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) FOREWORD

by
G. F. MARRIAN, DS, F.RS.

ReApEgs of this volume, even though they may be experts
in the stéroid field, can hardly fail to be deeply impressed—as
1 was while listening to the papers read at the coloquium—by
the evidence of the amazingly rapid advance in our knowledge
of the chemistry and biochemistry of the steroids during the
past few years. From the early 1930’s, when the chemical
relationship between the gonadal hormones and the sterols
first became apparent, to the late 1940%, the advances in our
knowledge of these matters were by no means inconsiderable;
but in view of the obvious biological importance of the steroid
hormones and in view of the great resources of modern
orgamie chemistry and biochemistry it seems surprising in
retrospect that these advances were not more rapid during
this period, and that steroid research was for so long widely
regarded by both organic chemmsts and biochermsts as a
rather esoteric occupation.

Steroid research lost its esoteric character in 1949 almost
overnight following the announcement from the Mayo Clinic
of the dramatic effects of the administration of cortisone on
the symptoms of rheumatoid arthritis. In the opinion of
some clinicians the early claims made on behalf of cortisone
as a therapeutic agent were over-opfimstic, and jt might
therefore seem that the importance of the Mayo Clinic dis-
covery may be less than was originally supposed. However,
even in the highly unlikely event of the treatment of rlieuma-
towd arthritis with cortisone becoming completely discredited,
the Mayo Chnic discovery would still rank as one of the

v
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Foreworp vit

in the biogenesis of the steroid hormones—and in particular
of the adrenocortical hormones; and we are beginning to
learn something about the enzyme systems controlling these
biosynthetic processes and the physiological inactivations of
the secreted Trormones in the tissues.

The task for the immediate future is to discover more about
the chemical mechanisms involved when the steroid hormones
produce their characteristic physiological actions on their
target organs. Now that the steroid biochemists have become
actively interested in enzymes and the enzyme biochemists
are aware of the importance of certain of the steroid hormones
in enzymically controlled metabolic processes, we may expect
that within the next few years we should gain some under-
standing of this fundamentally important problem. The
determinations at this conference may well hasten its solution.
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greatest in modern medical research because of the gre
stimulus it provided for chemieal and biochemical work ¢
the steroids. As a direet and immediate result of this d;
covery the tempo of work in laboratories already engaged
steroid research was greatly accelerated, while many ab
hemists and biochermsts b attracted to it from oth
fields.

For several years now there has been no lack of high!
skilled organic chemists willing and eager to tackle t
forrmdable problems involved in the synthesis and pseud
synthesis of the steroid hormones. Greatly improved methoc
have been developed for the economical production of vario
adrenocortical hormones from different animal and plar
steroids and sterols, and so efficient are certain of these, tha
cortisone, which until recently was a rare and costly drug, |
now available in plentiful supply at a reasonable cost. Durin
the past few years we have even seen the development o
methods for the total synthesis of many of the non-aromati
steroids and sterols——achievements which must surely ranl
as amongst the greatest of the synthetic organic chemists
There is no doubt that steroid chemistry has, 1n the course o
a few years, grown to become one of the major branches o
organic chemistry.

To me as a biochemist, the recent developments in steroi
biochemustry are even more gratifying than those in the
““pure” chemistry of the steroids, Partly as a result of the
stimulus of the cortisone discovery and partly in conscquence
of the availability of solvent-partition chromatographic
methods, progress in the important tasks of isolating and
identifying steroid hormone metaholites in urine and blood
and in developing methods for their quantitative determina-
tion has been enormously aceclerated. Important though
this progress undoubtedly is, it must yield first place to the
developments in the newer steroid biochemistry, which is
concerned with the biosynthesis, metabolism and mode of
action of the steroid hormones. Inrecent years we have begun
to obtain some insight into the chemical mechanisms involved




NOMENCLATURE

Tne nomenelature of steroids 1 this book is based on the
recommendations of the Ciba Foundation Conference in June
1950. These suggestions have been widely adopted (J. chem.
Soc., 1951, p. 8526; Helv. chim. ccta, 1951, 34, 1680; Bull.
Soc. chim. Fr., 1951, p. i). The systematic names have been
used almost exclusively in the more chemical papers, but in
the latter half of the Symposium, which consists of more
biological papers, many trivial names have been used.

© It seems desirable to have in one place i this book a list
of all the known adrenal steroids and of the principal related
steroids which are discussed here. The table, given on pp.
~” < and xi, 1s based on the well-known table of Reichstein and
Shoppee (Ttamins and Hormones, 1943, 1, 352); it includes
some of the many tnivial names which have been introduced,
particularly 1n the last few years since the introduction of
cortisone into clinical work. The table includes the alpha-
betical designations given to the adrenal steroids by the three
principal schools of Rewchstein, Kendall and Winterstemer.
In spite of all that may be said—even by those who discovered
the compounds (ef. Professor Reichstein’s remarks on p, 229
of this volume)—it seems probable that these convenient
alphabetical designations will continue to be used for many
purposes. It is essential, however, that whenever they are
used, the name of the author should be included (e.g. Reich-
stein’s 5, Kendall’s E), and that the systematic name be
given at the first mention in any paper.

W. KryNE






No. Empirical Systematic name (and Irivial name, Alphabetical
formulac 1f any) designation
H
£ £
3 = ®
2§ ¢
S ]
g & =
£ M B
13 €,H,0, 5o-Pregnane-38 21-diol-11 20-dione N = —
14 CyHy0,  Pregnd-ene.208 21-diol-3.11-dione T - -
15 ChHa0, Tregn-bene-11 21-diol-3 20-dione (Cor-
‘icosterone) H B -
16 Cyl,0, Pregn-d-en-21-0l-311.20-tnone  (11-De-
thydrocorticosterone) B
17 CyylHly.qe0, cf-Unsaturated ketone : {constitution un-
known) - - =
Cn0y group N
18 Cp,H,0,  S5a-Pregnane-38 17a:208-triol J - —
10 CpHiy0,  Ha-Pregnane-38:17« 20a-triol 0o — —
20 Cyily0;  Sa-Pregnane-33 17a:diol-20-on L — 6
21 Gy H,0s Preg.m -en-17a-01-3 20-drone (l1n-lly-
roxyprogesterone) - - =
22 C,H,,0, I’regnA»en-ﬂ-oln“’o—dmne (11-Deoxy-
corticosterone; DOC $) Q — —
€110, group
23 CyyH,.0, Su-l’regnsn-sﬂml -20-one - =
23 CyllgD, Tregnd-ene-3 20-dione (Progesterone) - - -
Cyy group
25 C,H,0, Androstane-88 118-diol-17-one - = -
26 CyHj0; Androst-d-ene-3 11 17tnone  (Adreno-
sterone) - - —
27 €, M,0, Androst-+-ene 17-dione - - =
Cyq compound.
28 Cy,H,,0, (Estrone o
Sore related steroids for which tnivial names are used 1n the text.
3 CyH,0,  5p-Pregnaneds 119 1a 21-tetrol-20-
0508 ot £17a one
30 C,H,0, 5fPregnanc-3a-17a 21-triol-11 20-dione
{Tetrahydro-E, tetrahydrocortisone)
The 5a-pregnane or 150mers are called
Fand -E’
31 €, H,0;  5p-Pregnane-17s 21-4iol3 11 20-tnone

(Dahydro-E, dihydrocortisone)

The 11-epimers of compounds with trivial names (1la-hydroxy compounds)

are often referred to as ‘11-ept F', ‘1l-epr-hydrocortisone’, et
tAcetate commonly called “DOCA’

‘DCA".



STEROIDS FROM THE ADRENAL GLAND
AND RELATED STEROIDS

Steroids 1solated from the adrenal gland (Based on the table published by
Reichstemn and Shoppee (1943) Pitamins and Hormones, 1, 852).

No. Empinical Systematic name (and trival names, Alphabetical
Jormulae of any) designations
<
5
K K]
= B
3 % &
3 E
€105 group RN R
1 GO, - e PN s A D A
2 v o= -
3 ChHuO, ¢ € D
4 1H ;04 D' G B
5 CyuH,0; . E - -
6 CyyHyo0p U - ~
7 CyyH,Of .
. S
cortisoriet) M F -~
8 CyH,O,  Pregn-d-ene.17a 21-diol-3 11 20-trione
(17a-Hydroxydehydrocorticosterone;
cortisone) Fa E F
Cy,0, group
9 C,H,0, Sa-Pregnane.g 17a 208 21-tetrol K - —
10 €y,H,0,  5e-Pregnane-3f 17a 21-trsol-20-one P - -
11 CpHy0,  Pregn-i-ene.17a 21-diol-3 20-dione s — —
2 CpH,0, 5a-Pregnane-38.118 21-trol-20-one R — .~

*5a-Pregnanie is also commonly called “allopregnane’

{Prof C.W. Shoppee has pointed out that ‘cortisol’ would be a much better
trvial name for this invites witl
*dihydrocortisone” {see No. 31} .
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. PART I

SYNTHESIS OF ADRENOCORTICAL AND
RELATED STEROIDS

COMPANION SUBSTANCES IN CHOLESTEROL
OF VARIOUS SOURCES

LQUIS F. FIESER

THE pr of the collogq tudes several paperson
the utilization of sterols for the synthesis of cortical hormones.
Although 1 shall speak on another subject, it seems appro-
priate to present two comments regarding the work of my
group on the synthesis of 11-ketosteroids. One is that, in the
heat of the early competition and with the limitation of space
allowable in Communications to the Editor, I have not pre-
viously had an opportunity to express an acknowledgment,
Our first method for synthesis of an 11-ketosteroid starting
with a Asstenol (Fig. 1) 15 assuredly less efficient than
methods subsequently reported utilizing some of the same
intermediates. The first step, introduction of the 7-8-double
bond (II), 1s a transformation first accomplished by Windaus,
Lettré and Schenck {1935) in the classical vitamin D work at
Gottingen. Windaus also discovered methods for selective
reduction of an ergosterol-type diene to a AZstenol (III)
(Windaus and Brunken, 1928), and for dehydrogenation of the
latter with mercuric acetate to a A7*"W.diene (IV) (Windaus
and Aubagen, 1929). In an early experiment conducted before
the structures were known, Windaus (1906) effected the first
L:4-oxygenation of a sterord diene: A33-cholestadiene on
chromie aeid oxidation afforded A*-cholestene-8.6-dione.

.
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COMPANION, SUBSTANCES IN CHOLESTEROL 3

Improvements in our Baird spectrophotometer have made
possible resolution of the band at 5-8 p into a doublet; the
oxidation product is the 3-ketone (IX), evidenced by forma-
tion of a semicarbazone and o 2:4-dinitrophenylhydrazone.
‘The product of hydrogenation in methanol containing hydro-
bromic acid does indeed contain an inert oxygen atom, but
the substance is the methyl ether (X) and not an oxide.
The B-orientation of the methoxyl group was established by
preparation of an identical compound by methanolysis of

HONAR ) M "
m 4 b4

ASHC 570,583,

Correcting Fieser and Rajagopalan (1951),
R = CHMe.CH, CH, €O, Me

Fia. 2.

methyl A%V-lithocholenate 3-tosylate. The novel reaction,
which we propose to describe as a reductive methylation, has
been applied also to methyl dehydrolithocholate, to copro-
stanone, and to cholestanone. (See Babcock and Fieser, 1952,
published subsequently.}

On the oceaston of the Conference on Steroid Nomenclature
held at the Crba Foundation m the summer of 1950, 1 became
interested through conversations with Sir Ernest Kennaway
and .thh Dr. L Hieger in the possible existence of a pon-aro-
matic sterord earcinogen derived from or related to cholesterol.



2 Louis F. FixseR

This example inspired the work in my laboratory on AT*™
dienes of the cholesterol and bile acid series, and I recall con-
ducting the first exploratory oxidation on the opening day
of the fall term in September, 1950. ¥ven the next to Iast
step in the process, reduction of V to VI, follows the pattern
mapped out by Windaus’s reduction of At-cholestene-3.8-

R
uo(:go_’ um - Hm -
1 b 2

.3

L3 3
X «,C@D
PO T -
b4 h'4 n

Ac
e
Fra. 1.

dione to cholestane-3:6-dione with zinc and acetic acid (Win-
daus, 1906). Hence the current work has derived cnormous
help and inspiration from the pioncer work of the great master,
Adolf Windaus.

My second comment is with regard to a product of oxidation
of methyl A%!-dehydrolithocholenate (Fig. 2} tentatively
formulated by Fieser and Rajagopalan (1951} as a 8:8-oxide.




CoMPANION SURSTANCES IN CHOLESTEROL 5

acid. The apology was repeated by Diels and Abderhalden
{1903), who introduced the use of sodium hypobromite. The
incentive, in these and other early studics of oxidation, was
elucidation of structure, and substantial contributions to this
general problem by the Windaus school resulted in isolation
of volatile fragments from oxidative fission of sterol side
chains: methy!l #schexyl ketone (Windaus and Resau, 1013),
acetone (and a Cpeacid) (Windaus and Neukirchen, 1019),
methyl and ethylisopropylacetaldehyde (Reindel and Kipp-
han, 1932; Guiterns, 1982; 1933). Ruzicka’s isolation of
ketonic nuclear fragments of oxidative fission in 1934 paved
the way for eventual production of all the principal sex hor-
mones from sterols. Oxidation of cholesteryl acetate by the
Gottingen group (Windaus, Lettré and Schenk, 1935) was the
key step in the synthesis of provitamin D,.

One incentive to undertake fresh work on a very old
problem has been mentioned; another was interest in the mode
of formation of three neutral products of chromic acid oxi-
dation characterized by Mauthner and Suida {1896). A new
method of attack arose from the observation that oxidations
can be conducted smoothly with a solution of sodium
dichromate dihydrate 1 anhydrous acetic acid and that on
addition of one-half volume of benzene the reaction can be

d d at 0° in h 1 Mauthner and
Suida’s “oxycholestenediol” is now known to be cholestane-
8.6-dion-5a-0l; it probably amnses in part from cholesterol
through the oxide and 1n part from cholestane-38.5a 68-triol,
which has been 1solated by my associate Dr. Bidyut Bhatta-
charyya from gallstone, egg yolk and brain cholesterol,
Mauthner and Suida’s “oxycholestenone” has long been

1 1zed as At-chol -3-6-dione, but the structure
of their “‘a-oxycholestenol” has cemained uncertam. My ex-
periments suggest that “a-oxycholestenol” (m.p. 180°) was
& somewhat impure preparation of an oxidation product that
when fully punfied melts at 195° und is identical with the
known 68-hydroxy- Ad-cholesten-8-one (Elhs and Petrow,
1939) (Fig. 8, XVI). I have oxidized the substance to the

—~—
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The available brief of evxdence summarized below, is far from
definitive, but it seemed to me sufficiently suggestive to
warrant initiation of chemical studies,

Question of a Steroid Carcinogen
1. Hieger (Royal Cancer Institute, 1949).

Cholesterol in lard solution injected into several hundred
mice produced 4-6 per cent incidence of tumours at the site
of injection.

F. BischoffandJ. J. Rupp (Santa Barbara Hospital, 1946).

Crude progesterone, made from cholesterol by bromination
and oxidation, gave 32 per cent incidence of tumours at the
site of injection in mice, Pure progesterone was negative.

A. H. Ruffo (1934), confirmed by If. P. Rusch and C. .1.
Baumann (1939).

Irradiation of mice increases incidence of skin cancer. Irra-
diated cholesterol evokes skin cancer in mice.

T. Lmry (Boston, 1950),

. the evidence leaves httle doubt that cholesterol is
mnmntcly related to certain human and experimental
tumors.

A ﬁrst hypothesis (Fleser and Sclmmdcr, 1952) that the

is an at 1 teryl ester, for

exnmplc the wohept\ vlate, formed from the acid resulting from

cleavage of the side chain, 1s under test; I shall not be greatly
surpriscd if the results are negative.

A sccond vague thought was that the eareinogen might be
some unusual or unknown product of oxidation of cholesterol.
Additional work on a theme that already has been investigated
cxhaustively requires not only an incentive but some new
method of attack. In their classical paper, Mauthner and
Suida (1896) apologized for adding to the already 50-year-old
literature on the oxidation of cholesterol and explained that
they had conceived the idea of trying a new reagent, chromic
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3.6-dione (XVII), easily obtainable in yield of about 85 per
cent.

A further product that puzzled me for some little time is
prepared most readily by pounng a hot acetic acid solution
of two equivalents of sodium dichromate ontoa batch of com-
mercial cholesterol. A green solution results in less than a
minute, and on concentration of a neutral ethereal extract
of the reaction mixture the product separates in almost pure
form; one crystallization gives pure material, m.p. 188°, n
yield of about 10 per cent by weight. The substance 15 a 1:1
complex of epicholesterol (XVIII) and 68-hydroxy- A¢-choles-
tenc-3-one (XVI); smnee 1t s readily sphit by chromatography,
the reaction constitutes a simple method of preparing epicho-
lesterol. Epicholesterol forms similar, well-crystalline, sharply
melting complexes with the G6a-hydroxy epimer, with At-cho-
lesten-3-one, and ‘\-nth cholestanone, but not with copros-
tanone.  68-Hydroxy- Ad-cholesten-3-one complexes with
cpicholestanol, but not with epicoprostanol, cholesterol, or
cholestanol

The surprising epimerization of cholesterol in the course
of the partial oxidation"was obscrved also in a low-tempera-
ture reaction that afforded (after chromatography) an initially
mysterious product that proved to be the complex of eprcholes-
terol and A*-cholesten-3-one. The most likely interpretation
is that the reaction proceeds through a 8.5-cyclic intermediate

parable to that T lated by Plattner and Lang (1944)
{Fig. 4). A similar interpretation 1s advanced m interpretation
of the formation of Windaus’s heretofore unidentified “Stoff’
A” from oxidation of epicholesteryl acetate (Windaus and
Naggatz, 1939) which Mary Fieser and E. J. Tarlton have
recently shown to be 5a-acetoxycholestane-8.6-dione. The
specific mechanism formulated for the chromate epimerization
was suggested to me by Dr. D. H. R. Barton.

In carrymg out & great many oxidations and chromato-
graphic analyses of the reaction mixtures, I encountered
minute amounts of three products that did not seem to be
denved from cholesterol (one was later identified as an epichol-
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unsaturated diketone, reduced it with zinc and acetic acid to
Ad-cholesten-8-one, isomerized it to cholestane-8:6-dione,
epimerized the acetate to Ga-acetoxy- Ad-cholesten-3-one by
the method of Herzig and Ehrenstein (1951), and prepared
various derivatives. The initial product in the dichromate

Ho,

Iz

L -yl -k
me

I Complex, mp 188°
Fia. 3.

oxidation of cholesterol is A®S-cholesten-8-one (XIV), which
is oxidized very readily to the Dicls acid (XV) and to 68-
hydroxy- At-cholesten-8-one (XVI). This alecholie product
can be isolated readily when a limited amount of dichromate
is employed, since it is distinctly less casily ntta?kcd than its
precursor. It is formed also on dichromate oxidation of choles-
tenone enol acetate and of Ad-cholestene-88:68-diol, and on
selenium dioxide oxidation of As-cholesten-3-one,  The
neutral end product of chromate oxidation is Al-cholestene-
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cliromatography of the acctates (Fieser, 1051). One was the
acetate of cholestanol, the other the acetate of an isomer of
cholesterol promptly identified as A’-cholestenol (Windaus
and Naggatz, 1039). For convenience in referring to material
of biological origin, I suggested the trivial name lathosterol

® R E
.
+ 560,100 £y R
v : ~
[

m
Lathosterol
(v}

R

-LOL 1--Oxystercids

H
= Oy — O
NIXA XIxp
3) On XIX as acetate

(b} With Hg(OAc),, B N-bromosuccumumide or ultra-violet
1ght

R = CH,,
XIXA Lathostenone  mp,145%  [a]o,+24 7°
181% —13°

XIXB Diketo-oxide
Fic. 5.

{Gr. latho; undetected), and the suggestion has been accepted
informally by several workers in the field.

Lathosterol is much more reactive than cholesterol and is
characterized particularly by 1its high sensitivity to oxidation
(Fig. 5). It reacts with selenium dioxide in benzene-acetic
acid even at 0° and the starting matemal is completely

*Later work has shown that this 1s 38:7a-diacetosycholest-8(14)-ene.
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esterol-ketone complex) and so was prompted to investigate
the homogeneity of the cial cholesterol, which-was
matenal of good melting pomnt derived from spinal cord and
brain of cattle {Wilson Co.). Since cholestanol is a generally
accepted 1f rather dubiously characterized companion sub-

Plattner and Lang (1944)

- "
Nesgriloodm

o5 2 ° .
&u, H, IH.
Mary Fieser and Tatlton
o= Cb/ o "o
oLl [ N> N Lol |
oo Eoc:é 630 oH,co0
> &, Windaus' Stoft A
- O OO
. Ho*
r0,0M r0,0H CFOIOH b\c{g ]
3
Fio. 4.

stance {Schonheimer, v. Behring, Hummel and Schindel, 1030;
Gardner and Gainsh gh, 1934), T experi ed with mic
tures of cholesterol and cholestanol, and found that quick
crystallization from acetic acid (as complex) effects consider-
able concentration of the stanol in the mother liquor. Re-
peated crystallization of a large batch of commercial choles-
terol eventually afforded mother-hiquor fractions sufficiently
rich in companions for isolation of two pure substances-by

\
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Properties of the 7-acetoxy dervative resulting from reac-
tion of lathosteryl acetate with selenium dioxide 1n benzene-
+ acetic acid are shown in Fig. 7.

