, therefore, that the double
annulation of ring B prevented its contraction by
the benzil-benzilic acid rearrangement. In this
case, attention was diverted to the alternate meth-
od pfoposed for securing seco-b-cholestan-3(8)-ol-

7-one(XII). This is discussed in the following.

Preparation and Pyrolysis of the Barium Salt of

Cholestan-3(8)-01-6:7-dioic Acid(XIX).

The preparation of XIX also requires as starting
material 3(#)-acetoxycholestan-6-one(III). In this
sequence, however, III was first saponified with hydro-
chloric acid in ethanol to yield cholestan-3(8)-0l-6-
one(XV)3l, m.p. 141-12°C. The hydroxy-ketone XV was
chlorinated at position 3 by grinding the steroid and

phosphorus pentachloride in the dry state, thus preser-



ving the ketonic function at 06 which would have
otherwise been attacked>>. This treatment resulted
in 3(a)-chlorocholestan-b6-one(XVI), melting at 180-
181°C. which, in turn, was oxidized with fuming ni-
tric acid at 60-70°C. to yield 3(&)-chlorocholestan-
6:7-dioic acid(XVII)33, separating easily from the
chilled reaction mixture and which, upon recrystal-
lization, melted at 2L1-203°¢c. Saponification of
the chloro-diacid XVII gave cholestan-3(f)-0l-6:7-
dioic acid(XVIII)3u, melting at 236-239°C., and
which was precipitated quantitatively with barium

chloride to yield the barium salt(XIX)aé.

The pyrolysis of the barium salt(XIX)26 yield-
ed a clear, light yellow oil which, upon recrystal-
lization, gave crystals(XX) melting at 110-111°cC.
The presence of a carbonyl group was established by
the formation of an oxim626, mep. 157-158°C. Since
one of the chief concerns here was the preservation
of the 3-hydroxyl group, attempts were made to pre-
cipitate the material with digitonin35. wWo digiton-
ide was formed, which indicated that the hydroxyl
group was split off. Attempts to acetylate XX were
in vain also, starting material being returned in
each case. On the basis that the 3(#)-hydroxyl was
no longer present, it should follow that a point

of unsaturation had been introduced. A positive
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test with tetranitromethane confirmed these suspicions
and, although the position of the double bond cannot
be deduced from this evidence, it is suggested that
this position might reasonably be at C,:C3. The char-
acterization of compound XX was not further pursued
since, obviously, it would be of no value in the pro-

posed transformation to cholesterol(I).

Ixperimental.

a) Brominati