L. F. Freser, Hen and Nakanishi

ﬁ?br% r&t 15

(‘B.-‘YW)

I%t..mig I%,Ho,ﬁt
i%? —a&

psvalp)
(a) With Hg(OAc)y, Se0,, peracids, N-bromosuccinimde or Br,
(b) of. Wintersteiner and Moore (1843)

R =Gy,

3 EtOH

XXVIIL has 3EOH 047 5y,
Fi. 6

Contrary to the conclusion of Callow and Rosenheim (1933),
my collaborator Guy Ourisson has found that the product of
dation of 5-dihydroerg 1 (Fig. 8, XXXVII) in ethanol

is not an oxide but the 14a-hydroxy compound (XXXVIII),
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consumed in one hour; a similar solution containing cholesterol
is completely colourless after twenty-four hours at 0° and
shows evidence of reaction only at 50-60°. By a simple micro
test conducted 1n 2 melting point capillary with 1 mg. of
material, one can easily differentiate between galistone choles-
terol (2-8 per cent lathosterol) and the same material purified
through the dibromide (0 per cent). Baumann {Moore and
Baumann, 1952; Idler and Baumann, 1952}, who recently has
found that lathosterol 1s an abundant component of skin
sterols, has observed that this isomer enters into the Lieber-
mann-Burchard reaction much more rapidly than cholesterol
and can be assayed colorimetrically 1n the presence of cho-
lesterol; the reaction is also applicable as a qualitative micro
test. Lathosterol is dehydrogenated by a variety of mild
oxidizing agents to A7¥!.cholestadien-38-ol, known from
the recent work on the cortisone problem to be convertible
on further oxidation into 11-oxygenated sterols of various
types. In view of the specal physiological functions asso-
- ciated with the 11-oxygenated cortical hormanes, it is an
attractive speculation to suppose that some such product may
be a carcinogen and that, under a coincidence of circum-
stances, 1t might arise in the body.

Chromate oxidation of lathosterol gave the 3-ketone (XIXA)
and a diketo oxide (XTXB) both different from the uniden-
tified products derived from commercial cholesterol. Chromate
oxidation of the acetate (Fig. G) gave the 7-keto-8:9-oxide
(XXYV) of Winterstemner and Moore (1943) and the isomeric
7-keto-8:14-oxide (XXIV); these were found reducible with
zine and acetic acid to the corresponding unsaturated ketones
(XXVI and XXIII) which are stable to chromate oxidation.
Perbenzoic acid reacted with lathosterol to give both the
known 7-hydroxy-8.14-oxide {XX) and the isomeric 8 9-oxide
(XXI). The structure of the dienone resulting on acid hydro-
lysis of both ketoxides has been the subject of uncertainty.
Reduction of the carbonyl group with hthium aluminium
hydride gave a product having an absorption maximum indi-
cative of the structure formulated.
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suggests o mechanism for the production of the latter sub-
stance on oxidation of the A-stenolj

- The results summarized in Table I show that low- tempern-
ture oxidation by selenium dioxide in acetic acid-benzene is

5¢0,-
H, HOAS
s'o"Ew"‘wd?) A«&:)

)

bl
* [LIATH,
jero Iw,cv,o, POCI,-Hy] l

.3 m b
Retations, [M]o, 1n CIICI,. Absorption maxima Amax, (mu) 1n ELOH
R'(side-cham) = C,H,,

28 Amax emax
XXXVIIa, R = H
XXXVII b, R = Ac
XXV, R -1t
XXXVII b, R = Ae
XXXIX

XL

XLI
XL 232 10,400

sStavely & Bollenback

specific to steroids of the 5a- or the AP-series having a double
bond adjacent to the 14a-hydrogen atom; apparently attack
of an activated tertisry hydrogen atom occurs only if the

tLater work has shown the structure XXXVIII to be wncorrect 3 the
actually 1s y- A
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]

as evidenced by dehydration under strictly non-acidic con-
ditions to the By-type 7:14 diene (XLIL) Chromic acid oxida-
tion of the allylic alechol to the 7-keto-8:14-oxide(XLI)

R _5e0;,__ LA,
HOAC CH, T
2
H
R
CAco,c,H,
HCREIOM

(ﬂ’")

HCIEOH |
PO, F,

R

D’Céjs o’(ﬁp =1
oes

I

Rotations, (Mo, wn CHC, , Abrorption maama Jnes (my) in EtOH
R’(side-cham) = C,H,,

(Mo Amax emax

XIX a,R* = H +15°
X = Ae

—86
250 18,100
9,700
9,800

"(V a,R’ = CO,Et —737 242 “

\\\\' b,* = Bz
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residue with nitric acid to destroy the sterol and convert the
selemum into sclenious neid, destroying nitrous oxides with
sulphamie acid, adding excess potatsium jodide, and deter-
mining the iodine spectrophotometrically. The result gives
the total content of lathosternl and 7-dchydracholesterol,
but 1n sterols dersved from sources other than skm the amount
of diene present 15 neghgble. The results of an exploratory
study of various tissues arc suggestive of interesting differ-
ences 1n A-stenol content (Table 11).

Table 11
LatnnsTenor Covtent or “CroLkstrroL”

Samples prepared by Budyut Bhattacharyya A‘;ﬂﬁ','.}"
Commercial cholesterol (MWilson, spinat cord anil bratn) 062

Gallstone cholesteral
e yolk clolesterol . L.
Beef adrenal cholesterol .

217103 1
39

63

Trom enbom ot nhnen ot

o

coSowwemwwooD
2 a2
2 2

Bo
)

5¢ 4.8 Fractions from same patient . . -
All other fractions, combined .

fractions 1n the

It 15 interesting that cholestanol and lathosterol are the
5.6-dihydro derivatives of cholesterol and provitamn D;, res-
pectively (Table III). There are some suggestions that
another as-yet-umsolated companion that I very tentatively
call thaptosterol (Gr. thapto. buried) is a secosterol related to
vitamin D; rather than to a tetracyche sterol proper . After
fruitless attempts to 1solate a merely suspected further com-
panion of unknown properties, I perfected a method of
oxidative analysis by which an ovidation product of the
companion can be 1solated with comparative ease, A 20-g.

CORTY 3
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latter is rear-oriented, and it is jnhibited by the shielding
effect of the A/B-cis configuration. T am indebted to Drs.
Rosenkranz, Dierassi, and Barton for tests conducted in
Mexico City and » London,

Table 3
Sereran Droxioe Tesy
$ample (1 mg.) in benzene (0 5 ml); 0-8 mL 0 1 » H,Se0,
in HOA¢— H,0 added at 23° Domtive reaction, yellow
2-3 min , red deposit of Se in 10-15 mun, Negative reaction,
colowrlesy after ¥ hr.

Configuration af g, Partion of Doutls bandsy Sumberof compounds

Posnitrve regetron

Sa T ke

3a 80y 2

Bx 7o) " 3

— 7 4

S 68(9) z
Negatioe Reaction

e 5B 7 a

58 8(9) 1

5a ot 56 8(11) 3

5a or 52 8(18) 5

e or B8 2 3

[ 7-5(11) 2

Sa or 8 ¢ 8(0).15 2

5a 6 8{14) z

A micro method 6f determuning Astenols watked out by
Koji Nakamsin

AT-Stenol
(5-15 mg. sample} HNO, KI
-Se0, — Colloidal Sev—ox Se0y ~—r Iy
5°

(1, determined spectrophotometrically)

consists i treating a small sample with selemum dioxide in
befizene-acetic aexd at 5° washing out the excess selenious
acid with Liearhomate, evaporating the benzene extract
contninmg colloidal selepium in o Carius tube, heating the
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containing small amounts of added lathosteroland cholestanol
and obtained high recoveries of oily latho fraction (100 per
cent) and of pure cholestanone (80 per cent). Table IV
shows the yields per 20 g. of total sterol of the new product,
here designated Ketone 104,
Total Sterol (20 g.) ~————— Acctate
‘ Se0,, chromatograph
Petroleumn ethet Ether eluate
Unchanged acetates Latho Fraction (400 mg.)
Sapomly

Sterols
crvt

Neutra! residue

Na,CO, Clasen's
,€0, I Classe Chromatograph
4
———r———
Ns oo e e e ST
HOy! H
{100 mg ) {100 mg.)
From Cliolesterol From Cholestanol From Thaptosterol

F1a. 9. Analyss of Tissue “Cholestero]”.

The precursor substance follows cholesterol through the pro-
cess of punification by way of the dibromude (which completely
eliminates lathosterol and cholestanol), and the yield from
dibromide-punified sterol 15 over twice that from the original
total sterol. Dr. Bhattacharyya and I processed cholesteral
from a variety of sourees 1n the hope of finding a source par-
ticularly mich in the unknown precursor, but thus far all
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portion of sterol is treated in the form’ of the acctate with
selenium dioxide at 25° and then chromatographed (Fig. 9).
The lathosteryl acetate present is quantitatively converted
into a mixture of strongly adsorbed products, whereas chole-
steryl and cholestanyl acetate are unattacked and are quanti-
tatively recovered by elution with petroleum ether. The latter
fraction is saponified and oxidized overnight at 7-13° in

Table IET .
CompoNENTS OF “CHOLESTEROL"
Cholesterol Cholest-5-en-38-01
Provitamin D, Cholesta-5 7-dien-3g-0l
(0+18 per cent 1n egg-yolk sterol)
Vitamun Dy 9 10-seco-Cholesta-5.7 10(19)-trien-38-ol
XLIII)

Cl Cholestan-38-0l (0 2.0 5 per cent)
Lathosterol Cholest-7-en-38-ol (o+5-3 per cent)
Thaptosterol ? 9 10-seco-Cholestan-38-0l with two ad-

ditional O atoms {0 5 per cent, XLIV)

R R

m pusi-g

benzene-acetic acid with 10 oxygen equivalents of dichromate.
About half of the cholesterol present 1s oxidized to acids (Diels
acid, 7-keto-Diels acid) extractable with soda, and the rest
affords At-cholestene-3:6-dione, which can be quantitatively
removed by extraction from hexane with Claisen’s alkali
(aqueous methanolic KOH). The small neutral residue (0+4—
0+6 g.) is chromatographed on alumina, when petroleum ether
{90)-benzene (10) elutes first cholestanone and then nr;
A S e PR .
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samples have afforded Ketone 104 in yields ranging from 75-
123 mg./20 g. Incidentally, Dr. Bhattacharyya has isolated
lathosterol, cholestanol, and cholestane-38+5q:G8-triol as such
from gallstone cholesterol, and the triol also from egg yolk
and brain cholesterol.

The data of Fig. 10 show that according to four closely
agreemg analyses (of three separate samples) Ketone 104 has
the formula Cs;H,Og: analyses of three erystalline derivatives
confirm the formula. A triketo or keto-dioxide dervative of
cholestane would have the formula C,,I1,,0,, and hence the
substance, if mdeed 1t 1s 2 steroid, would appear to be a seco-
steroid demvative. Dr. Bhattacharyya redueed the ketone
to an aleohel that has failed to crystalhize but that yields
Ketone 101 on reoxidation and affords a crystalline acetate
from which the Iiquid aleohol 1s recovered on sapomfieation.
Like vitamuns D, and D, and their hydro derivatives, the
liquid aleohol gives no precipitate with digitomn. Formation
of the monoethylene mercaptal of Ketone 104 is attended
with dwsappearance of the carbonyl band at 5 81 p, and there
15 no suggestion m the mfra-red spectrum of the presence of
any other active-oxygen function, The bands in the region
9-11 g suggest that the two inert oxygen atoms are present
as oxide linkages. The oxidie rings are very stable and have
thus far resisted all attempts to effect cleavage. A sapogenm-
type structure seems excluded, since methods of fission,
oxidation, and reduction applicable to sapogenins are not
applicable here.

Just before my departure for this conference (via a sympos-
wm m Jerusalem), Drs. Bhattacharyya and Wei-Yuan Huang
and I mitiated experiments with 24C-labelled cholesterol n
order to explore the relations between the various companions
and 1n the hope of finding a means of following thaptosterol
in the course of fractionations, Table V presents the results
of an exploratory experiment m which the method of oxidative
analysis (Fig, 9) was applied to the mixture shown, containing
14C-cholesterol derived from njection of ¥CH,CO,Na mto a
rat that was killed four hours later. The activities of pure
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samples have afforded Ketone 104 1n yields ranging from 75-
123 mg./20 g, Incidentally, Dr. Bhattacharyya has isolated
Jathosterol, cholestanol, and cholestane-38:50:68-triol as such
from gallstone cholesterol, and the triol also from egg yolk
and brain cholesterol.

The data of Fig. 10 show that according to four closely
agreeing analyses {of threc separate samples) Ketone 104 has
the formula C,;H,,04; analyses of three erystalline derivatives
confirm the formula. A triketo or keto-dioxide derivative of
cholestane would have the formula C,,H,,0;, and hence the
substance, 1if indeed 1t is a steroid, would appear to be a seco-
steroid dervative. Dr. Bhattacharyya reduced the ketone
to an aleoho! that has failed to crystallize but that yields
Ketone 10+ on reoxidation and aflfords a erystalline acetate
from wluch the liquid aleohol 15 recovered on saponification.
Like vitamins D, and D; and their hydro derivatives, the
liquid alcohol gives no precipitate with digitonin. Formation
of the monocthylene mercaptal of Ketone 104 15 attended
with disappearance of the carbonyl band at 5-81 p, and there
15 no suggestion 1 the nfra-red spectrum of the presence of
any other active-oxygen function. The bands in the region
9-11 g suggest that the two nert oxygen atoms are present
as oxide linkages. The oxidie rings are very stable and have
thus far resisted all attempts to effect ¢leavage. A sapogenin-
type structure scems excluded, since methods of fission,
oxidation, and reduction applicable to sapogemns are not
applicable here

Just before my departure for this conference (via 2 sympos-
m i Jerusalem), Drs Bhattacharyya and Wer-Yuan Huang
and I mitiated experiments with MC-labelled cholesterol 1n
order to explore the relations between the various companions
and n the hope of finding a means of following thaptostercl
m the course of fractionations, Table V presents the results
of an exploratory experiment 1n which the method of oxidative
analysis (Fig. 9) was apphed to the mixture shown, contaming
1#C-cholesterol derrved from injection of ¥CHCO,Na into a
rat that was killed four hours later. The activities of pure
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crystalline  A*-cholestene-3.6-dione, Diels acid monomethyl
ester, and cholestane-8.6-dion-5q¢-0l were all about the same
as that of the total sterol, and the activity of the unseparated

Table V
DISTRIBUTION OF RADIOACTIVITY ON FRACTIONATION

Mixture of 10 g of Dibromide-punified Cholesterol, 227 mg. of Biosynthetic
4C-Cholesterol, 50 mg of Cholestanol, and 100 mg of Lathosterol

Countafmin fmg

Total mixture . f
e ma e
. . 5
o . 20
. Co. . 84
Ketone fraction : Cholestanone and Cy,H O, .
Lathosterol fraction (ol)

39
186

ketone fraction was also in the same range. The lathosterol
fraction, however, proved to be four times as active as the
cholesterol denvatives.
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caleulated for XXVIL Two other struetures are possible but caleula-
tions eannot be made because they are cross-conjugated. But by
reducing the 7T-heto group we eluninated some of the difficulty, and
could defimitely rule out one of the formule, We had hoped that the

Caliped

CHOH CHy
OH.
"
d —_—
HO i}
H v

Dierass® Yes, T was thinking of our debydrotion product of
5a-pregn-8(9)-ene-38 11a 208-triol-7-one (XLIV) {J. .Imer. chem Soc.,
1952, 74, 2918) Wiile the important ssomenzation of the unsaturated
Letol XLIV to the saturated 7 11-dione XLV proceeds quite readily

Xwv

system (XLVI) should absorb around 315 mg. lence our compound
could have one of the two ather obvious structures, a cross-conjugated™
8(14) 9(11)-dien-7-one (XLVII) or your structure (X'XVII)

Fiescr* Structure XLVT 1s a possible formulation for the compound
11 question, although there 15 evidence that the substance 1s converted
on hydrogenation into cholest-8(14)-en-38-0l-7-one acetate 1 suppose
1t 15 possible that XLVI suffers saturation at 11(12) and that the double
bond migrates under the mfluence of the catalyst from 8(9) to 8(14),
but this seems unlikely.
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DISCUSSION

Mansian It wall be very mnterssting when some of these secompany-
ing substances are tested hiologiealiv. Ave you starting on that now,
Dr. Fieser”

Exrsnr  Not heing o biolomst or biochermst I can do very lttle
except to urge some of my frends 1o take up work of this kund, and 1
think I'm havinz some suecess in that

Mangisn: An exhaustive examination of cholesterol osidized by

f . "
0 v e Preprired 1y COLCINPEIIC IALEHIdN, DELUIANL 1L iy v
work and liad the materials tested, the results were negative

Soxpurnier Dr Wettstein (Hele em Aeta, 1910, 23, 388) found
some time ago that on oxidizing cholesterol or sther 4 3-3-nleobnls by
the Oppenauer method under speeral ennditions he obtaned the 439
dienone by a reaction wluch probably proceeds through the AS-3:
ketane. Recently we found at Syntex that the same result 13 ohtaned
with monganese dioxide [ wondered whether you obtamed A$®
dienanes 1n the ostdation of cholesteral by your methods, It would be
ensy to deteet very small amounts by the ultra-violet spectrum.

Fueser 1 don't tnnk so, because of I use enaugh dichromate to
completely eshatst the cholesterol and completely onudize the 6f-
oY P s omos dban ot s dEa cosdiegl fraction very pure

- . mtamunated with any -

" ation and shon, and X
. . ne, 1 den't thisk #'s
formed.

Darrasst, Do y0u happen to remember the ultra-violet absarption
maximum of yout 7-keto- (M 8L Gene (NXVIT)Y
Tiesens We checked Stavely and Bollentmeh's compound and the

massmum 1 around 298 Mg, which agrees with the vatue of 203 myu
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ion, Lich

for tests, and so on, It's o nice
technique. When you're through the test you throw away your-test-
tubes instead of washing them.

Piscus: Dr. Fieser is aware of some work with cholesterol derived
from acetate that 13 being done by Dr. Schwenk in our Iaboratories.
1 just want to mention two aspects of it. First of all, he more or less
confirmed the work reported m Table V. Instead of oxidation pro-
duets Dr. Schwenk has been studying the products of sapenification of
Iisers perfused with radioacetate, and he obtamns certain clhiromato-

HLE JaGeaTet SRS PR UG R

which had a high count, I was wondenng when your rat was killed,
Fieser: Ours was killed 4 hours after injection, and this was only one
rat. We want to do a lot of experiments, allowing varying periods of
incubation Only then ean we get data which can be interpreted I
Just tioned this as prfll‘mmﬂry‘wm:k.'

Fieser  Of course we started this work partly in the hope that this
Ketone 104 would show some striking dufference in radioactivity, and
that we might therefore use that method as a means of following its

Fieser: Tdon'tknow. It seems to me more likely that 1t goes through
some lind of hemiketal affair It goes quite smoothly and you get

pretty good yields It's very specific and gives only one of the tno
possible 1somers,
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Dierasst Tins s not very important because it is only a by-product.
Our structure 15 quite conceivably wrong *

Snorrer: I should Like to mention bnefly some work which I did
about 5 years ago at the Royal Cancer Hospital 1n London. I was pre-
sented with some 30 g, of an unsaponifiable fraction derived from
Bantu livers. Bantu are particularly susceptible to primary cancer of
the liver. This material had been subjected to very brutal treatment,
botling with p. 1 , without 1 of Lt
oxygen I proceeded to try and find out what was init. I isolntet} 8
hydrocarbon, the Cyy-n-paraflin, & triol (the chol 8B.5a-6-triol, +
which Professor Fieser mentioned 2 moment ago) end, 1f my memory
serves me night, the 7. v~ and 7-keto-chol it

In trying to check the punty of the various cholesteryl acetate frac-
tions chromatographically I used a colour reaction with SbCl, In

! Ta under controfled i The purest fractions
of cholesteryl acetate failed to give any colour; but quite a large
number of fractions did develop a pink colour with this reagent. Xam
now wonderng n retrospect if 1n fact some of these fractions did
contain small quantities, which 1 was unable to separate, of Professor
Fieser’s lathosterol T asked him privately 1f he had any information
about this partieular colour reaction, and he has a suspicion that his
lathosterol does n fact mve a pink colour with this reagent.

Treser 1 haven't gone very far with colour tests on lathosterol
because we found the selemum diovede reaction 13 so good uzu{ S0

commn vl o, .
You can use the same method for domg tests with tetranitromethane

sStructure XXVII has since Leen shown to be the correct one (Lemin,
nmscn?m:zr:nd Djerassy, 1953, J. Amer, chem, Soc , 78, In Pressj.



THE CHEMISTRY OF LANOSTEROL
D. H. R, BARTON

Tuc discovery of the outstanding medietnal value of cor-
tisone mitiated a great deal of research into methods for its
partial synthesis from readily available starting materials
Much of the elegant steraid chemistry ansing from this work
will be summarized in subsequent contributions to this Con-
ference. Naturally consideration has also been given to the
possibility of a partial synthesis from non-steroid materials
of which, for example, dextropimaric acid (I), amongst diter-
penold compounds, might be a concetvable precursor.

o
Q@?g@*
el
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Coox. It would beinteresting to make an enol methyl ether and then
reduce 1t. That mmght give some information about the mechanism

The question I waated to put to Professor Shoppee was in regard to

the possible of by-prod w cholesterol, I think
that Hieger made some bological tests with very bighly punfied
cholestexol and stil obtsned tumours. Professor Shoppee, 1 think,
wok part 1 that work and possibly eould tell us sometling about
it T've always been uneasy about this wark on the careinogenwe action
of ! and stch { natural prod because, to the best
of my knowledge, ali the tumotrs have been obtained by usmg choles-
terol dissolved 1 vegetable ols ar animal arls of uncertamp composition.
I know that controls were done in some of these expenments, but even
so i some of the tontrols tumours were obtamned. I'm not very sure
that we're nat chasing & hare 1o ooking for carcinogense properties m
cholesternl T would hke to know from Prof Shoppee whether fus very
tuzhly punfied efislesterel was found to mive tumours

Suorrsr  Tius question relates to events of § years age but I wal
try to say what I can. I made for Dr. Hieger some tughly punfied
cholesterol by putting 1t first through dibromde, and then making the
acetate, and doing & chromatographie separation into a farge number
of fractions, and rejecting all those which gave the colour test which 1
mentioned prevsously (p 23 The produet, winch 1 regarded hopefully
s & reafly pute cholesteryl acetate, was then hydrolysed carefolly with
atkals, and this was shot nto antmals 1 think Dr, Iheger got one tumour
out of 3 very old anunal ot at the end of the series of experiments. 1
don’t think st's sufe to draw any conclysians, the appearance of that
tumour upret the whole bov of tnieks  On the other hand, I thwk he
regarded the fact that he pot no tumours nut of alf the controls as an
mdieation that ks solvent—1 think 1t was lard-——was above suspicion

Loon. 1see Buthe did get o much ligher sneidence of tumours with
ordinary cholesterol, didn't he?

Sworrir  Ile used & whote senes of unpunfied cholesterols and had
sarconws w qtite a nireher of cases,

Farscr  But this was ene tumour out of 23 that he got with your
pure cholesterol

Snorere: Yes, night at the end of the senies.

Firsen Wik crude cholesterol, Hieger’s sverage mcidence of
tumours 13 4 per eent.

Pincte  One out of 23 15 4 per cent’

Sugrvert: Dr. Hicger wanted me to make a really large quantity of
thes so-called lughly punihed matersat so that he could repeat this nith
several hundred mice, but I qust never found the time ar the encegy
to undertahe thus.

Frrsrr  Pve been warhing on chalestern? for 3 ears and I don't hnow
haw Lo make pure chiotesternl or s totell whether it's ¢ ompletely hamo-
peneous, I you punfy it through the dibromds it stll cantns the
Substance that 1 eall thaptastessl But at feast I thank we can do better
than to e garden vanety eholesterol or erude ipids from hver dissolued
in lard and punfied by letting some of st dnp through a funnel at 374
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Dorée, McGhie nnd Kurzer, 1918, 1949%; Voser, Montavon,
Giinthard, Jeger and Ruzicka, 1950). Further oxidation with
selenium dioxide affords ively dehydrodiketolano-
stenyl acetate and dehydrotriketolanostenyl acetate (VIII),

N (EFO (RS (Eeq
kcu

-t — ¢
SR R L F

Lanostenol D 1 D

compounds which contamn, respectively, the chromophoric
systems —

[ [ [ It
-C=C-CO-C=C-CO- and -C=C-CO-C=C-CO-CO- '

(Dorée, McGhie and Kurzer, 1848, 1949; Voser et al., 1950).

The relationship between the secondary hydroxyl group and

thé latter chromephore has been demonstrated by the fact

that treatment with phosphorus pentachloride affords an
_ anhydro- compound (IX) which eontains the system.—

I [
CMey= C-C=C-C0-C=C-CO-CO-.

Further oxidation with alkahne hydrogen peroxide gives a
compound (X} having the chromophoric system:—
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The brilliant researches of L. Ruzicka, O. Jeger, and their
collaborators in Ziirich on the chemistry of the triterpenoid
compounds containing 30 carbon atoms, which occur abundant-
ly in nature, have led to the elucidation of the constitutions
of most of the pentacyclic members. For example we have
£-amyrin (I1), e-omyrin (I11), lupeol (1V) and germanicol (V).
Obviously these substances are not readily adapted to con-
version 1nto cortisone or cortisone-like compounds. Another
large group of triterpenoids contains four carboeylic rings.
Up to two years ago these compounds had received little
attention and, since ho constitutional formule had been
proposed, it was not possible to evaluate their potentialities
as cortisone precursors. One of the most abundant of the
tetracyclic triterpenoids is lanosterol (lanostadienol), obtain-
able in large amounts, along with cholesterol, from the non-
saponifiable matter of wool fat.

For our knowledge of the constitution of lanosterol we are
indebted, m the main part, to the very elegant investigations
of L. Ruzicka, O. Jeger, and their colleagues extending over a
decade. Important contributions have alse been made by
J. F. McGhie and his associates at Chelsea Polytechnic,
London.

Lanosterol, C;H,0, has one secondary hydroxyl group
and two double bonds. The secondary hydroxyl group is
flanked by -CHgy and by -CMe,-. This 1s shown by the reac
tions outhned below (Ruzicka, Rey and Muhr, 19 44; Ruzicka,
Montavon and Jeger, 1948, Dorée, McGhic and Kurzer, 1949a).
These reactions also indicate that the hydroxylis contamed in
a six-membered ring.

One of the ethylenic linkages is readily hydrogenated and
has been shown to be present as the grouping -CIT = CMe,.
The other ethylenic linkage 15 nert and, from infra-red evi-
dence (Roth and Jeger, 1919) is tetrasubstituted, Oxidation
of dihydrolanosteryl (lanostenyl) acetate (VI) with ehromic
neid pgives a yellow diket P g (VIL} ining the
grouping -CO-C=C-CO- in the fully fransoid arrangement
(Ruzicka, Rey and Mulir, 1913; Dorée and McGhie, 1914;




Tur CIEMISTRY OF LANOSTEROL ’ 81

The size of the fourth ring in lanosterol was first proved by
Voser, Giinthard, Jeger and Ruzicka (1952) who devised an
extension of their side chain degradation in order to attain
the D-ring ketone. The relevant reactions can be summarized
as indicated.

= = Wem

—_— [)-cn-cu-cnrm — 1)—0

The carbonyl frequency of the D-ring ketone showed that
it must be present in a five-membered ring.

On the basis of all this evidence the formula of lanosterol
can be expressed as in (XII), If the carbon skeleton of lano-
stero] be assumed to conform to the “isoprene rule”—a“rule”
which has seen much sterling service 1n the classical inves-
tigations of Ruzicka and his school in the field of terpenoid
chemistry—then only two formule, (XIII) and (XIV), are
possible,

CHis
H H K
b4 x =™

A distinction between these formulx has been achieved by
the reactions indicated below (Barnes, Barton, Cole, Fawcett
and Thomas, 1952):—

The triacetoxylananone (XVI) was shown to have the
grouping -CO-CH,-CH,- rather than -CH,-CO-CH,- on the

" 'basis of steric hindrance evidence, quantitative bromination
studies and the in!ensz!y of the band at 1,410 em.-! character-
istic of the groupmg -CH,- adjacent to a keto-group in a five-
membered ring. All these observations were, of course, coupled
with the appropriate experi on model

corT

4



I | | 1
CMe,= C-C=C-CO-C =C-CO,H HO,C-

(Barton, Fawcett and Thomas, 1851; see also Cavalla, McGhie
and Pradhan, 1951), Now dehydrogenation of lanosterol
(Schulze, 1936; Ruzicka, Rey and Muhr, 1944) affords 1:2:8-tri-
methylphenanthrene (XI), a hydrocarbon which is obtained
m a similar way from most of the tetracyclic triterpenoids.
Placing the chromophores indicated above within a phenan-
threne framework leads to the partial expresstons below.

HOLC.
COH
i

o

~ x n
Anhydro- Fission product
Compound of anhydro-
compound

Three methyl groups have been placed in angular positions
in order to explain the locking of rings A and B, the absence
of a-hydrogen m dehydrotriketolanostenol and the pro-
duction of (XI) on dehydrogenation. Further justification
for the assignments comes in the sequel.

The nature of the secondary octyl side cham m lanosterol
was first demonstrated by Voser, Mijovie, Jeger and Ruzicka
(1951) by an elegant step-wise degradation of the Meystre-
Miescher type. The relevant reactions were as mdicated.

3

w—<_/—( —_ R—UO,He —_ K—U—»

—= RCOCH, ——=FRCOM

The structure of the side charm is also shown by the isolation
of G-methylheptan-2-one as a by-produet of vigorous ehromic
acid oxidation of lanostenyl acetate (Barton, McGhie ef al.,

1951},
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the introduction of a keto group at C,, should cause o large
negative rotation if the C/D fusion were cis. If this fusion
were trans then the introductjon of the ketone grouping should
cause a positive rotational increment of a magmtude com-
parable to that produced by the C,; keto-group in steroids
(-+250). Triacctoxylanane has been prepared from the ketone
(XVI) and the rotational eontribution of the ketone grouping
shown te be +120, Rings € and D must, therefore, be fused
trans. It has been shown (McGhie, 1952) that the side chamn
of lanosterol 1s fused to the lanane nucleus 1n the more stable
confignration. On the basis of the concept of equatorial and
polar bonds (Barton, 1930) this means that the attachment
should be a.  In agreement the contribution of the side chain
of triacetorylanostane to the molecular rotatton 1s +90 which
is m excellent agreement, as 1t should be on the basis of the
generalized Molecular Rotation Difference Method, with the
178-oriented side cham of cholestanol { +86).

On the basis of the work summarized above both the simi-
larities and the disamilanties of lanosterol with respect to
the normal steroid molecule can be assessed. It is clear that
the presence of the Cy; methyl group will prevent any direct
conversion to a steroid. The 9{10} double bond, on the other
hand, 15 sdeally suited to the introduction of ketonie oXygen
at Cy, and, 1n a recent paper, Voser, Wiute, Heusser, Jeger
and Ruzicha (1952) have given an elegant demonstration of
how ring .« can be modified to give a six-membered af-
unsaturated ketone thusi—

e (B¢ (e (Be1
~ LX)~

The way 1s now clear for the synthests of analogues of'
cortrsone based on lanosterol
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+ +

COH

The probab\e stereochermstry of mhydmxyl:mostnne is
indicated 1M (,\'VU). The argumcms mn favour of this

are bricfly 88 {ollons From apphication of his gcncm\ized
Moleeular Rotation Dufference Method, Klyne (1052) has con-
Cuded that nngs 4 and B arc trans fused and that the Cs
methyl group has the same configuration 1 space 8 the Cro
‘methyl groups i steroids and the C methyl group 1n the pen”
racyehc tntcrpcnonda. The \\ydroxyl must be on the same
side (B) @8 the Cs methyl groups on the basis of urgumcnt“
adduced clsewhere. The methyl group at Ce 18 p\accd gm
order to explaimn the Ingh degree of sterc hmndranee shown by
the polar tyPe hydroxy\ at Cyy The degree of lindrance is
{he same 85 that shown bY 11p-hydroxy’ compounds 1 the
sterord series, ® here the Jundrance s likewisedue o two polar
type methyl groups: The configurations at Coand Cio in the
Janostant type compmu\ds are asoumed a5 indicated on the
grounds that these centres must be 1 the more stable con”
fpurations pecause O the mode of prcpamtion. The con-
figuration at Cu 18 aswigned on the basis of ;:cncr.\hzcd
olecular Rotation Arguments. Thus, according @ Klyn¢,
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SancTr: We've studied some total-synthetic intermediates with
hydroxyl groups that are analogous to the 11g-hydroxyl, and they
exhibit’ considerable steric hindrance. They can be ocetylated with

ha bt e Sl S 4 S

‘Frrscr: Dr. Barton, has no aatural flroduct yet violated the 1soprene
Tule?

EoMe
Xvinn

Barton, The great majonty of terpenoids obey the isoprene rule.
‘There ore exceptions known—but not, a3 yet, i trtespene chemistry,
‘The arcumstantial evidence in favour of attachung the side chain to
C-15 is, I think, quite good. The most compelling argument, although
still circumstantial, 1s, that the methyl hetones (XVIII) that one
can prepare by the sde ch:unldcgmd:mon contain a very sterically
e’ sy o M ra P e

HarTON  Experiments are, of course, m hand to obtain & final
decision about the attachment.of the side chamn at C-15 or C-17, I
wo:x‘]d no,t‘conSlder this steric hindrance argument as something to be
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DISCUSSION -
Sarerr: Dr Barton, what was your criterion of steric hindrance for
the 11-hydroxy group? You said it was hundered in one configuration
and not 1n the other .
Barton- Yes. If you take the 11-keto group in the lanosterol series
and reduce 1t with L1AII, you get a hydroxyl, a polar type hydroxyl
according to our views, which 15 as hindered as the 11g-hydroxyl in
sterords. If however you reduce the keto group with sodium jn alcohol
—that is a procedure which on our views will give the equatorial

hydroxyl—then you get a hy which is readily acetylated.
Sanerr: How hi preaisely is the 118-hy that you get
Wpeamrs
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- .. S Al re1 mLies sy opin-
1soprene
with the

Me GO
X
- L B L S R

mificantly hindered
SprING ALy question was really tlus, what sort of hundening effect

the Lefo-grotp and the number of polar-type methy groups attached
to the -carbons with respect to the heto-group, and 1n addition allow
a certain ncrement (+) for when the y-carbon 1s bent round upon the
keto-group, then the nmbers indicated 1 (XX) are obtawmed.

24

9 he

If the number 1s greater than 3 then one has a strongly undered hetone

REICHSTEIN  Does 1t work also for the 20-keto group 1n steroids of
the abnormal series with a 17a-s1de cham?

Barton Do you mean with the 174-hydroxyl as well?

Rricnsters  Even without, The hydroxyl doesn't play a very great

réle. The Leto group ts much more hindered if the side cham 15 i the
a-position.
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Banyox: The side cham was placed at C-17 1n the formuke, Dut with
the reservation that 1t might be atiached at 13, 16, or 17, Perhaps
Dr Heusser would like to comment?

Dierasse Do you prefer C-17, Dr. Ieusser?

Hecssrr, Yes.

Dserasst This wonld constitute a violation of the isoprene rule

Hrusser Ves. We believe that the methy) group on C-14 has an
tnfluence on the ketone group at 17 w the frans C/D senes. We
don’t bheheve that the point of attachment of the long side chain is
really C-13.

Banyon. \What about the methy] ketone, Dr. Heusser? Will your
atomic models tell 3 ou that 1t can be lmndered in the same way? .

Heusser: 1t s stencally handered, but not se strongly that itisa
r;zason for malang a defimte assignment of the position of the side
chain

Barzon That)s very interesting 1 have been careful in our publi-
canons {sec above) to present the constitutional argument only within
the framework of the tsoprene rule and with the proper reservations.
More expetimental work 1s needed to find out if the side chain is really
attached at €-15 or C27

fane Vs oab wati vothon dann «bar nhen v on annly the fsontene

AN . .
1t should be possthie to say which of the two posihions, €-15 or U-I7,
15 consistent with the dimensions of the umt eell.
Bartox- As I undenstand it, Professor Cooh, the fodoacetate of
. . . PR

P N T L ein

Cholesterol and lanosteral accur together i wool fay, nand they 'te very
difficalt to separate from one another.

Bartox. There is squalene, slaek oceurs in shark oil, and there is
ambren which 15 produced by the whale, They are both snimof
products.

Prncus. Dr. Bloch has recently reparted that the admanistration of
mves rise to H4C.chok ¢!

3 Yes, I saw that. IU's a very rematkable and important




,THE ERGOSTEROL ROUTE TO ADRENAL
CORTICAL HORMONES

H. B. HENBEST and E. R. Il, JONES

SeekiNG for routes from ergosterol to compounds related
to cortisone, attention was directed to dehydroergosterol
peroxide (I) {or eprioxide) as o starting material. The 8-
oxygen substituent and the 9:11-bond offered promuse of facil-
itating the introduction of an 11-oxygen atom; the 5-oxygen
substituent suggested a conven way of o ing the
major problem of formung the 8-keto- A%-system; and the 22:
23-double bond, provided 1t could be retained until an appro-
priate stage, could be used for side-chain degradation and
elaboration.

The yield in the photo-oxidation of dehydroergosterol has
been considerably inereased, from 30 up to nearly 80 per cent,
by working under alkaline conditions, thus protecting the
acid-labile eprdioxide system; and the a-configuration of the

dioxide bridge, as sugg d by Fieser (1950) for the ergo-
stero]l derivative, has been confirmed.

The original scheme envisaged the reductive fission of the
epidioxide bridge toa A®11-5 8-diol, which might then under-
go erther hydrogenolysis at Cy), leaving a 9.11-double bond
to be oxygenated, or antonotropic rearrangement to an 11-
hydroxy- A%*-compound. No difficulty was anticipated in
retammng the 5-hydroxyl group, but the preservation of the
side-chan double bond prior to fission set a considerable
problem. This was eventually solved following a detailed
study of the partial hydrogenation of the acetate of the epi-
doxide (I). ~

Apart from hydrogenolysis, the structure of the epidioxide
immediately admits of four reduction possibilities, viz., the
three double bonds and the oxygen bridge. In acetic acid with

' ap
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Barron: That is a methyl ketone which is attached to a ring system,
and one wouldn’t argue that any sort of arithmetic of this type should
be apphed there. The hmdrance there would seem to be mamnly due to

gen on the h side hed to C-14

Rmcns'n:m And C-12 of course.

BarTton: Yes, at C-12 as well.

T} that hind; is due to C-14 a-hydrogen
n the C/D trans series 1s substantiated by the fact that in the C/D cis-
series both the rate and equilibrium relationships become inverted
(Lardon, A., 1948, Helv chim. Acta, 32, 1520).
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Degradation of the side cham of this dibydro-compound
{IV) to the 20-ketone (V') has been accomplished by successive
partial ozonolyses of (IV), and of the enol-acetate of the result-
ing aldehyde, the method first employed in the steroid series
by Bergmann and Stevens (1948). The ozonolyses were best
effected by adding a saturated solution of ozone m ethyl
acetate to a simlar solution of (IV) at —70°; the blue colour,
imtially rapudly discharged, persisting after the addition of
approximately a molar proportion of the oxidant.

Having achieved switable degradation of the side chain
whilst preserving the 5 8-epidioxy- /% 1lsystem, attention
was then directed to the problem of ring € oxygenation. This
has been studied 1n a variety of ways, amongst which were
the following.

Although 1solated 9.11-double bonds are normally moder-
ately reactive, the double bond in the system present in the
tetrahydro-compound (1I} and the 20-ketone (V) 1s distinetly
unreactive towards oxidizing agents, presumably because of
interference with the rear-wise approach of the reagent by
the a-orientated dioxide ring. Only poor yields of a 9.11-
epoxide were obtamned with perbenzoic and peracetic acids,
no reaction at all occurred with osmium tetroxide, and with
permanganate 1n acetic acid some of a 9a:11a-glycol (yielding
an 1la-acetate) was formed. With both permanganate and
chromic acid there was a marked tendency towards allylic
oxidation, leading to the formation of 12-keto- A®!'-com-
pounds.
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Adams catalyst the acetate of (I) rapidly takes up two moles
of hydrogen, followed by two further moles at a much slower
rate, Interruption at the half-way stage gave the tetrahydro-
acetate (I}, 1solated in 60 per cent yield, whilst the major
final hydrogenation produet 1s Sa-hydroxycrgost--enyl
acetate (ITI), 15omerzed to the §(14)-ene 1somer on prolonged
contact with platinum and acetic acid. Detailed investigations

oH
-4 u

of the properties and reactions of the 35.8-epdioxy-A®!
system have been made with this tetrahydro-compound {II).

It seemed possible that the ¢15-6:7-double bond m (1) might
he amenable to preferential reduction and many attempts
were made to achieve this obycetive, working in acidic and
nentral solutions with platinum, palladium and nickel cata-
lysts, both with and without eatalyst potsons, With platinum
entalysts some of the required dibydro-acetate (IV) was even-
tuplly isolated from small-seale expermments by eareful
chromatography, and subsequently st was obtained in up to
GO per cent yiclds by employing platinic oxide trihydrate for
the preparation of a platinum catalyst.
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excess of this reagent dehydroergostery lacetate was re-formed
from both the 5:8-diol (VIb) and the 7:9(11):22-triene (VIIb).
Although the 5:8-diols readily give the conjugated dienes
with mineral acids, with acetic acid even at room temperature
they are smoothly converted into 5a:8a-epoxides (VIIN).
Their structures and stercochemistry follow from their smooth
COM

isomerization under more strongly acidic conditions into the
5a-hydroxy-7:9-dienes (VH). The a-orentated epoxide ring
in (VIII) offers much less hindrance to the rear-side approach
of reagents; thus the 9:11-bond can be converted into an
epoxide in 80 per cent yield with perbenzoic acid, and a 9a:11a-
diol is formed with osmium tetroxide. With the 5:8-epoxide
(VIIIb), contaming the 22:23-double bond, p ganate in
acetic acid gives the 9:11-epoxide and, with more of the re-
agent, the amd (IX). These 58-9:11-diepoxades undergo
several transformation reactions, but unfortunately these are
apparently not straightforward and the precise nature of the
changes which oceur has yet to be elucidated.
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It has already been mentioned that further hydrogenation
of the tetrahydro-compound (I} with platinum in acetic acid
yielded mainly the Sa-hydroxy- A%compound (I1I), prob-
ably by dehydration of the 8-hydroxyl group, and then
partial hydrogenation of the 7:9-diefe. Platinum-catalysed
hydrogenation of the tetrahydro-acetate (IT) in concentrated
ethyl acetate or dioxan solutions resulted in the separation
of the sparingly soluble 5a:8a-diol (VIa), and similar experi-
ments with the original epidioxide (I) and the dihydro-
compound (IV) yielded a correspondng diol (VIb), stil
containing the 22:23-double bond. These diols are excessively

R R ,
.
Llwy M L. V. BN
“OH )
Act 1 Act
OH H .
o mw

(VIa, R — C,H,,) (VIIa; R = C,Hy,)
(VIb, R = CH;) (VIIb: R = C,H,,)
(VIIe: R = €O CHy)

labile under acidic conditions, being transformed by mineral
acids into the 5a-hydroxy-7:9(11)-dienes (VII). That contamn-’
ing the 22:28-double bond was first prepared by Windaus,
Auhagen, Bergmann and Butte (1930) by the zinc-alkal
1eduction of (I). In our ongmal studies of the partial hydro-
genation of the epidioxide (I) 1t was found that such dienes
were also produced when palladtum or Raney nickel catalysts
were employed, the use of the latter giving the triene (VII))
in 80 per cent yield. Reduction of the 20-ketone (V) with
zine and acetic acid analogously gave the 5a-hydroxy-diene
(VIIc) in the allopregnane series and this has been converted .
into 11-ketoprogesterone,

Attempts to cffect anionotropic rearrangements of diols
such as (VI) were precluded by their lability towards acids
with the formation of the 7:9-diene system; phosphorus tri-
bromide in dioxan gave the isomeric 8(9):14-diene. With an
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diene {e1so1d chienes) and yet have the two double bonds in different
nngs, e.g, a 7:14-dine (X11), then we find that photochemical oxida-

I I p
) [l R
2 ) "OH
H & on !
ol w b q
3 o
w1

tion proceeds smoaothly. The products of reaction are XIII, X1V, XV
and XVI  We conclude therefore that it 15 the aisoid characteristie of

the diene wiuch 1s ymportant rather than the energy required to excite
the dene,
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DISCUSSION

Frwrser What 1s the essence of your evidence for the configuration
at 5 and 8 11 the 5 B.diol? N

Joxes The configuration of the 5-hydrony 1 group was acaived at by
copsideration of its acetylation. It can be acetylated 1 exactly the
same way as Plattner showed for other Sa-hydrocy groups by using
acety! chloride m dimethylaniine All the compounds that swe have
obtaimed with the 5-hydrosyl group can be acetylated under those
contitions  The 8-hydroxyl group must alse have the a-configuration.

Dyerassr 1 might mention that we carred out a few experiments
with thus 1de 555 the diosg 1) e did not pet very far
because si¢ turned to other senes mstead —but we tned to reduce it with
LAl and were unable to de sa  Have you tried this by any chance
m the ergosterel serres?

JONES  Yex, 1t daes work i the ergasterol serses.

Darrasst Yau get the diof?

Jonrs: Dr, Rarton, you did this didn’t you?

Bsston  From dely o ¥ de we prepared by LAl
reduction the same dwl (32 Ta-dihiyd rgosta-7 0{11) 234 }as
by ame dust-aikah reduction, w the ease of ergasteral peroxude atself,
LaAlll, reduction affords the 38 Sa-diiydroxy- o722 compound, the
double bond migrating during the course of the reduction.

Jowrs  Yours didn't rectuce at all, Dr Dyjernss?

DurFrasst Nu

Barron Well st's s very slow reduction, one has to reflux overnight.

Derassi  Ours was not dene that Jong. It was refluxed n tetras
isdrofuran for an hour o7 so, and the starting matenal was recovered;
the UV speetrum and the mfra-ted were the same

Coox' Prof Jones, have you consudered the stereachemmstiry of the
Sagu-oxade’ It fuoks as though therc ought to be s fawr amount of
stran

Joxrs  We have made up molecular models, and there's very little
strain nssocaated with st The 8 ring 1s 0 the boat form and the 5 and
the 8 positions come elose together

Heroy I chould Bke 10 sav somethung about the mechamsm of
formation of the peroxide Prof Jones worked on The expernmental
facts are that if you take & dicne systern cantarmng two double bonds
in & stx-membered ring (o X3, and vou dissalve this tn alcohol salution
sith the sdcition of cosin, kahit, and oxygen, then 3 ou get the peronrle
formed quite smoothly  Prof Joncs indieated tus inpravement in yield
shich makes this a very attractive renction. It seemedt to us that it
mght be posable to devise @ pliotochemieat method for the oudation
of the 7.9(11) sterodal diene sy stem, X1, bascd on cosn, Iight and oxy-
gen. 1f we take ane of these sy stems ar any of @ aumber of others with
transannular (fransosd) double bonds, we find there's no reaction, ar
very very slow reaction— nothing hike the type of reactian that cccurs
with a homwannalar diene  Ef hawever, you take the other type of
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Since the corrcet formulation of the side chain of ergosterol
{cf. IV) as a disubstituted trans-cthylene (cf. Jones, 1950)
requires a considerable amount of space, it is shown in the
following figures in the old form as a disubstituted cis-ethylene.

Noond

1 n
Lanastadienal Zymasterol
vv
[ H
L4 v
Oihydroagnosterol Ergasterol-p
Fic. 1.

Before this close relationship between the steroids and the
tetracyclic triterpenes of the lanostadienol type was known,
"it could be shown that the direct or stepwise oxidation of
dihydroagnosterol acetate (II) and lanosterol acetate (V) led
to the same unsaturated 1:4-diketone (VI) (Ruzicka, Rey and
Muhr, 1944; cf. also Birchenough and McGhie, 1950, and
Myovie, Voser, Heusser and Jeger, 1952). The ditertiary
double bond 1n the ene-1.4-dione (VI) could be reduced with
zinc in glacial acetic acid solution. In the resulting diketone
(VII) the two carbonyl groups exhibited a charactenstic
difference in reactivity. The one in ring B could be removed
CORTL, 5



INVESTIGATIONS ON THE SYNTHESIS
OF 11-KETOSTEROIDS

H. HEUSSER and 0. JEGER

THE recent work of Ruzicka, Jeger and co-workers (Ruzicka,
Rey and Muhr, 1944; Voser, Montavon, Giinthard, J eger and
Ruzicka, 1950; Voser, Mijovié, Jeger and Ruzicka, 1951
Voser, Giinthard, Jeger and Ruzicka, 19852; Voser, Jeger and
Ruzicka, 1952; Mijovi¢, Voser, Heusser and Jeger, 1952) and
also the work of the schools under the leadership of McGhie
and of Barton (Barnes, Barton, Fawcett, Kmght, McGhie,
Pradhan and Thomas, 1951; Barnes, Barton, Cole, Fawcett
and Thomas, 1952; Barton, Fawcett and Thomas, 1951;
Birchenough and MeGhie, 1950; Cavalla and McGhie, 1951a;
Cavalla and McGhie, 19515; Cavalla, McGhie, Pickering and
Rees, 1951; Cavalla, McGhie and Pradhan, 1951) have demon-
strated that there exists a very close structural relationship
between the steroids and the tetracyclic triterpenes lanosta-
dienol (lanosterol) (I) and dihydroagnosterol {II).

In Fig. 1 these two triterpenes I and II are shown side by
side with zymosteral (I1I) and ergosterol-D (IV). This unusual
method of projecting the formulze of lanostadienol (I) and
dibydroagnosterol (II) has been employed in order to em-
phasize the close structural relationship between these two
triterpenes and the steroids. The only point of uncertainty
which still remains with regard to the constitution of com-
pounds I and IT is the preaise point of attachment of the long
side chain to ring 1. This side chain could as well be attached
to carbon atom 15 (numbered according to the steroid nomen-
clature) (Barnes, Barton, Cole, Fawcett and Thomas, 1852).*

e T e atoen Yo Leh 1), Yo W Bfovte, A B Fremssen

nitely
?Ie.djfgerf 6 and Ruzicka, L. (1052). Hek, chim. Acta., 35, 2414,
40
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It must be pointed out that there exists a close relationship
~ between the results of other groups of workers and ours, in
patticular those of the Merck gréup (Chamberlin, Ruyle,
FErickson, Chemerda, Aliminosa, Erickson, Sita and Tishler,
1951), the school of Fieser (Fieser, Herz and Huang, 1951;
Fieser, Babcock, Herz, Huang and Schneider, 1951), the
Syntex group (Stork, Romo, Rosenkranz and Djerassi, 1951;
Djerassi, Mancera, Stork and Rosenkranz, 1951) and the
school of Spring (Anderson, Budziarek, Newbold, Stevenson
and Spring, 1951).

—_ Epoxide _—
Gotegly -
ac0e Ny act
x

[
xt X
Xa R= 2
Xb Rx
Ac
R
Xe R= 0COCH, / xv
“‘M .
A Ac
[) [ )
xv Xy i
Fig, 3.

Experiments were carried out with 7:9(11)-steroid-dienes
of the general formula (X), in which the substituent on carbon
atom 17 was either the unsaturated side chain of ergosterol
(Xa), the saturated side chain of cholestane {Xb) or an acetoxy
group (Xc). Similarly constituted compounds of the cholie
acid series were also used as starting materials. In all cases the
corresponding 11-ketosteroids (cf. XVI) could be obtained.
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selectively by conversion to the mono-ethylene-dithioketal
(V1II) followed by reductive desulphurization. By this means
a ning C ketone was obtamed (IX) which in all respects
resernbled an 11-ketosteroid (Voser, Montavon, Gunthard,

o
—_ —
R Act Ac

¥ R=Ac v vit
Oihydroagnosterat acetate

Act Act Act
v " il
Dinydrotanosteral acetats
Fo. 2.

Jeger and Ruzicka, 1950; Voser, Mijovié, Jeger and Ruzicka,
1951).

On the basis of these results, we have endeavoured to trans-
pose this series of reactions to steroid-diene analogues with
the object of finding a new method for the introduction of an
oxygen-function in position 11.*

The following is a brief account of this research, most of
the results of which have already been published (Heusser,
Eichenberger, Kurath, Dillenbach and Jeger, 1951; Heusser,
Heusler, Eichenberger, Honegger and Jeger, 1952; Heusser,
Anliker, Eichenberger and Jeger, 1952a; Heusser, Anhker
FEichenberger and Jeger, 19525).

e e 10 e Do 10 Shrahers D, A Vot Sod De
G Anner for their help.
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For the following reasons we assume the epoxide from
ergosterol-D acetate to be an 9:11-epoxide {(XT). In absolute
benzene solution it may be rearranged either with boron tri-
flucride or with anhydrous ferrie chloride to the a:f-unsatu~
rated 1l-ketonc (XVII). This compound differs from the
known isomenic a:f-unsaturated 7-ketone (XVIII) (Stavely
and Bollenback, 1943) in its melting point and its specific

H
o 10-
h I —
Ac H Act
Act W
n xt

] [
ax
5,
fct 50
O
—
"0
Act 'l’ W Al A
xvi xvt xvift
R=H
Fio. 4.

rotation. Both unsaturated ketones have praetically 1dentical
UV-absorption spectra, with a maximum at 253 mp. This 1s
in agreement with the formulxe aseribed to them. The un-
saturated 7-ketone {(XVIII) anses from the same epoxide {X1)
when this 1s treated with didute sulphuric acid m dioxan,
either by allowing the solution to stand for a long time or by
warming 1t for a short tune, We assume that the formation
of the unsaturated 7-ketone (XVIII) from the epoxide (X1)
proceeds viz the ene-diol {(XII), smce this compound could
also be converted stepwise via the S:y-unsaturated ketone
(XIX) to the a.f-unsaturated 7-ketone, Tishler (Schoene-
waldt, Turnbull, Chamberlin, Reichold, Erickson, Ruyle,
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In the following, however, we shall only consider the work
done on the ergosterol series. Ergosterol-D acetate (Xa) can
easily be obtained 1n high yield by the hydrogenation of ergo-
sterol acetate in ether with Raney nickel, followed by the
dehydrogenation of the resulting 5-dihydroergosterol acetate
with mercuric acetate, The direct energetic oxidation of ergo-
sterol-D acetate (Xa) under the conditions used for triterpenes
did indeed leall’ to the required unsaturated diketone (XIV},
but the yiclds obtained were not very satisfactory for prepar-
ative purposes (cf. also Djcrass;, Batres, Velasco and Rosen~
kranz, 1952). Better results were obtained by the stepwise
oxidation of ergosterol-D acetate (Xa). A good yield of an
epoxide (XI) whose constitution must be left open for dis-
cussion, was obtamned by the controlled oxidation of ergo-
sterol-D acetate (Xe) with mono-perphthale acid {ef. Cham-
berlin et al, 1951; Anderson, et al., 1951). Mild hydrolysis
of this epoxide with simultaneous allylic rearrangement led
to an 8(9)-unsaturated 7:11-dihydroxy steroid (XII). Oxi-
dation of this ene-Lif-giycol with an excess of chromium
trioxide gave a diketo-ditertiary epoxide (XIII) as the main
product. Smaller quantities of the ene-1:t-dione (XIV) could
also be isolated from the reaction mixture (cf. also Chamberlin
el al., 1951; Fieser, Babcock, Herz, Huang and Schhcider,
1951). Both compounds, the ditertiary epoxide (XIII) and
the ene-dione (X1V), could be reduced with zine in glacial
acetic acid to the saturated 7:11l.diketone (XV) n almost
quantitative yield. This compound (XV}) has the same con-
fizuration as the naturally occurring steroids at the points of
fusion of the nings B and C. The sclective reduction of thé
keta group 1n position 7 of the diketone (XV) was achicved
by converfing it eitiier to the corresponding 7-mono-ethylenc-
dithioketal followed by reductive desulphurization, or by a
direet Wolll-Kishner reduction using the modifieation of
Huang-Mnlon (1916). Further work was direeted towards
proving the constitution of the epoxide {XI). Other variations
of the synthesis were developed, which Ied to 1la-hydroxy-
steroids in very good yield.
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trifluoride in benzene. The elimination of the tertiary hydroxyl
group in the keto-glycol (XXII) proceeds exceptionally well
in a two-phase system with sodium hydroxide solution and
dioxan, The a:f-unsaturated y-hydroxy-ketone (XXIII)
obtaihed yields a dincetate. Both (XXII) and (XXIII) were
first described by Spring and co-workers (Anderson, Budziarek,
Newbold, Stevenson and Spring, 1951}, who obtained (XXII}
from ergosterol-D acetate epoxide as follows: The double
bond in the side chain was first protected by bromine, the
crude bromination product was treated with an excess of per-
benzoic acid and finally, without isolating any intermediate
products, a debromination with zinc in glacial acetic acid was
carried out. We behieve that in this case too, the keto-glycol
(XXII) is formed via intermediate products of the type (XII}
and (XX).

Finally, the ditertiary double bond in the a:f-unsaturated
y-hydroxy-ketone (XXIII) may easily be subjected to selec-
tivehydrogenation. The38:11«-dihydroxy-7-ketoergost-22-ene
{XXIV) is thereby obtained; this gives a diacetate. The re-
moval of the keto group on C;) m compound (XXIV) may
agamn be easily accomplished by a Wolfl-Kishner reduction.
In this way we obtained the desired end product of this series
of reactions, namely 38:11a-dihydroxyergost-22-ene (XXV),
which was characterized by 1ts diacetate and also by its oxi-
dation to the corresponding 8:11-diketone (XXVI); (XXV) is
also obtained in high yield by the reduction of the 11-ketone
(XVI) with sodium in propanol.
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Chemerda and Tishler, 1952) and also Rosenkranz and Djerassi
(Sondheimer, Yashin, Rosenkranz and Djerassi, 1952) have
recently proved the correct interpretation of our results by
the reduction of the a:f-unsaturated 11-ketone (XVII) with
lithium in Yiquid a ia to the ding 11-ketoergost-
22-en-38-ol (XVIj.

Ho.,

v i xxi
Fie. 5,

The ene-diol (XII), which can be prepared from the ergo-
sterol\D acetate epoxide (XI) in almost quantitative yicld,
gives an epoxide (XX) 1n which both hydroxy groups on Cyy
and Cyy, can be acetylated. Mild hydrolysis of the epoxide
{XX) with sulphuric acid leads to a tetrol (XXI) which splits
off water on energetic treatment with sulphuric aeid or under
the influence of hydrogen bromide to give the keto-glyenl
(XX11). This keto-glycel (XX} is also obtainable in par-,
ticularly good yield through the isomerization of }hc epoxide
(XX) with hydrogen bromide in glacial acetic acid or boron
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DISCUSSION

Barrox: Iwas interested in the configuration in your tetrol XXI at
C-7, which you formulate as 78.
Hevsscr: Andan the enediol (XIT) R
Bartox: And in the enediol, too. On the simple basis one might
expect it to be 7a, 1 know your aryuments against that—I think
they're very good arguments—but before I saw them I thought the
- RTINS e JApabous

N AN

Fizser. In the work that Hans Heymann did in my laboratory
recently we had a 9 11 glycol, and our evidence showed that the de-
hydration of that proceeded by & cis rather than a frans elmmation. We
nterpreted 1t as a neighbouning group effect, so that 1t seems to me
possible that the same thing could happen in your case.

DuERasst Was that under acid conditions?

TICser: Yes.

UEeusscr  But you,used very strong conditions for the formation of
theketone Ibeheve you used SOC, or HBr, and 1n our case ehmination
goes under very mild conditions—only allowing the substarice to stand
m acetic acsd with a few drops of dilute sulphune acid.

Fiescr I don’t remember our conditions, but [ don’t think that they
were terribly drastic  We were expecting to get trans elimination, and

glyeol
Barron You must have the trans; and yet tlus frans-glycol dehy-
drates very easily



54 REFERENCES

A . wor LT r T onnxnt g, chem. Soc., 1249,
v . "t o * hem, Soc., 744,

. " "t 1 * hem. Soc., 834,

[} . " . . . C., and Rexs, I A,

1951). J. cniemn. doe., 2da,
Cavavra, J. F., McGuig, J. F., and Prapuan, M, K, (1951}. J. chem
Soc., 3142.
Cra: - - = AN Vemecasr A B CupvERDA, J.
FisuLer,
DiEusos, o . (131}
J. Amer, chm Soe., 73, 4496.
Dierasst, C, Batnes, E., VELasco, M., and Roscykranz, G, (1952)
J Amer. chem. Soc., 74, 1712,
FIESER, L. F,, HEeRz, J. E,, and Huang, W. Y. (1051). J. Amer. chem
Soc , 73, 2397,
Ficser, L. F., Bascock, J C., Herz, J. E., IIu.um, W. Y, anc
Scuneiner, W. P (1951) J. Amer. chem. Soc., 73, 4053.
Hrusser, I, ANLIKER, R., EICHENBERGER, K., and JEGER, O. (10324)
Chuna, 6, 91.
Hrussen, k., ANLIKER, R,, EICHENDERGEE, K., and JEGER, O, (10526}
el ehim Arta 35. 936,
. HES r - TR

e . o N an

NI gmer enem UL, OB, Sab..

K Soc, 72, 5322,

= R L H andJEGER 0. (1952) Heb

' C | - C. (1944). Helv. chim. Acta, 2
472,

ScuoeNcwarnT, E., Turnpurt, L, Crnassereiy, E. M, Rrisnou
D, Epickson, A. E, l'luYu-: W. V., Carueroa, J. M, an

UL .1 Amer. chem_Soc., 74, 2696
v . . hsrvmmwz, G, and Dacmasst, €
. !

' ~ G. N (1043) J. Amer. ehem, Soc

00, bavur
- “ == Typasst, G (1951). -

1d Ruzicka, L. (1032
. Helv, cham. Acta, 35
‘osrn, \\ ., Muwovie, M. V., Juezr, O., and Ruzicka, L. (1951). el

elam. Acta, 34, 1585,
Voser, W., MosTavoy, M., GéxTnagp, Ifs. 1., Jecer, O., and Rt

Z1CKA, L (1030). Helv. chum, Acta, 33, 1893,



GENERAL DiscussioNn 57

One of the troubles about the chemical reduction of this type of
compound is that as soon as you form an enol from it with a double
bond at 8(14) (XXXI), the trans C/D junction may be con\erted to the

pe1 mm

XXXII; presumably if it proceeds in the same way here as when the
C/D junction is trans, 1t will give the correct configuration at 8 and 9
but mnverted at 14. One can then bwld up various 11-oxygenated
2 Bt 14, Ot o R

. . '

. . SN \ N N
that reactxon
Hewssen No. We also carried out reductions hke this m liqmd
~ ammonua, hut \\hen we did the reduc wlth sodwm m alcohol then

HEeusser We don’t know.

Dyerassi: The C/D juncture would be either trans or cig; but 1in
addition you could have three abnormal 1somers at B/C.

Hevsser, Inverse configuration at C-14, C-9 or C.8 (XXXIV,
XXXV, XXXV], p. 58)

Dierass: The way we look at it is this; 1f you get cis addition of
hydrogen at B/C—and that was primanly our argument which Dr,
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order to preserve the Walden inversion at every centre you must finish
up with Ta. .
HEusser: Or we can also believe that from C-9.
Barrox: It depends on the lifetime of the m!crmedmte cmbomum

ion,
T L e Tl R P P,

- o SN

2 mono-epoxide, Whisb == ¢ thow Lo sLo ArIeE amewtan an

by Dr. Heusser, or ¢ o . ‘ 1

This compound, whi
BF, in benzene to a
evidence is the ASwrll-ketone: when 1t was treated wiln sty
in hqmd ammonia 1t could be reduced very smoothly to 11-ketotigo- ,
genin. I think this s conclusive proof that the origmal ketone had been

RO i)
H
XXVIT

the ABO)11-ketone and hence that the oxide had been the 9:11 epoxide.
If it had been the 7:8 epoxade 1t would have given the A80).7-ketone.
T think it is of interest that when the above-mentioned reduction is
done n the presence of alcoho! and excess lithium, 11a-hydroxy tigo-
genin is formed, This reaction seems to proceed via the 11-hetone,
which under the reaction conditions employed is reduced to the 11a-ol.
I might just mention that 11- ketohgcgcnm has alrcady been converted
to cortisone, so that h p! another

reochemistry, I think the following

+ what we now know is the AB-11-

' atalytically with hydrogen over pal-
ladum, 1t takes up one mole of hydrogen and gives an isomer of
11 Letoti;;ogemn " hxch cannot be convertcd nto the latter by alkali.
of ly takes place from underneath the

molecule togive the Su 9a mmpuund \_\l\ uhich h:nmg a keton;

. - .3

AN ' '



PARTIAL SYNTHESIS OF
AMV-ANHYDROGORTICOSTERONE ACETATE

R. CASANOVA, A. RUFF and C. W. SHOPPEE

Druypration of corticosterone acetate (Shoppee and
Reschstein, 1843) led by iome 1:2-elimination to an anhydro-
corticosterone acetate (I) which exinbited high activity in
regard to life maintenance and mineral metabolism, This sub-
stance, m.p. 159°, [a]p -+129°, was later found to be different
from All-anhydrocorticosterone acetate (I1), m.p 180 [a]p
+178° (Meystre and Wettstein, 1948; Euw and Reichstein,
1948), which also exhibited high life maintenance nctivxty.
These two substzmces appear to be of mtcrcst in connexion
with possit of biochemical oxygenation at C-11.

It seemed desirable to venfy the AM-formulation (1)
and a partial synthesis was attempted from deoxycholic acid
(III), at that time the only available starting material. Dr.
Rufl found that it was impossible to apply the bromination
stage of the Miescher-Wettstcin degradation to 3a-hydroxy-
chol-9(11)-eme acid derivatives; the destred partial synthesis
has been achieved by way of mtiodeoxycholic acid (IV) and
8a-hydroxyctia-9(11)-enic acid (V) by Dr. Casanova:

Wolll-Kishner reduction of the methyl ester (V) was un-
satisfactory, but use of the thioketal-nichel procedure gave
the ester (VI) [m.p. 182° [a]p 4-69°] oxidized by N-bromoacet-
amde to the keto ester (VII) [m.p. 125-126°, [a];+56°]
(Lardon and Reichstemn, 1945). Brommation in acetic acid
furnished the 4 ¢-bromketone (VIII) which was unaltered by
treatment with pyridine at 100-120° but was converted by the
method of Mattox and Kendall into methyl-8-keto-4:0{11)-
dienate (IX) (m.p. 104-105°, [a]p +132°].

The acid corresponding to the ester (IX) was obtained in

50
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Sondheimer mentmned—) ou \\ould not expect addition of hydrogen
~= =othyl group, because that side 18
1if you get the opposite e ad-
- . 1somer, which would be qute
. A ' axperientia, 8, 315).
woe . *  :isomers of yours, Dr. Heusser,

n
Dicrasst You asked, Prot. Jones, whether in the reduction of the
H8-7 ketone, you mvarmbly get directly the trans configuration. We
~late o rie itermediate and to see v\hether the

N n

R R R
Aln n;u dTH
X0V X0V X000
o ' )

be 1mo1e swaus -
1-boat 2-chair conformation and L v o
1-chair conformation. It depends on whose ‘models )ou Te using.
SONDHEIMER® 1 quite agree with you, Dr Barton. All we can say is

that ttus compound 13 exther the inverted compound (8« 98) or else the
8a:0a, 1f that configuration 1s the more stable. Which of the two
configurations appears the more stable depends, as you say, on what
models onc uses  That's why I say we have only very provisionally
assigned 1t the 8a-88 structure.
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furnished the doubly unsaturated ester (IX}, which was iden-
tical with the product obtained by partial synthesis from (III).
The ester (IX) has nlso been obtained from I as the free
alcohol by degradation with periedic acid.

LHI0, LHCILHOAC
2CHN, EON
"
X x x
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DISCUSSION ’ )
. - Cea e e *=-mude with
. pyndine
B e used
. H . . mmber of
, ‘ -
. . y reagent

dibromo-5a-steroid and collidine, 1f the collidine contains much water
the deh it is i . If a httle water is

added—and the amount is 1—the 4-bi will

the 2-brorune will not be, and one can obtain a reasonably good yield
of the 2.1 A%-3-ketone, ollidine 18 used
—~and for that one really has to fractionate with a 30-plate column—one

can elminate both bromne atoms i perhaps one-tenth the time
required ordinanly.
Regarding v

g your about the fon of the bromine.
I did come to the same conclusion at one time, but I think Norman
Jones has come to the opposite conclusion on the basis of infra-red
spectra, 1n that he thinks that all the 4-bromo 58 steroids that he has
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the first instance in quantity insufficient to permit its eonver-
ston with lithium methyl into A*10-progesterone and by the
diazo-ketone synthesis into A%V.anhydrocorticosterone

i
iy H
" Vi

(X4
H e p
Mascher H l,cu, N
Waltstein
RO
v
Deoycholic Acid R~ catiylor mezh,l
N-Bromo- Bry Hoke
aetamide —
X etanid
HO
w
LS«marhmde
H
H
Vi

acetate {I). In the meantime, therefore, corticosterone (X)
has been degtaded with penodic acid and subsequent treat-
ment with dlazomet}mne to the 118-hydroxy-ester (XI),
which by dehydration with hydrochlaric acid-acetic acid
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Dierassr Usually the collidine hydrobromude precipitates almost
immediately.

RercnsTEIN: T just wanted to ask Prof. Shoppee what the A%
bond does in the bromination process, when he treats VII with bromine
in acetic acrd to get the erystalline monobromide. Tlus double bond at
9{11) is very susceptible to bromination, and afterwards elimination of
HBr. Something must occur here as a side reaction

Snorrer: 1 can only say that Dr. Rufl made a lot of experiments on
APU) compounds with bromine, as did Kendall. We found that in thus
aniFi B, e A Ty PP S iy

Snopeee: Ultra-violet.

IL Himscrtaxs: We had an opportunity to measure the mfra-red
spectrum of a sample of methyl Ba-ncetoxy-eti-9(11)-enate which
we got from Dr. Pnins. I shall show the curve in the afternoon I feel
1t agrees well with those of other A?(1) unsaturated compounds 1n the
12 pregion.

Pincus: As one of the biolomists here, I would hike to ask about the
problem of activity. I wonder if more could be said of the fact that in
the Everse-de Femery test this A?C1) matenal appeared to be more
active than 11-deoxycorticosterone. I was a little puzzled about the
hfe maintenance test

Srovper: In the hfe maintenance test in rats it showed shightly less
or approximately equal actiity. In the Everse-de Femery test it
showed 2-3 tymes the nctivity of DCA. Why there should be this dif-
ference Y dont know.

Maraiax- I would suggest to Prof Shoppee that he give a munute
amount of this material to Mrs Simpson for a test of nuneralo-corticoid
activity,

Snorprer T V-

MaRRIAN: =

Snoprer: - " '
Title of the

PiNcus:
cortisone) dertyatives have ever been prepared.

SnorrEE: No, they've never been prepared. I'm working on 1t now.

Dierassi: T know that Dr. Fieser has one of the best pieces of evi-
dence the of the 4-by atoms in a 4-bromo
58-compound (XT1),

Freser. Qur evidence 1s that if you reduce the 3-keto group with
sodium borohydride you get a mixture of the two epumers at 3, which
are separable (XIII snd XIV), One of them on dehydrobromination
ivae e e A WX nod $hen asham e an n D Tabama KT whanh o

cowr P
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examined by infra-red speetroscopy have the 48 configuration XII,
other words, they would all be ¢is, provided nng . s the charr
conformation. The same thing holds true for the 5mcomr‘suy:\‘ds,'in
e e e S PP & T

(J. Amer. chem. Soc., 1919, 71, 1005)—and yet on the basis of infra-tred

M PH
e B

X1 XA

spectra Jones suggested that the 4-bromine would have the e configura
tion. Of course these compounds could invert stantaneously at C-4
1n hot collidine or pynidine, since the bromine is on a carbon adjacent
to a keto group (C-3). So probably elimimation evidence cannot be used
with absolute certainty.

Suorrer: Yes, Dr, Djerassi, I saw this paper by Norman Jones, but
1 haven't had time to study 1t In regard to Dr Sarett’s question about
the dryness of the pyndine, our pynidine 13 normally prepared by
refluxing over barium oxide and then distilling In a vacuum in a stream
of nitrogen. It may be rather dry—~but you don't know how much
water it picks up when it’s being transferred,

Sarerr. That’s not enough.

Dyrrasst. Have you any explanation for this?

SarerT No.

Hricustein, Sinee you spoke about the eltmination of I[Br from
Lromohetones 1t might be approp to mention ¢
One of my students prepared the well known 'J~bromoclmlcstﬂn0‘l:&l‘“l‘

Rrrensm is: ‘Uhere was no water 1n this. \vhen you distil the coli-
dine very carefully all the water comes out. This was really very pure
collidine.



CORTISONE AND
11-EPI-17-HYDROXYCORTICOSTERONE
DIACETATE FROM SARMENTOGENIN

4. LARDON and T. REICHSTEIN

Or all natural products sarmentogenin () is certainly one
of the easiest to transform into cortisone. It already contains
a hydroxyl group in the 11-position, and the lactone side
chain can easily be degraded to the ketol, methylketone or
carboxyl group. One disadvantage 1s 1ts difficult accessiblity.

O~cp CHaOH
co

ol
HO' "
H

1 Sarmentogentn

cHy / \
__I

So far sarmentogenin has been obtained mainly from
different Strophanthus seeds (Jacobs and Heidelberger, 1929;
Tschesche and Bohle, 1936; Euw and Reichstein, 1950a,
1950b; Euw, Reber and Reichstem, 1951; Rothrock, Howe,
Florey and Tishler, 1950, Callow, Meikle and Taylor, 1951).
Recently it has also been found in the bulbs of Rhodea japonica
Roth (hhacex) (Nawa, 195E, 1952). It was first isolated by
Jacobs and Heidelberger (1929) from Strophanthus seeds of

65
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8-ketone (the 4-b 3-ketone) has the g-orientation We have also
applied it in the 5a-series to chol 3-one; the 2-1 hol
obtained m high yield on ination 1s the 28-bi pound

o

NaBH,
Ho‘q Hbg
Br M

| i
S e

BARTON: As most of the brominations are carried out in acetic acid
in the presence of I{Br we have (o be certain that the product we isalate
is really the lled product of and not the
thermodynamically controlled product which has been formed by
lsomenznhon( In acase; studlcd enrlner m the hteruture (Hnrr. !mlbmn.

. b

Q

' .
you get the same 1somers as you do with bromme 1 acetic actd. And
in fact you have no HBr present,
nTox: Which ketones do you mean?
DiEnrasst  Cholestanone, coprostanone and a number of related So-
and 58-3-] l\elones. In each case \\e obtained the same isomers whether
we used N di or bromune in

n catbon
acetic acid. This work was pubhshcd in Ezperientia, 1047, 3, 107.
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Jacobs and others), In the sceds meither sarmentocymarin
nor sarnovide is present as such in detectable quantities but
in the form of di- or triglycosides, probably bound to one or
two molecules of glucose.

Sarmentogenin Sarmentogenin | 0. monio_
enzymes cymarin
D-Sarmentose } ————= D-Sormentose
b-Glucose
Sarmentogenin Sarmentogenmn
Sornovide
i) i D
D-Glucose
Sargenoside

If defatted seed powder is extracted with alcohol directly
all enzymic degradation is prevented. From such extracts
no sarmentocyfarn or sarnovide was obtamed. But after
acetylation it is possible-to isolate a crystalline hexacetate of a
diglycoside which we now call sargenoside. (The hexacetate
was originally ecalled sarmentoside-B-acetate.} Callow and
Taylor, as well as we, found independently that the corres-
ponding free diglycoside (not known yet in pure form) is
eomposed of sarmentogemn, digitalose and p-glucose.

If on the other hand the water-soluble part of the enzymes
contained in the seeds 1s allowed to act, no sargenoside
hexacetate is obtained but crystalline sarmentoeymarin and
sarnovide. The latter apparently is formed from sargenoside.

—
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doubtful origin; they had good reasons to assume that the
material was S. sarmenfosus, and that was the reason for the
name “sarmentogenin®. . sarmenfosus is distributed over
& vast ares, covering the greater part of western tropieal
Africa. N

In 1948 we investigated about a dozen different samples
of authentic S. sarmentosus from the eastern part of the
Ivory Coast. Togo, Gold Coast and Southern Nigeria. After
fermentation we found that they contained no sarmento-
cymarin (CyH((Qy), or only traces, but another glycoside
which we named sarveroside (C,H,,0,) (Euw, Katz,
Schmutz and Reichstein, 1949; Buzas, Euw and Reichstein, _
1950),

Small amounts of sarmentocymarin were found in S. peter-
sianus (Euw and Reichstem, 10504) and S. Courmontii (Euw
and Reichstein, 10505). By the courtesy of Prof. Th. Monod-
and Dr. A, Pitot we obtained 1n 1950 a large sample of seeds.
of the variety of S. sarmentosus growing in French Sencgal.
These seeds were chemically very different from those men-
tioned above. After fermentation they pave a high yield
(0-34 per cent) of sarmentocymaria and some 0-1 per cent of
a new glycoside which we ealled sarnovide and which was the
p-digitaloside of sarmentogenin. No trace of sarveroside was
obtained. I shall show you later a few pictures of this sar-
mentogenin-producing vanety, which we provisionally gave
the No. MPD 50, The flowers are practically identical with
the plants from Togo, ete. There are smal differences in the,
shape of the Ieaves and big differences in that of the fruits.

Plants which gave the same chemical results as our No-
MPD 50 were found independently by Callow, Meikle and
Taylor (1951) in Northern Nigeria. I shall later say a few
words on the plants growing in the area in between. Dr.
Callow kindly pted an exchange of secd material. It was
found that onginally apparent small differences in results
were only duc to use of different analytical methods. We
analyse Strophanthus seeds after enzymic degradation of the
crude plycoside mixture (using wmethods developed by
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The di- or triglycoside which yields sarmentoeymarin in the

fermentation process has not yet heen isolated and no real

attempts were undertaken in this dircction. We prefer to

include the fermentation step in the analysis and to isolate |

the monglycosides, which are much easier to separate.

Distribution of the Sar genin Producing Strain
of §. Sarmentosus

Owing to very generous financal help by Ciba (Basel) and
Organon (Oss) two of my co-workers were able to participate
in an expedition 1n the spring of 1951, when a great number
of different seed samples were collected. Among these were
more than 50 samples of mdividual single plants: this &
important to make sure of homogenous material. The map
(Fig. 1) shows a number of locations where sceds were col-
lected. You see that the region covers important parts of
Sencgal, Sudan and a border line of French Guinea. We also
had about 20 samples from further south, mainly collected
by the French botanist Dr. Schnell. All the samples were
analysed in Basel and only a very few are not yet finished. We
are therefore quite well informed about the western part of
the distribution area. The northern limit is the desert, while
the southern limit of the sarmentogenin-producing vanety is
roughly 12° latitude. §. sarment grows abundantly fur
ther south, but there the plants contam no sarmentocymarin,
or only traces. We are not well informed on the region further
east, But as Callow and Meikle found the same vanety in
Northern Nigeria st 15 quite possible that the zone where it
grows includes parts 1n the north of Togo and Gold Coast and
stretches from the Atlantic as far as Lake Chad.

Plants which the botanists classify as belonging to the
some species, §. sarmentosus, are found as mentioned in 8
much bigger area cavering the whole western tropieal part
of Africa through the Cameroons, Gabon, Belgian Congo, as
far as North Angoln. The plants growing between the
Camicroons and North Angola are recognized as & distinct
variety S. sarmentosus var. major Dewévre. This produces
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sancruside and panstroside but no sarmentocymarin. In
ather words, it gives the same results as the plants between
the eastern part of the Ivory Coast and Southern Nigeria.
It one were allowed to speak of chemienl varicties, a third
one would have to be distinguished which grows in French
Guinea and the western part of the Ivory Coast. This one is
very poor, really almost devoid of glycosides, and contains
only traces of intermedioside and panstroside. It 1s quite
possible and even probable that on the borderlmes between
the three big nreas mentioned, mixed forms can be found.
A few results pointing in this direction were obtained
eatlier work, But n the analysis of secds derived from single
plants we were astonished to find no rea!l indication of mixed
forms, ‘The samples contained either sarmentocymarin or
sarveroside, but not both. This may be chance or partly the
result of the fact that the seed samples collected from indi-
vidual plants were usually small, and by-produets would not
have been found if present merely n traces On the other
hand, sometimes 1n an area where practically only sarmen-
togenin-producing plants grew, single ones were sometimes
found which contamned only sarveroside. If mixed seeds
from a great number of plants of such an area were analysed,
the result would have given the impression of rmxed forms,
As a curiosity 1 may add that among the.many individual
plants we found two which produfed as main glycosides two
new compounds which we named “sarmutoside” and “musa-
roside.” These contamn & new aglycone, sarmutogenin,
linked again to the same two sugars D-sarmentose and p-
digitalose, 85 found 1 t}xe other two pairs of glycomdes
(sarmentocymﬂﬂ"’"'f““'m""de and sarveroside-panstroside).
The formula of sarmutogenin s Cy Hy,0,, between sarmento-
genin CasHiOs and sarverogenin Cy,H, .0,
Another distmet varfet! is 8. sarmentosus var, glabriflorus
. We owe a small seed sample
| These seeds were extremely
.. . >re of the type found in S.
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The best sample of the sarmentogenin-producing variety of
8. sarmentosus gave 0-78 per cent sarmentogenin and about
04 per cent sarnovide; i.e. 1-18 per cent of sarmentogenin
glycosides altogether. This and a few other selected seed
samples are being tested for experimental cultivation, but
results cannot be obtained for 8-4 years. It is of course very
doubtful whether Strophanthus seeds with high sarmento-
genin content may ever be produced cheaply enough to be of
practical use as a source for cortisone. But in order to show
that the chemical transformation 1s really possible and easy,
I show in the following diagram some of Dr. Lardon’s results. '

Cortisons from sarmentoganra

~co ‘vr”\gn [
o
o, ] &
o |
oH 2
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A0 40
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It is just one of the many possible ways. Starting with
sarmentogenin diacetate (II) it 1s not necessary to isolate the
intermediates III, IV, V and VI, If carrted out in this way
the erystalline triacetoxyketone (VII, m.p. 178°) was obtained
in 34 per cent yield. Dr. Callow and Dr, Taylor have informed
me that they have prepared this ketone too in a similar way.
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The biggest loss probably occurred in the hydrogenation step
(VI-VII) where two stereoisomers arc formed. It should
probably be possible to increase the yicld appreciably.
Instead of VII other useful intermediates can be produced
from sarmentogenin,

enaac emoue
!:’ o chpae o
aco, Jor _r)—u L cnyoue
b — J— +
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w xin xv cotsena ceatate

For the transformation of VII mto cortisone and 11-epi-
17-hydroxycorticosterone diacetate (XIII) we used the
cyanohydrin process (Sarett, 1949) as shown 1n the diagram
above, agamn without trying to adapt 1t to this particular
case After addition of HCN and ehmination of water a
mlxture was obtained which we think is composed of the two

hydrins IXa (m.p. 150°) and IXbd,
One of these was obtamed in erystals. But the mother iquor
_Bave practically the same results as the erystals in the subse-
quent reactions; this is the reason why we think it contained a
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stereoisomer. Alkaline hydrolysis and partial acetylation in
the 21-position gave a mixture of the diacetate X and the
monoacetate XI which could be separated by chromato-
graphy. These two compounds after hydroxylation with
Os0, and dehydrogenation with CrO, gave the diketone XII
(m.p. 222°) and the trikKetone XIV (m.p. 226°) respectively,
both well crystalline. The latter was known already. By
bromination and dehydrobromination XIIT (m.p. 201°) and
XV were obtained. The last one was identical with material
from adrenal glands.

The yields 1 the transformation of VII into XII or XIV
were not satisfactory at all. So far no steps have been under-
taken to work out these reactions or to find a better route. As
mentioned, Sarett’s method was used just as described. One
reason for the low yield may be that the compound V1 is not
very suitable for this process. Sarett used it originally for a
compound which contained only one nuclear acetoxy group
1n the Sa-position, which 1s very easy to saponify. The two
acetoxy groups of VII are in the 38- and 1la-positions and
are both rather difficult to hydrolyse. In the sapomification
of IXa and IXb relatively drastic conditions had to be used
and the eyano-group may have been partly attacked.

(Pictures of Strophanthus sarmentosus and related species
were then displayed; cf. coloured plates in recent issues of
Helv. chim. Acta.)
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DISCUSSION

Carrow: Prof Reichstein's pictures took my memories back to
Nigeria. Thave been pnmcuhrly m!erested mn thc pmblem of Just wh:\t

avatlable, so he stopped that work. But to come back to this species
difference—it does look as 1f there 1s some chance of there being a
chemueal species

Rercnsterx. 1 quite agree with Mr, Meikle that there may also be
morphologieally intermediate forms, but it is queer that when we
mvestigated seeds derived from single plants, we could only in 2 very
few cases get one which contained both sarmentocymarin and sarvero-
side Such samples neatly always gave either one or the other. Regard-
ing the question of practical use I never had the opimon that collection
of wild seeds could serve for such a purpese. They could only be useful
if selected plants were cultivated on a sufficiently large scale.

Carrow- That 13 our expenence too,*

Rexcestery The analyses of seed denived from single pfants were
done with very small quantities But if you take a big batch which 1s
denived from very many plants of one type, then you can nearly always

*Note edded 1 Dec.52. Dr, Bush and Dr. Taylor now find both substances
by chromatographic methods 1n our collections from single plants
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trace small amounts of the other. The reason for this may be either
the more accurate analysis or the mixture of seeds, In a limted area
where, say, sarverogentn-producing plants oceur, you can sometimes find
odd plants which contain only sarmentogemn, and vice versa. If you
mux all the seeds together and analyse them afterwards the result
would be wrongly nterpreted as being due to an intermediate form.
But even if the analysis of seeds from individual plants has so far given
no i id for forms I have never denied that
such forms may exist. On the contrary, I am convinced that they must
exist, because the plants are so nearly related to each other that they
will hybndize. For nstance, mn a certam region of Senepal where
only the sarmentogenin plants (with shm frint and thin walls) were
growing we found two plants whicr‘l‘contmned much sarverogenn;
S Par b At At s emamnebamant

n nendisine

They are only reluctant to recognize them as definite varieties because
there are these intermediate forms. I think some botanical difference
will be found if the two pure forms can be grown on the same spot.
We are trying this now; we have sent some seed materal to different
places 1 Africa and Ameriea where they are being grown. If these
experiments are successful, when the seeds appear for analysis one can
see whether the chemical differences are only due to condiptons of
atmosphere and soil or whether these are genetic differences.
CaLrLow. Seeds that we brought back have been germinated and are

growing 1 one of the hothouses at Kev, and there 15 the clmmgteriﬁnc
- a + S cs £a md e the

' the

Cr '

“ .

PiNcUs Are you convinced that the enzymie activity s really giving
you optimal yrelds?

RercosteIN: I'm not quite convineed about that, but we didn’t find
great loss. I think Dr. Callow has found one point where a certain loss
may occur—the punfication of the crude extracts with lead hydmxlgle'.
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enzymes from Strophanthus seeds and use such preparations, but the
activity seems to be partly destroyed during the 1solation process.

Hecirrer:  Is there any evidence for plant' enzymes which might
introduce the llu-h) -droxyl group?

RercnsteiN: We haven't tned that. I think there must be some
enzyme formed in the plant somewhere; whether 1t’s 1 the mipe sced,
T don't know.

Donryan' Is there a significant concentration of cardiac glycosides
in other parts of the plant?

Rricustrin: It is very low, and the by-product predominates. It
is usually more satisfactory to analyse 20 g of ripe sced than 5 kg. of
wood of the same plant. We have tried, for instance, with Strophanthus
gmn'lu.‘ In this case 1t was possible to get sufficient seed matenal for

but not for 1solation, We therefore
&8 the preparative separation from the wood, which took about 2
years instead of the usual 4 weeks for an nnalysls of a seed sample.
Moreover the glycosides m the wood of S. gracilis are dilferent from
those of the seeds of the same species; as far as could be judged from
paper chromatography of the seed sample, there are quantitatively
great differences and also qualitative differences. Sinmlar observations
have been made long ago with other plants. The seeds in Digitalis
 purpurea, for mstance, ¢ontain different glycosides from the leave

»

L commmnne i £F $h0nde $hatls cnen An lnck mana s anth tha

Prxcus: Does Strophanthus have to grow 1 a troprcal chmate?

WD aracd g hn acalen @ a# Qionmbhonike o ponde T aneld add aha fallacmnns
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Reiensrein: Yes.

Prveus: How many years does it take to fower normally?

Catrow: ¥ don't know defimtely—2-5 years, As to the age of these
plants one could only make a rough guess. Once we found « 5, sarmento-
sus being cultivated for its arrow poison, with stems 40-50 em.
cireumference. \We asked an old chap, “How old is that?” Aftera ot
of talking, he said hus father planted 1t—*Jt's probably 100 years old,
master.”’

Prvcys: Well that should be good if it flowers every year.

Carrow. They flower profusely, as Prof. Reichstem’s pictures have
shown DBut I've collected the seed crop from the previous yeor off a
bush flosrering profusely, and it amounted ta 18 pairs of seed pods. The
fertaldy is extremely Jow.

Rerensrerx 1 once sent a few seeds of Strophanthus Preussii to one
of my friends 1 Afrniea, a farmer, He planted them, and after three
years the first flovers He poll them iy and at
the end of the same year he got 7 fruit. It wasnt much use, for the
species 18 very poar i glycosides My co-worker, Dr. Speiser, reported
that in Senegal and French Sondan plants of §, sarmentosus from 50 to
100 years old 1 a good situation produced between 50 and 150 fruit
each  Others produced only a few frut because they were severely
daraaged by fire or for other reasons, My mmpression was that you could
get the same yeld i seed from S. sarmentosus as cotton fibre from
Gossypeum m kg per acre. If grown under appropriate conditions 1t
should therefore be possible to praduce Strophanthus seeds at roughly
the same price as crude cotton fibre. (Gossypium secds contain about
80 per cent usefud fibre }

Pincus. That's a very good yield. Maybe they can also use these
lovely glistening things which come off the seed What do you calt
them?

Carrow. Plumes or comose appendages.

Krynz: Is anythung known about the position of the “extra” oxy-
fen atoms m and sar

Retettgrris.  Perhaps Dr Callow may know a hitle more sbout
sarverogemn, Ve have not done many experiments with this compound.
¥n sarmutogenin, ¥ think that the sixth oxygen s present ns n heto group
at C-12 (XVI} but st could also be an 1I-keta-12-hydroxy dernative.

VI
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enough to assume that these two compounds may differ also in the
substituents in ring C.

As slready mentioned, sarmutogemin has so far been found in only
two single plants, These may be mutants but they may also represent
two odd plants of a vanety or a stramn of 8 sarmentosus which has its
mam distribution in another ares, not yet discovered Oxidation of
sarmutogenin with chromic acid gives the triketone sarmutogenone.
The same triketone was obtained from another genin, tsomernic with
sarmutogemn, found i some Asiatic Strophanthus species. The distri~
bution of oxygen atoms must therefore be the same a3 1n sarmutogenin,
The difference may be due either to stereoisomerism, o the Leto and

Iindered?
CarpwWELL: The 7-heto bears practically the same relationship to the
14-hydroxyl group that the 12-keto does in digosigenone, and the

N -
reason to support the assumption that it's a hindered position?

Barrox: Not if it's 2 148 compound. If 1t were 14a I would agree
that 1t ought to be hindered at C-7. Ifit's 148 I'm a httle surprsed.
Docs this 7-ketone oximate with pyridine and hydroxylamine hydro-
chlonde?

Rercmstere  We didn't try 1t with pyndine  And we didn’t try it
with sarverogenn, but sarmutogemn does not react on boding with
hydroxylamine hydrochlonde and sodium acetate i aleohol

Digowigenone, which has the same formula as XVI without the hy-
droxyl group m the 11-posttion, also, as Dr Cardw el has mentioned, has
abnormal reactions with ketomie reagents It doesn't give a dioxime,
but when you ehrminate the ¥4-hydroxyl it does

CarpwELL- ¥rof s ultra-violet are con-
sistent with the presence of two keto groups 1n sarverogenin. Qur nfra-
red measurements 1n paraihn mulls disclose the presence of a six-ring
Leto group but do not of determine how many such groups are

nrocant  Arnn $n cn
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RerenstelN  Yes,
Prxcus. How many years does 1t take to flower normally?
Cavrrow: I don’t know definitely—2-5 years. As to the age of thes
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e Tow old 1s that?” Afteralo
“It’s probably 100 years old

mastel.
Pixcus' Well that should be good if it flovers every year.
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SYNTHESIS OF 11-OXYGENATED STEROIDS
FROM STEROIDAL SAPOGENINS

CARL DJERASSI and G. ROSENKRANZ

Tuk present paper deals chiefly with some aspects of the
work done at the Syntex Research Laboratories on the con-
version of steroidal sapogemns to 11-oxygenated steroids and
was motivated by a desire to develop synthetic routes fo
cortisone and related adrenal hormones from readiy available
plant sourees. Ofthese, 22a-spirost-5-en-38-0l{diosgenin) (1) is
probably one of the most important ones, and attention was
directed towards the utlhzanon of this saponemn, whxch occurs
{m the form of the g de) 1n many Di
to Mexico and Cemml America.

Since 22a-spirost-5-en-88-0l (I) possesses no substituent in
ring € which would facilitate ntroduction of the requisite
oxygen function at C-11, 1t was necessary to develop methods
for the introduction of such a substituent into nng € unsub-
stituted steroids. The most feasible approach seemed through
7:9(11)-dienes, which are known to be obtainable from As-un-
saturated steroids, since a pomt of attack 1s thus created in
ring C, and the requisite dienes were therefore prepared in
both the sprrostan and pregnane series.

In the first the tional Wohl-Ziegler brom-
nation with N-bromosuccimmude was applied to the acetate or
benzoate of 22a-spirost-5-en-88-0l (1) and after collidine dehy-
drob tion of the mtermediate Ya-bromo derivative (II)
led to the appropriate ester of 22a-spirosta-5:7-dien-38-ol
{111) {(Rosenkranz, Romo and Berlin, 1951). An alternative
preparation of IIT has been recorded recently (Ringold, Rosen-
kranz and Djerassi, 1952) Catalytlc hydrogenation of the
diene 11T w;th platmum oxxde in the preses of piperidine

P




.

78 GENERAL DISCUSSION

Kryne: That might help with Prof. Shoppee 's diginigenin; this has
an inactive oxygen,

Snorree: Yes, I think it could. D d: of diginigeni)
were examined by R. Norman Jones 1n the infra- red and he found no
trace of an 1nactive ketone group.
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Marker (1940) via the erystalline “diosone” VI to 5a-pregna-
7:16-dien-88-01-20-one acetate (VII), which upon catalytic
hydrogenation (palladized charcoal in the presence of piperi-
dine) to VIII, followed by a mercuric acetate dehydrogenation,
produced 5a-pregna-7:9(11)-dien-88-0l-20-one acetate (IX).
This key substance {IX) could also be obtained (Djerassi, Romo
and Rosenkranz, 1951) from pregn-5-en-38-0l-20-one (XI)
through the above described sequence of reactions (Wohl-
Ziegler bromnation, dehydrobromination, hydrogenstion and
mercuric acetate dehydrogenation) and thus represented an
alternate route from either “diosgenin® or stigmasterol, since
both steroids can be transformed on an mdustrial scale to XI.
Furthermore, this created the essential Iink in the first formal
total synthesis of cortisone, smce both totally synthesized
epiandrosterone (Cardwell, Cornforth, Duff, Holtermann and
Robmson, 1951) and 3-keto-5a-etianic acid (Woodward, Sond-
heimer and Taub, 1951) are convertible to pregn-5-en-38-ol-
20-one (XI) (ef. Rosenkranz, Pataki and Djerassi, 1951). For
the subsequent transformations to cortisone, 1t was considered
desirable to employ 5a- pregna-'I:Q(ll) dlen -38:208-diol diace-
tate (X) and this was 1 y lithium al

hydride reduction of the 20- ketone (IX) (Romo, Rosenkranz
and Djerassi, 1951).

Performicacid oxidation of the dienediol X produced Sa:11a-
epoxy-5a-pregnane-38:208-diol-7-one diacetate (XII) which
could be isomerized readily with dilute alkah to 5a-pregn-§(9)-
ene-38.110-208-triol-7-one (XIII) Catalytic hydrogenation to
X1V, followed by removal of the 7-keto group by either the
Wolff-Kishner method or desulphunzation of the 7-cycloethyl-
ene mercaptal, led to 5e-pregnane-38:11a 208-tnol (XV), fur-
ther characterized by formation of a triacetate; and chromium
tnioxide oxidation yielded 5¢-pregnane-8-11:20-trione (XVI)
(Stork, Romo, Rosenkranz and Djerassi, 1951). This sub-
stance had bheen prepared earlier by Steiger and Reichstein
(1938) from corticosterone and a direct comparison of the two
specimens, kindly carred out by Prof. Reichstein, estabhshed
therr identity. Selective reduction of the 3-keto group could
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dehydrogenated with mercuric acetate to the desired 22a-5a-
spirosta-7:9(11)-dien-88-0l acetate (V) (Rosenkranz, Romo,
Batres and Djerass1, 1951). Two variations were employed
to prepare the cotresponding dienes in the pregnane series
(Djerassi, Romo and Rosenkranz, 1951): 22a-5a-spirost-7-en-
38-0l acetate (IV) was degraded by the general procedure of
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Rosenkranz, 1952). Oxidation to the 3:11-dione followed by
Raney nickel hydrog ion to 22a-5a-sy 38-0l-11-one
(XIX) and side chain degradation (Djerassi, Batres, Romo
and Rosenkranz, 1852) completed the alternate synthesis of
5a-pregnan-38-ol-11,20-dione (XVII) from 22g-spirost-5-cn-
8B-ol (diosgenin) (I). The last step (XIX—»XVII) has also
been described by Chamberhin et al. (1951).

HO~,
DC&O. H HO" g
H A h

m

B =

A third approach to 11-ketosteroids, which was also applied
to the prep 1on of 5a-p 38-0l-11.20-chone (XVII),
consisted of 1somerization of A%7-on-1le-ols (XIH) to
saturated 7 11-diones (XX} and could be accomplished
m high yield by brief reflusing with potassium tert-butoxide
1 tert-butyl alcohol (Romo, Stork, Rosenkranz and Djerassi,
1952). The 7-keto group was removed by conversion to the
7-cycloethylene mercaptal and desulphurization with Raney
nickel catalyst, and the utility of this reaction sequence was
demonstrated with both 5a-pregn-8(9)-ene-38 11a-208-triol-
7-one and 220-5a-spirost-8{9)-ene-88.11e-diol-7-one. A similar
procedure has been outlined recently in the crgosterol seres
by Anderson, Budziarek, Newbold, Stevenson and Spring
(1951).

5a-Pregnan-88-ol-11.20-dione (XVII) was next transformed
mto 5a-pregnane-38.17a:21-triol-11:20-dione 21-monoacetate
(XXIII) (Rosenkranz, Pataki and Djerassi, 1951) by applymg
Knitchevsky and Gallagher’s (1951) method for the ntro-
duction of the 17a-hydroxyl group (XXI) followed by bromi-
nation at C-21 (XXII) and acetolysis. The resulting mono-
acetate XXTIII was identified as Reichstem’s Compound D
monoacetate by conversion to the known diacetate and direct
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be accomplished with Raney nickel catalyst and thus afforded
Sa-pregnan-3-ol-11:20-dione  (XVII), another key-inter-
mediate in the synthesis of cortisone, The identical sequence
of reactions was also applied to the above deseribed 224-5a-

on,
HOCH
HO, HO-,
—
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spirosta-7-0(11)-dien-3g-ol acetate (V) and procceded through
intermediates analogous to XII* XIII and XIV to 22a-5a-
spirostan-38:11a-diol (XVIII) (Djerassi, Batres, Velasco and

. R R B T
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steiner and Pfiffner, 1935; Compound A of Reichstein, 1936;
Compound D of Mason, Myers and Kendall, 1936).

In order to complete the synthesis of cortisone, it was
necessary to introduce the essential 4:5-double bond and this
was accomplished by applying the general method of Rosen-
kranz, Djerassi and co-workers (1950) for the conversion of
8-keto-5a-steroids to At-3-ketones to the specific case at hand
(Rosenkranz, Djerassi, Yashin and Pataki, 1951). Dibromi-
nation of XXIV gave the 2:4-dibromo derivative XXVI
which, without isolation, was refluxed with sodium iedide in
acetone solution and then deiodi d with sodium bisulphi
to afford cortisone acetate (XXVII),

In the above described syntheses of 11-oxygenated steroids
from the ring C-unsubstituted starting maternal 22a-spirost-5-
en-38-ol (1), the key step 1s the performic acid oxidation of an
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comparison with an authentic sample obtained from heef
adrenal glands (Euw and Reichstein, 1942), This represents
the first partial synthesis of Reichstein’s Compound D and

was reported independently also by Chemérda, Chamberlin,
g
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Wilson and Tishler {1951). Oxidation of the 21-monoacetate
{XXTIII) with N-bromoacetamde in pyridine solution yielded
Sa-pregnane-3:11:20-trione-17a:21-diol  21-neetate  (XXIV)
(“dihydronllocortisone acetate”) and subsequent lithium

1 jum hydride red {Djerassi, R kranz, Pataki
and Xaufmann, 1952} produced Sa-pregnane-gg.11f:17a
208.21-pentol {XXV), a substanee which has previously been
available only from adrenal glands (Compound A of Winter-
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The class of Ring C oxygenated sapogenins, occurring
prmanly i Agave and Yucca species represents another
potentially very important source of raw material for corti-
sonc syntheses and this will be exemplified with the most
abundant member of this series, 22a-5a-spirostan-38-ol-12-one
(hecogenin) (XXXIV). Since the corresponding 11-keto
analogue (XIX) (vide supra) has alrcady been transformed to
cortisone (XXVII), 1t was only necessary to effect the shift
of the 12-keto group to the 11-position in order to complete
the synthetic sequence from “hecogemn” (XXXIV) to corti-
sone. Of the various methods developed 1n the bile acid series
for accomplishing this change, only that of GaHagher (Gal-
lagher et al, 1916, Borgstrom and Gallagher, 1949) appeared
suitable. It proved successful 1n its intial stages (Djerassi,
Martinez and Rosenkranz, 1951a) m that it was found
possible to dibrommate 22a-50-spirostan-38-cl-12-one acetate
{XXXIV) to the 11-23-dibromo derivative XXXV and to
hydrolyse the latter (followed by debrommnation at C-23)
with the formation of 22e-Ha-spirostan-38. 128-diol-11-one
(XXXVI). While no difficulty was encountered in selectively
acylating the C-8 hydroxyl group, subsequent treatment with
phosphorus tribromide 1n an attempt to replace the C-12
hydroxyl group by bromme resulted m side reactions with
the spiroketal side cham, The following alternative procedure
was developed (Djerasst, Ringold and Rosenkranz, 1951)
which has also proved applicable to the bile acids: oxidation
of the ketol XXXVI with bismuth oxide (Rigby, 1951)
led to 22a-5a-spirostan-88-ol-11:12-dione (XXXVII), which
could be d d with et} dithiol 1 the presence of
hydrogen chloride to yield the 12-cycloethylene mercaptal
(XXXVIII). Desulphurization with Raney nickel catalyst
m the usual monner gave the desired 22a-5a-spirostan-38-ol-

© 1l-one (XIX) which has already been converted to cortisone.

The above described methods for the introduction of an
oxygen function into ring C unsubstituted steroids possess
the attractive feature of proceeding through 1la-hydroxy
mtermediates and we have carried out, therefore, the chemical
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allo(54)- A7 *10-djene to the corresponding Ba:1la-cpoxy-7-
ketone (e.g. X1I1). This reaction is applicable only to 5a (allo)
steroids, since the corresponding 58-(normal) A7¥10.dienes
give cxclusively the A##.7-ketone (Fieser, Babeock, Herz,
Tuang and Schneider, 1951). In fact, such A#®.7.ketones
(XXIX) arc also obtamable from the by-products (c.g-
XXVIII) in the performic acid oxidation in the 5a{allo) series
or the dichromate oxidation in both the 5a and 58 series
(Fieser, Xerz and Huang, 1951), as well as by acidic rearrange-
ment of A?-9a:1le- epoxides (Heusser et al., 1952; Schoene-
waldt et al., 1952) and 1t has been possible to use such com-
pounds for the synthesis of 11-oxygenated steroids (Djerassy,
Mancera, Stork and Rosenkranz, 1951). Alkalineisomenization
of the unconjugated ketone XXVIII leads to the conjugated
isomer XXIX which is transformed to the enol acetate XXX
and then treated with pert ic or hthalic acid to
yield directly the 3-acylated A“'—"-7-onc 1la-0l (XXXII)
species such as XXXI are believed to be responsible for this
smooth transformation, which has been found to be equally
apphcable (Djerassi, Mancera, Velasco, Stork and Rosenkranz,
1952) to 5B8-dervatives such as Fieser’s (1951) methyl-8a-
acetoxy-7-ketochol-8(9})-enate (XXXIII).
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one (XL) 1nto the corresp 2 11e-0l-3:20-d (XLI) and
then to introduce the 4- o~d0uble bond by our sodium iodide
procedure {Rosenkranz, Dyerassi ¢t al., 1950) on the 2:4:17-
tribromo derivative (XLYI) yu:ldmg lla-hydmxypmgestcmne
(XLIIT) (M Romo, S Rosenkranz and
Djerasst, 1052). Similar procedures were used, starting with
both XXXIX and XL, for the synthesis of the corresponding
analogues of corticosterone and 17e-hydroxycorticosterone
(Kendall's compound F) (Romo, Zaffaroms, Hendrichs,
Rosenkranz, Djerass; and Sondheimer, 1952).

Since the completion of this work there appeared a com-
munication by Peterson and Murray (1952) in which was
reported the microbiologieal oxidation of progesterone with
the mould Rhizopus arrhizus in 10 per cent yield to a substance
believed to be 1la-hydroxy-prog (XLIII) The physi-
cal constants of the microbiological oxidation product proved
tobe in excellent agreement with those found in our laboratory
for the chemically synthesized substance. Employing an as yet
unidentified strain of Rhizopus isolated from a Mexican soil
sample, 1t has been found possible (Mancera, Zaffaron:, Rubin,
Sondhemmer, Rosenkranz and Djerasst, 1952) to raise the yield
in the microbiological oxidation to ca. 45 per cent. Further-
more, 1n striking contrast to the catalytic reduction of 11-
keto and 11f8-hydroxy A%-8-ket ids which prod
chiefly the 5a(alio) dihydro derivative (cf. Pataki, Rosenkranz
and Djerass1, 1952), 1t was observed that similar hydrogenation
of 11a-hydroxyprogesterone (XLIII) produced the 58(normal)
analogue, pregnane-8-20-dion-11a-ol (XLIV), which upon chro-
mium trioxide oxidation to pregnane-8:11-20:trione (XLV)
followed by sodium borohydride reduction furnished in good
yield pregnane-11:20-dion-8a-0l (XLVI). The latter has
already been converted to cortisone (Kntchevsky, Garmaise
and Gallagher, 1952) and 1t appears, therefore, that both in
terms of number of steps (ten from progesterone or fourteen
from dlosgenm) and overall yield the combined microbio-

5

ical seq P the as yet best deseribed
route to cortisone.
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synthesis of & number of previously unknown 11a-epimers of
certain 118-hydroxy cortical hormones. A brief outline of
certain aspects of this work followsi—

The key starting matenal was 22a-3a-spirostan-88.11a-diol
(XVIII) Djerassi, Batres, Velasco and Rosenkranz, 1952),
which could he degraded in the usual manner to 5e-pregn-16-
ene-38:11a-d10l-20-one (XXXIX) and then hydrogenated to
Sa-pregnane-3f.11a-diol-20-one (XL) {Djerassi, Batres, Romo
and Rosenkranz, 1952). It was then found that (a) a 38:11e-
diol can be selectively oxidized (N-bromosuccinimide or
Oppenauer oxidation)tothe 8-one-11a-ol and () that a 38:11a-
diol diacetate can be selectively saponified at C-3.

Taking advantage of these observations, it proved a rela-
tively simple matter to convert 5a-pregnane-38:11e-diol-20-

H, H
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m
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In conclusion, it may be pointed out that there are available
now three main routes to cortisone from potentially inexhaus-
tible plant sources—the use of diosgenin or hecogenin m
completely chemical syntheses or 2 combined microbiologieal-
chemical approach employing a diosgenin transformation
product,
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ich s Co Dto namely oxi to the 3-keto

group, dibromination, treatment with sodium iod:de and de-jodination.

The resulting 11a-F diacetate has_been prepared independently by

Prof. Reichstein from sarmentogenin, and, as he said, there may be
other syntheses as well.

H Hirscrmann, How does the “11a-corticosterone™ compare with the

T, 7 ™ ¢ Reichstein (Helv, chim., Acta,

. I behieve 1n the hght of present

. this preparation had some’

- " ysical constants of the two

* Dierassr 1 am afraid I do not remember them. I think Prof.

Rexchstein 1s in a better position to tell you.
RercustoiN - One of the reasons why we made this compound was
TN One of the xe Pl a il AR

' '

diacetate is very difficult to erystallize with small quantities, Perhaps
you have made the same observations It was synthesized five years ago
or earher by Gallagher (Recent Progr Hormone Res , 1947, 1, 93), but he
didn’t publish details because Ius acetate did not crystallize. Qurs took
about three months to form the first crystals; but once 1t has been ob-

ketol side chain  Now as long as the other hydroxyl group at €17 is
not present, as in_1l-epicorticosterone diacetate, we found it possible
to sapomfy the 1la-acetoxy group by several hours of beiling with
hydrochloricacid inmethanol; but i the 11-epr-17-hydroxycorticosterone
dracetate, the side cham is sensitive to both strong alkali and strong
acids. We haven't even tried to sapomfy 1t by purely chermeal means,
We wanted to do 1t with enzymes and though we now have enzymes
which may be appropnate to do it, 1t hasn’t been done yet, at least by
us 1 would be mterested to know whether you have succeeded mn
g the 11-acetoxy group without d g the side chain,
Dazrassr We do not yet have the erystalline compound. We plan
to use the hydrolysed matenal directly for biological testing Perhaps
Dr. Sondheimer, who has just come from Mexico, can answer this.
v et TV v ehee a

T el A et e 1,
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easily obtaimed from the juice, and 1t does seem that it can be made a
readily available and cheap raw material. There 15 a pilot plant at
Natrohi which is producing about 1 kg of hecogenin crude concentrates
a week, I I may say that we await with mterest further results from the
Dy school i ing what to do with the hecogemm
We have done a certam amotnt—it 1s Dr. Cornforth’s work—but I
don’t think it is yet ready for publication.

H,
Ho~ CH,0A¢
o}
--OH
HO: —_—
H
Pl piving
DIERASSE: T v ek 3~ cmmmtencs o matos o hal T fammnt 44 ¥ sine un a0
my talk, Is . .
mones; these . .
progesterone, . .
that Prof i from ) anLl the cortico-

sterone derivative. Some of the compounds were prepared, not only
for brological evaluation, but also as intermediates for Dr. Zaffaroni,
who has been doing & number of enzymic and other trnnsfm-mz\!lons
on such and has some teresting
results. The most lmpormm p'\rt 18 descnbed in a pape lich h::'i

7~




95
with chemists, but the micfobiological work will give us certain starting
matenials which we have never had before; 1t will make available
certain very valuable analogues of some of the important adrenal
hormones. For the time being the presently described method !hmugh

progesterone gave by far the best yields of cortisone. That's why I
think that the ultimate will be &

! and chemical but not

GeNERAL Discussion

the one thxt

1 showed.

[ Ariht tn Al thas shomn

PR S

corT,
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acid curves, wiuch are quite characteristic of the various corticosteroids,
are completely 1dentical for 11a- and the 118-hydroxysterods. He
found this m about 6 or 7 pairs of epimers. Hence the sulphuric aod
curves, coupled with the i on paper ch phy, ought
to show whether even the crude sapomification product used for that
bological work was the expected product. Paper chromatography has
shown that the 1la-hydroxy compound 1s more polar than the
118-hydroxy, which again would be expected—not polar in the Bar-
tonman sense, but polar on paper.

Furthermore, Dr. Zaffarons has prepared some of the free 11a-F by a
biochemieal procedure which 19 included m our communication” to
Chemstry and Industry (1952, p. 783). e observed that oxidation of
1a-hydroxyprogesterone with adrenal brei produced both the free
11a-corf and 11a-C ¥

Sonpnriver: That 15 quite correct, but there is also another way to
prepare the 11-epmer of Compound F, not acetylated at C-11. We
have made the free 11-hydroxy-"dihy Ho™ compound {5a-preg
11a"17e:21-triol-3 20-dione 21-monoacetate) by a route stmilar to that
described by Dr. Djerassi for the 11 21-diacetate. Double bond imtro-
duction mto this substance will give 11-ep1-17a-hydroxycorticosterone
21-acetate, where no problem of hydrolysss exists (cf. J. Amer. chem.
Soc , 1953, 75, 1277).

RetcusTery: You said that you always take progesterone for the
starting material for your microbiological mtroduction of the hydroxy
group in the 11a-position and yet this is not convenient afterwards.
It seems a little queer, and I think the reason 1s that you probably get
the best results with progesterone itself.

Direrassr You mean the microbiological oxtdation?

Rricnsrtein: Yes Is that true, or was it only tried with those com-
pounds? For instance, you said you get somethung with pregnenolone,
but 19 the yeld really much lower?

Dierasst. Again T am only speaking for others, because obviously
this 13 not work that the chemical group has done, but rather the
brochemical group under Dr. Zaffarom and Dr. Rubin, They have
oxidized nearly all the readily available steroids that we have, from
diosgenin down, and in order not to waste much time they have
analysed them by micro methods on paper This indicated that
just about every one was oxidized to a certan extent. The yreld with
this particular miero-orgamsm was the Inghest in the case of pro-
gesterone. We have done 1t with other eompounds, especially Com-

und S. pound the 11a-hyd which can
be used for the synthesis of cortisone only if you would want to oxidize
afterwards

1t would be unfair for me to talk about this wealtheof mﬂttirml. to

L L il sl U gimeny him

BUPN9Y
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with chemists, but the microbiological work will give us certain starting
materials which we have never had before; 1t will make available
certan very valuable snalogues of some of the important adrenal
hormones. For the time bemng the presently described method through
progesterone gave by far the best yields of cortisone, That's why I

thunk that the ultmate sy of cortisone will be a
and ch 1 but not y the one that
I showed.
T aabs s add $has shace e cnn adas cman achia mhas 21 o 4 o

commr,



11-OXYGENATED STEROIDS FROM
ERGOSTERYL-D ACETATE 22:23-DIBROMIDE

F. 8. SPRING, G. T. NEWBOLD. R. C. ANDERSON,
B. BUDZIARER, F. JOHNSON, J. 4. McEWAN,
D MACLEAN and R, STEVENSON

AT an early stage in the mvestigation of syntheses of 11-
oxygenated steroids starting from ergosterol {ergosta-5:7.22-
tncn-sﬂ ol) (I), the avmlab;hty of ergosterol-D (113; R=H)

amatterof id n. The most practicable
route previously described appom‘ed to consist in partial hydvo-
genation of ergosteryl esters in a neutral solvent (Heilbron and
Sexton, 1929; Wieland and Benend, 1943; Barton and Cox, 1918)
to the corresponding 5-dihydroergosteryl ester (11) followed
by oxidation of the latter with mercuric acetate (Windaus
and Auhagen, 1929; Heilbron, Johnstone and Spring, 1929}
The first stage of thus process was considerably mmproved;
using benzene as solvent and Raney nickel as catalyst, nearly |
quantitative yields of 5-dihydroergosteryl acetate (15; R =Ac)
are obtained from crgosteryl acetate (Anderson, Budziarek,
Newbold, Stevenson and Spring, 1951}. Similar improvements
have been reported by Heusser, Eichenberger, Kurath, Dallen-
bach and Jeger (1951) using ether as solvent and Rupe nickel.
More recently Laubach and Brunings (1952) have effected the
same reaction in sumlar yield using Raney nickel and dioxan
as solvent.

The oxidation of 5-d1hydruergosteryl acctate to ergosteryl-D
acetate (IIT, R=Ac) using mercuric acetate 1s an mefficient
process; although a crude reaction product is 1solable in reason-
able yield, ihe purification of this produet is attended by
serious loss, the yield of ergosteryl-D acetate with {a] p428°
being of the order of 36 per cent.

9
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In a search for o more efficient method for the preparation
of crgosteryl-D acetate, a study was made of the action of
bromine on 5-dihydroergosteryl acetate, sinee Eck and Hol-
lingsworth (1942) had shown that treatment of cholest-7-ene
with bromine at —75° gives cholesta-7:9(11)-diene. Treatment

B,

m

of 5-dihydroergosteryl acetate in ether at—€0° with bromine
in acetic acid gives in 50 per cent yield a crystalline tetra-
bromoergostenyl acetate, This tetrabromude 15 moderately
stable in the solid state but solutions i chloroform suffer
profound decomposition after a short time at room tempera-
ture. When treated with sodium jodide, the tetrabromide is
quantitatively converted into the stable and beautifully
erystalline ergosteryl-D acetate 22:28-dibromide (22 23-di-
bromoergosta-7-9(11)-dien-88-yl acetate] (VII), the structure
of which was established by debromination with zine into
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ergosteryl-D acetate and by its ultra-vialet absorption spec-
trum, which in general character is identical with that of
ergosteryl-D) acetate.

The structure of the tetrabromoergostenyl acetate has not
been established beyond reasonable doubt. Its ready con-
version into ergosteryl-D acctate 22:23-dibromide by treat-
ment with sodium iodide and its formation from ergosteryl-D
acetate by the action of bromine, limit the possibihties to
9:11:22:23-tetrabromoergost-7-en-88-yl ncetate (IV), 7:8:22:
23-tetrabromoergost-9(11)-en-38-yl acetate (V) or 7:11:22:
28-tetrabromoergost-8-en-88-yl acetate (VI). Catalytic re-
duction of tetrabromoergostenyl acetate in dioxan, using a
platinum catalyst, gives ergosteryl-D acetate 22:28-dibromide.

The bromine methed is an attractive route to ergosteryl-D
acetate since the conversion of tetrabromoergostenyl acetate
into ergosteryl-D acetate 22:23-dibromide 15 quantitative, as
is the conversion of the latter into ergosteryl-D acetate, Ergo-
steryl-D acetate obtamed by this method is of high purity.
The bromine method can be used for the preparation of ergo-
steryl-D acetate withont isolation of either the tetrabromo-
or dibromo-intermediates, Treatment of 5-dihydroergosteryl
acetate with bromne followed by debrommation of the mix-
ture with zinc gives ergosteryl-I acetate i 70 per cent yield.

The oxidation of 8 A™steroid with bromine appears to be
a gencral reaction, When applied to a-spinasteryl acetate,
obtainable from either Lucerne grass (alfalfa) or from stig-
masterol using the procedure deseribed by Fieser, Fieser and
Chakravart: (1949), an unstable tetrabromostigmastenyl
acetate s obtamed which with sodjum rodide yields 22:23-
dibromostigmasta-7:{11)-dien-38-yl acctate, debromination
of which with zinc dust gives stigmasta-7:9(11):22-trien-38-y}
acetate, identical with a speci btained by the action of
mercuric acetate on a-spinasteryl acetate. The formation
of this triene is yet another proof of the correctness of the

B T |

acetate with clilorine

[
zorresponding reaction
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vith bromine. A mixture of two tetrachloroergostenyl
cetates results. Of these, tetrachloroergostenyl acetate I is
onverted into 22:23-dichloroergosta-7:9(11)-dten-38-y1 ace-
ate by treatment with sodium iodide, and is the analogue of
etrabromoergostenyl and tetrabromostigmastenyl acetates.
The other 15 a secondary product and is related not to
ergosterol-D, but to ergosterol-B,.

T x n

The preparation of ergosteryl-D acetate 22:23-dibromide
makes possible the oxidation of the nuclear ethylente inkages
1n ergosteryl-D acetate without compheations ansing from the
presence of the side chain ethylenie hnkage Using hydrogen
peroxide 1n acetic actd, oxidation of the dibromde gives 38-
acetoxy-22.28-dibromo-8a:11¢-epoxyergostan-7-one  (VIII)
debrominated by means of zme to 38-acetoxy-9a:1la-cpoxy-
ergost-22-en-7-one (IX) which can also be obtained 1n poor
yield from ergosteryl-D acetate by oxidation with performic
acid, The structure of (VIII) 1s established by the general
correspondence m properties with those of analogously con-
stituted compounds obtained by Djerasst et al. (1951) by per-
formic oxidation of 7:8(11)-diemic stercads. It shows no selec-
tive absorption of high mtensity above 2,2004, but 1t shows
carbonyl absorptionat 1,710 em., and mild alkalme hydrolysis
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of (IX) gives 88:11a-dihydroxyergosta-8:22-dien-7-one (X).
When treated with 15 per eent alcoholic potassium hydroxide,
it gives, after acetylation, a mixture from whicli 7:11-diketo-
ergost-22-en-38-yl acetate (XI) was isolated, The latter is
converted mto 1l-ketoergost-22-en-38-yl acetate (XII) as
described by Chamberlin ¢t al. (1951). The oxidation of
ergosteryl-D acetate with one mole of performic acid gives as
first isolable product 3B-acetoxyergosta-9(11):22-dien-7-one
(XIII), the structure of which follows from its lack of high
intensity absorption above 2,200A, from its carbonyl absorp-
tionmn the nfra-red (3,715 em—.) and from the ease with which
it 1s isomenized to 38-acetoryergosta-8:22-dien-7-one (XIV).
Further oxidation of 8g-acetoxyergosta-9(11):22-dien-7-one,
after protection of the side chain ethylenic linkage with
bromine, with perbenzoic acid followed by debromination gives
once again 3B-acetoxy-9a:11a-epoxyergost-22-en-7-one ({X).

= F o
/ \\ihco H
o
y(j&;\)\( «C@\/H/
e i A T
b4 =

Two distinct compounds have now been ascribed the same
structure (X1II); they differ in orientation at C,. Each has
been charactenzed by facile conversion mto 38-acetoxy-
ergosm~8:22~dlen~7-one and by characteristic infra-red car-

bony! absorption.
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A related oxidation product is worthy of mention. Treat-
ment of ergosteryl-D acetate with perbenzoic acid gives the
9a:11a-epoxide (XV) (Chamberlin ef al., 1951; Heusser ef al.,
1951), which when ively treated with bromine (1 mole)
and excess perbenzoic acid followed by debromination-with
zine yields 8B-acetoxy-9&:11e-dihydroxyergost-22-en-7-one
(XVI), charactenized by acetylation and by its ready con-

H Act
x x
version nto (X) by treatment with alkali, which as shown
previously can be converted into 11-ketoergost-22-en-3g-yl
acetate (XII) through the intermediate 7:11-diketoergost-22-
en-38-yl acetate (XI).
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of (IX) gives 88:11e-dihydroxyergostn-8:22-dien-7-one {X).
When treated with 15 per cent alcoholic potassium hydroxide,
1t gives, after acetylation, a mixture from which 7:11-diketo-
ergost-22-en-38-yl acetate (XI) was 1solated. The latter is
converted into 1l-ketoergost-22-en-38-yl acetate (XII) as
deseribed by Chamberlin ¢f al. (1951). The oxidation of
ergosteryl-D acetate with one mole of performic acid gives as
first isolable product 38-acetoxyergosta-9(11):22-dien-v-one
{XIII), the structure of which follows from 1ts lack of high
mtensity absorption above 2,200, from its carbony! absorp-
tionin the infra-red (1,715 em™1.) and from the ease with which
it is isomerized to 3B-acetoxyergosta-§:22-dien-7-one (XIV})
Further oxidation of 3f-acetoxyergosta-9(11) 22-dien-7-one,
after protection of the side chain ethylenic linkage with
bromine, with perbenzoic acid followed by debromnation gives
once again 8f-acetoxy-9a:llo~epoxyergost-22-en-7-one (IX).

gy
P

Two distinct compounds have now been aseribed the same
structure (XIII), they differ in omentation at C,. Each has
been characterized by facile conversion into 38-acetoxy-
ergostn-S:ﬁ.’Z—dien-7—one and by characteristic infro-red car-
bonyl absorption.
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DISCUSSION

. '

DiErassy® We never tried 15 per cent. With 5 per cent 1t does not
g0, because those are really the conditions under which the epoxyketone
rearranges to the unsaturated ketol, Acidic reagents, on the other hand,
result m dehydration. I thmk ths 1s paralleled by Ehrenstein’s obser-
vation on the isomenzation of epimenc 6-hydroxy- A4-3-ketones the _
6a doef not go readily while the 68 13 1somerized very teadily, We then

' .

SprRING' No, not yet.

ANNER  As far as'T know, the yreld of the performuc acid oxidation of
7:9(11)-dienes hasn’t been given n the literature.  Could you tell me
how much you obtained?

SeriNe: We haven't processed the various stages with a view to
maximum yield It's of the order of 40 or 50 per cent.

Fmeser 1 might mention one item of general interest from the
experimental pomnt of view A number of speakers here have mentioned
the use of the Huang-Mimlon procedure for Wolff-Kishner reduction
(Huang-Mimlon, J, Amer. chem. Soc , 1946, 68, 2487; 1949, 71, 8301)

reduction of the keto group of the aroylpropiomc acid. e tried this
by the Clemmensen method and the best yield was 54 per cent. Two
different very able workers tried the thing, but couldn’t get beyond
that result. We wanted to make this compound 1n huge amounts, for
climeal tral and so on, and so W& didn’t hike this mtation of 54 per*
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“B-oxide,” m.p. 115-5°-117-5°, was reported to be identical
with the oxide obtained by the peracid oxidation of the parent
sterol.* The higher-melting “oxide”, m.p. 146-146-5° was
not completely characterized but was shown to be inert to
chromic acid and to perbenzoic.acid. Nesther “oxide™ could
be cleaved by catalytic reduction or by treatment with the
common mineral acids.

In the course of the present investigation, we also have
ohtained two compounds from the same oxidation. The higher
melting eompound, m.p. 147°, was dentified as methyl 3a-
acetoay-12-ketochol-9(11)-enate (III) rather than an epimeric
oxide. Its structure was elucidated by ultra-violet absorption
analysis A (max. 240 my; log «:4+04) and by direct comparison
with an authentic sample. The lower-melting compound (II),
obtained as the major product in our investigation, showed a
pronounced depression of melting pomnt upon admixture with
an authentic sample of methyl 3a-acetoxy-Sa:1la-cpoxy-
cholanate obtaned by peracid oxidation of the parent olefin;
and its melting point and specific rotation were at variance
with those previously reported for the e-oxide (Seebeck
and Reichstein, 1948; Fieser and Rajagopalan, 1951, Berner
and Reichstemn, 1946),

Because of the impossibility of obtaimng prima facte evi-
dence of the existence of the oxide group as such, the structure
of this oxidet must be inferred from 1ts elementary analysis,
which shows an extra oxygen atom in the molecule, its infra-
red absorption spectrum, which shows no recogmzable oxygen-
function absorption not previously present in the starting
matenial; from its dissimilanty to the known a-oxide; and
finally, from its conversion to the known methyl a-acetoxy-

[ T P N

11t 15 of interest 10 note that the preparation of this axide represents the
first transformation of a steroid to a dervative possessing a substituent at
€9 which 13 unequivocally n the § orentation

N



INTRODUCTION OF THE 1-KETO FUNCTION
IN THE STEROIDS

J. M CONSTANTIN and L. H. SARETT

BEecause of the increasing interest in bath total and partial
synthesis of the adrenocortical hormones, the eonversion of
A% steroids to 11-oxygenated derivatives has recently
recerved considerable attention (Chamberlin et al., 195);
Stork et al., 1951; Heusser ef al., 1951; Fieser and Heymann,
1951; and preceding papers), With this impetus, an investi-
gation imtiated by one of us (L.H.S.} 1n 1842, involving the
permanganate oxidation (c¢f. Ehrenstein and Decker, 1910} of
a A%V sterord 1 acidie solution, has recently been extended
and brought to fruition with the synthesis of methyl 8a-ace-
toxy-11-ketocholanate (V).

{

During the intervening years, one publication appeared
(Hicks, Berg and Wallis, 1946) reporting the formation of two
oxides upon oxidation of methyl 3a-acetoxychol-9(11)-cnate
with potassium permanganate in acetic acid. The so-called

104
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Stork, G., Rowo, J., Rosexkraxz, G., and Dssnassy, C. (1931).
J. Amer. chem. Soc., 73, 35406,
‘Turncr, I, B., Matrox, V. 1, Excry, L. L., Mcl\r\'zn:, B. F,, and
<capALL, E. C. (1036). J. biol. Chem., 166,
‘WINTERSTEINER, O., and Moorr, M. (1948), J. blol. Clmn., 162, 725,

DISCUSSION

Baxrton. Ishould Like to ask Dr. Sarett if he has opened the g-oxide
with hydrogen halide to obtan the 11g-hydroxy-9a-halogen com-

und.
poS;mr'n‘. No That hasn't been done

BartoN: The oxide ning has only been opened by eatalytic hydro-
genation?

SanETT. Yes, If one could open to the halohydrin there, it would be
most interesting.,

BarTon: One would predict, I think, the opposite opening for the
B-oxide to what one would expect with the «-oxide.

SareTr: Yes, I think that's nght.

DyERAsst. But the a-oxide wouldn't give it to you either.

BanrtoN No, the c-oxide’s mert—but +f 1t were reactive it would
open the other way.

DIERASST Docm't 1he Baillo-oade give you a diene under strong
enough conditions?

FiesER: Yes, with methanol and hydrochlonce acid.

Duerasst: Or with strong HBr.

Have these been sub; ly treated to

. . bile

. « be
° RercnstEy I would Lke to ask Dr. Sarett a question about the
a-oxide—how strongly he treated with LiAlH,. Did he use hthium
aluminium hydride i ether or has he treated it under more vigorous
conditions too?

DIerasst  We have attempted this reduction in tetrahydrofuran,
refluxing overnight, and still there was no reaction This was 1n the
sapogenin series, particularly the example that Dr. Sarett mentioned.

Fieser. What about HBr treatment?

Diznassrr We were 80 dnscouragcd by your results in the 58 series
that the only with Lithium
aluminium hydnde. We did nor try HBr. or course the trouble with

that 1 talked about yesterday.
Dicrasse In some other cases where we had no oxide and treated
a sapogenin structure with HBr, we got introduction of bromine into
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11B-hydroxycholanate (IV) (Wintersteiner and Moore, 19:16;
Turner ef al., 1946). :

In contrast to the mertness of the 9a:1la-oxides (Hicks,
Berg and Walls, 1946; Berner and Reichstein, 1946), the
B-oxide readily underwent hydrogenolysis with platinumin
acidic solution. Finally, oxidation of this product with ehro-
mmuum trioxide in acetic acid gave methyl 8a-acetoxy-11 keto-
cholanate (V) in good yeld.

B

To test the scope of this oxidation procedure, an A/B trans
steroid. spectfically, A*17- tig in acetate (VI), was oxi-
dized under stmilar conditions, and gave m excellent yield
the same oxide (VII} as that obtained by peracid oxidation.
The latter oxide has been assigned the 9a:1la configuration
by Djerassi et al. (1951), and has been reported by these
authors to be inert to a variety of reagents, further substan-
tiating the charactenistic inertness of the isolated 9a-lle
oxides,
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Dienasst  What about LiAIH, and the g-oxide—did you get any-
thing with that?

Sanerr: We only got the p-oxide at first i the bile acid series. We
knew we’d be having a primary hydroxyl group right on the end, so
we didn’t try it.

" A At e . . y

oxides, I suppose it’s related to the inert hetone Does the ketone
group show the ordinary infra-red spectrum?

Sarert Yes, at § 8% p It shilts around a hittle Wit, and of course,
it's at a dufferent frequency from the cyclohexanone, or Ring A ketone,
but not by much.

This “mternal” reaction, so to speak, descrtbed by Prof. Freser and

one 1n which the thing’s purely intramolecular,
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EhAe fifle: chair:, presumably in the 16 and 26 positions. But this would

compound melting at about 245° which seemed by infra-red to be
defintely different from the 263° oxide, and yet didn’t contain a hy-
droxyl group. We couldn't do anything with the compound, but it did
change somehow with LiAlIH,. Would that be the side cham?

DoERAssI. No

SsreTT" We gave 1t a hard going-over

RopinsoN: The formula on the board 1s that of an acetoxy com-
pound. Are we talking about acetoxy compounds all the time? Because,
if we are, the LiAIH, will reduce that in any case

Dierasst  Yes, but he re-acetylated 1t afterwards.

R If you yl after the i that would also
acetylate the hydroxyl group that you're trying to find

Dicrasst: The only one we tried was just the 9.11 epoxide I've
forgotten whether this was on the acetate or the free compound, but
that would be immateral, because the product was identical with the
starting materal.

Ronnson: Yes, I’m only trying to clear up the point that Dr. Sarett

d the sub which showed no infra-red band

due to a hydroxyl group.

Sarerr. That’s correct—it was back-acetylated. Then your point
ahout acetylating a new hydroxyl group comes up. The problem 150t
as simple as I indicated at first  We went around with oxidations and
partial ovidations and the mfra-red spectra of resulting ketones and so
on, and I think we're able to prove that we never had an additional
hydroxyl group produced 1n the molecule.

CARDWELL: Was your LiAIH, qunte free from AICL?

SareTT. I don’t know. Is that important?

Dserassl. Yes Fontame (J. Amer. chem Soc., 1951, 73, 5917)
found that 1f a sapogenin 13 reduced with LiAlH, in the presence of
HCI, the side cham 15 opened to the dihydrosapogenn This would
not affect your oxide, but the dihydrosapogenin would now have a free
hydroxyl group at the 26 position.

Roernsox' I think the point that Dr. Cardwell just raised 1s interest-
mg It anses from some work at Oxford of Mr Brown, who 1s now at
Cambndge, which has not yet been published (cf J chem Soc, 1952,
p. 2756 after the This showed that LiAlH,
made 1n the laboratory from LiH and alumunmum chloride behaved
quite differently from purchased LiAlH, 1n the cholest-4-en-3-one series
(Dauben and Eastham, 1951, J. Amer. chem. Soc., 73, 3260) He
obtained some very pecuhar results, involving the stringiag of an
oxygen atom across the nucleus somewhere. The only pomt that T
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very weak, failures to detect them have heen reported with
several Af-unsaturated steroids (Jones et al., 1918; Josien,
Fuson and Cary, 1951) In contrast, the bending vibrations cf
olefinte hydrogens give nise to much stronger bands. Ther
frequency 15 profoundly affected by the number of hydrogen
atoms attached to the double bond. If only a single olefinie
hydrogen 15 present an absorption band 1s observed between
800 and 840 em * (Thompson and Torkington, 1945; Barnard
et al., 1850). Maxima assoctated with the motions of saturated
linkages can also occur in this region but these are generally
considered to be much weaker (Rasmussen, 1948). When this
study was started no systematic investigation of steroidal
olefines in this regon had been recorded, but after our data
had been collected, Bladon, Fabian, Henbest, Koch and Wood
(1951a) reported a thorough analysis of band frequencies and
intensities of relatively simple trisubstituted steroidal olefines,
their reduction products and their 15omers with tetrasub-
stituted ethylene groups Although no overlap of band inten-
sities was noted they cautioned that bands of intermediate
strength might be diagnostically unreliable. However, they
considered extreme weakness of a band 1n this region (790850
em.™) a dependable eriterion for the absence and strong bands
as a fairly safe mdrcation for the presence of the tnisubstituted
olefime Iinkage 1n the steroid molecule.

In view of the importance of the height of absorption
maxima only curves obtained on solutions will be presented,
as the effective concentration of solids 1n the hight path s hard
to assess. The transmission spectrum of the solvent, earbon
disulphide (Fig. 1) shows a gradual rise with mereasing fre-
quency which 1s due to increased radiation intensity of the
source, followed by a steep fall caused by an absorption maxi-
mum of the solvent at 855 cm. ! (American Petroleum Insti-
tute catalogue). This peak can easily obscure weak maxima
of the solute especially if rather dilute (1 per cent) solutions
are examined as was done here. However, this choice of ex-
perimental conditions was urged upon us by the low solubility
and the scarcity of many compounds investigated.

conTL 8



THE CHARACTERIZATION OF
TRISUBSTITUTED STEROIDAL OLEFINES
BY INFRA-RED SPECTROSCOPY

. HIRSCHMANN

Tue identsfication of a new steroidal metabolite, if it has
to be carried out with o very small amount of material,
frequently requires a fairly detailed picture of the probsble -
structure before a successful verification by chemical means
can be undertaken. A great deal of this preliminary infor-
mation is usually obtammed by measurements of physical
properties. As the absorption of radiant energy and the rota-
tory power of unsaturated steroiwds are often affected by the
location of the double bond and the substituents in its vicinity
a faurly refiable diagnosis of the position of the double bond
can often be made if the substituents i 1ts environs and their
effect on absorption or rotation are known. In the absence
of such information only a consistent answer in a vanety of
independent tests can give comparable assurance, It is, there-
fore, with a view to supplementing rather than to replacing
existing procedures that our findings in the 12u region of
infra-red radiation are being reported.

Quite generally, measurements 1n three regions of infra-red
radiation have furnished tools for dingnosing the presence of
partially substituted double bonds and the extent of their
aliphatic substitution. They are associated with the stretch-
ing motions of the double bond and with the stretching

" and out-of-plane bending motions of the hydrogen bonds
attached to 1t. Absorption bands related to these stretching
vibrations of unsaturated steroids have been investigated

* chiefly by Jones et al. (1948, 1950) and by Bladon et al. (1951a).
The bands appear to be quite charactenstic of the position of
the double bond but as the maxima or inflexions are generally

130
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very weak, failures to detect them have been reported with
several Af-unsaturated steroids (Jones et al., 1918; Josien,
Fuson and Cary, 1951). In contrast, the bending vibrations of
olefime hydrogens give msc to much stronger bands, Their
freq 'y is pri ity affected by the number of hydrogen
atoms attached to the double bond If only a single olefinic
hydrogen is present an absorption band 1s observed between
800 and 840 em. ! {Thompson and Torkington, 1945; Barnard
et al., 1950). Maxima associated with the motions of saturated
linkages ean also occur i this region but these are generally
constdered to be much weaker (Rasmussen, 1948). When this
study was started no systematic investigation of steroidal
olefines in this region had been recorded, but after our data
had been collected, Bladon, Fabian, Henbest, Koch and Wood
(1951a) reported a thorough analysis of band frequencies and
ntensities of relatively sumple trisubstituted steroidal olefines,
their reduction products and their 1somers with tetrasub-
stituted ethylene groups. Although no overlap of band inten-
sities was noted they cautioned that bands of intermediate
strength might be diagnostically unreliable, However, they
considered extreme weakness of & band 1n this region (790-850
cm.’!) a dependable criterion for the absence and strong bands
as a fairly safe indication for the presence of the trisubstituted
olefinic Iinkage m the steroid molecule.

In view of the mmportance of the height of absorption
maxima only curves obtamed on solutions will be presented,
as the effective concentration of solids in the hight path 1s hard
to assess. The transmission spectrum of the solvent, carbon
disulphide (Fig. 1) shows a gradual rise with creasing fre-
quency which 1s due to increased radiation intensity of the
source, followed by a steep fall caused by an absorption maxi-
mum of the solvent at 855 em.-? (Ameriean Petroleum Insti-
tute catalogue) This peak can easily obscure weak maxima
of the solute especially 1if rather dilute (1 per cent) solutions
are examued as was done here, However, this choice of ex-
perimental conditions was urged upon us by the low solubility

and the scarcity of many compounds investigated.
cont,
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—

The spectra of 38-acetoxy- As-steroids with the usual con-
figuration of the nucleus and without additional functional
groups in the vicinity of the double bond present a very
umform picture between 790 and 820 cm.-t, All showed two
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maxima near 800 and 812 em.-. The higher frequency peak
is relatively weak in those compounds that contain no polar
group in the side chain or one rather distant from the nucleus
but is rather strong in those possessing a polar group at or
near ring D, as e.g. dehydroisoandrosterone acetate. As these
twin bands are not seen in their reduction products it seems
justified to coneclude that they are brought forth by the pre-
sence of the 5.6 double bond. Their position was constant
within 1 em.? as long as compounds substituted n the 16
position were excluded. 16a-Oxygenation caused a slight but
consistent shift of both bands to ligher frequencies (803,
813-814) winle diosgenin acetate, in which the substituent at
C-16 is B oriented (Hirschmann et al., 1949}, absorbed at 797
and 814 em.’. We must conclude therefore that vicinal effects
can be detected 1f the site of substitution and the double bond
are separated by 4 carbon atoms. While this distance may
seem large it is no greater than that shown by Barton and Cox
{1948)-to give nise to optical anomalies under certain condi-
tions. Above 820 em.", the spectra are far less uniform. Most
of the peaks are rather weak, but a well defined maximum
near 830 em ! occurs in several 17-oxygenated compounds
wncluding reduction products, such as isoandrosterone and its
acetate. These peaks therefore appear to be untelated to the
presence of the 5:6 double bond. {A contrary view was taken
by Furchgott et al. (1946, 1947) concerning the maximum of
dehydroisoandrosterone at 831 em. 1 1n carbon disulphide and
at 835 cm.? 1n the sohd state.)

Fia 1. Infrared spectra of carbon dulphude, 3f-acetoxystigmasta.- 3 s2-dien,
Bf-acetovyehatest o  oncth phide, 35 acetow stgr

pregn-5-ene,
pregn-5-en-
en-17-one,

38 16a 20a-tr
one, 88 16a

went, uiiess mdieated otherwise. The abscissa grves wave numbers in cm.~1.
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The effects of structural changes closer to the double
bond are shown m Fig. 2. If an acetoxy group 1s introduced
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adjacent to the double bond no peak is obscrved near 800
em.L. If the nuclear framework 15 altered the two bands are
seen but their position is shifted. In dimethyl 88-acetoxy-
AS-ptiobilienate  (88-acetoxy-16:17-secoandrost-5-ene-16:17-
dioate) the strain at the juncture of rings € and D has been
released by cleavage. Diacetyldihydrojervine which con-
tains a S-membered ring C (Fried el al.,, 1951) shows even
Jarger departures from the normal pattern. Changes in the
substituent at C-8 had little effect on the lower frequency
band. In 88-hydroxy and 38-methoxy compounds (not shown)
the second band appeared near §07 em.!. In the absence of
polar groups near ring D, 1t was very weak and in cholesterol
it could not be seen at all. Since 1t 15 very desirable to base
the diagnosts of bond position on the coineidence of more
than one frequency it is preferable to examne m such cases
the acetylated rather than the parent steroid. However, hydro-
lysis to the free p 1 with ats ant spectral
change can furmsh valuable confirmation. The last two curves
n Fig. 2 represent 3a-oxygenated steroids. Since the effect
of epimenization at C-8 on the spectrum 1s profound 1t should
be noted that the o configuration of AS-unsaturated 3-ace-
tates most probably can be recogmzed by observations near
1,210 cm. * The stretching motions of the acyl-oxygen bond
of the ester group result m a single maximum in 38-acetoxy
Af-compounds (Jones et al., 1951) and a triple peak (1,255,
1,243, 1,229 em *) in epicholesterol acetate. (See also Furst
et al, 1952.) The spectra of 8§-chloro-Assteroids (Fig. 8)
agan are in accord with each other The curves are extended
to 750 cm.! to demonstrate another strong peak near 761
em.-! which should greatly facilitate the recogmtion of chlori-
nation m these compounds. The maximum shown by the
reduction products near 805 em. ! ought to caution against
accepting any strong peak observed with an unknown steroid
in this region as proof of a trmalkylated double bond. Qther
anomalies of this type will be found in Fig. 4, which presents
non-olefime sterowds and some with disubstituted or tetra-
substituted double bonds. None of these compounds is




16 H. HirscHMANN

expected to show strong absorption in this region and most
of them indecd exhibit only very weak maxima. An exception
is the rather strong peak of methyl 8e-acetoxychol-11-enate
at 834 em.l. Less pronounced but still well defined peaks

00 T 780em™ 150
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Fic. 3 Infra-red spectra of 8g-chloroandrost-5-en-17-one,
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are shéwn by isoandrosterone acetate, tigogenin acetate, and
Sﬁ~ucetoxycholqst~6-ene. None of these compounds, however,
exhibited the double peaks of the 38-acetoxy-AS-steroids.
“A more rigorous test of the specifiaity of this pattern
obviously requires the examination of the other trialkylated
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olefinic centres in the steroid molecule (Figs. 5 and 6). The
spectra of the A'-unsaturated compounds agree well with

840 830 820 810 800 790 cm™’
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that of “8"-ergostenol which was examined by the Manchester
group (Bladon ef al,, 1951a), The accord scems remarkable if

840 830 820 810 800 __ 790 80 770¢n
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the close proximity of functional groups to the double bond
18 considered and suggests that all three peaks may possess
diagnostic significance for the ethenoid linkage in'this position.
The five A-unsaturated compounds studied in the two labor-
atories are structurally less dissimilar. In the presence of a
3B-acetoxy group maxima were seen near 800, 829 and 816
em. . The A¥tD.unsaturated compounds showed o single
major peak between 800 and 840 em.-t, The most likely cause
for the shift of the maximum from 1ts position i Je-acetory-
androst-9(11)-en-17-one (822 e¢m.!) and 3f-acetoxy-22¢-5a-
spirost-9(11)-ene (821 cm. !} to that in methyl 3e-acetoxy-
eti-0(11)-cnate (828 cm.") 15 the configuration at C-5 since
another compound with normal configuration at C-5, 24
hydroxychol-9{11)-ene, has been reported to absorb at 827
cm. ! {Bladon et al., 1951a). Cis and irans 17-ethylenes are
represented by only one example (Fig. 6) The spectrum of
3a-hydroxy-pregn-17(20)-en-11-one resembles those of A%
3B-acetoxy steroids. If the same s true of its acetate, hydroly-
s1s should permit spectrographic differentiation. Otherwise,
no exception to the specifiaity of the twin bands of the A%
3B-acetoxy-steroids has been encountered. -

A simple At-unsaturated steroid, cholest-1-ene was re-
ported by Bladon and co-workers {1951a) to absorb strongly
at 810 em. 't A very similar spectrum is given by 38-acetoxy-
cholest-4-ene, 1ts parent hydroxy compound has only a weak
peak at 805 em.! while cholestenone and cholestadiene
showed little or no selective absorption between 790 and 845
cm.-%. This phenomenon, however, appenrs not to bea genetal
characteristic of conjugated systems smee ergosterol, with two
conjugated trialkylated double bonds, possesses two strong
peaks ot 801 and 836 em. *1n carbon disulplude. Itis possible,
of course, that the alefinic carbon-hydrogen bending peak in
cholestenone, for example, is not excessively weak but widely
displaced, The moximum closest to the one seen in cholest4-
ene, appeared at 778 cm ! and has its counterpart in the spec-
trum of 20e-acetoxypregn-4-en-3-one. Whatever the correct
interpretation, we must conclude that very weak selective
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absorption between 790 and 840 em.'? does not exclude the

presence of a trialkylated double bond if 1t 15 in conjugation or
partof anallylicsystemand that theeffect of structural changes
at the carbon adjacent to the double bond can be profound.

The overlap of band ntensities can pose real problems for
the detection of trialkylated double bonds if the maxima ean
occur anywhere within the very wide range in which therr
hydrogen bending freq are ly observed. The
possibility of musmterpretation will be reduced if the trial-
kylated olefinic centres of the steroid nucleus can be charac-
terized by absorption frequencies within narrowly defined
ranges. To illustrate the advance which can be made by a
more detailed analysis of band positions, I should hke to
present an example from the recent literature. Schmid and
Karrer (1949) observed (I-III) that the reduction of cho-
lesteryl toluenesulphonate with hthium aluminum hydride
yields 3:5-cyclocholestane and cholest-5-ene. VWhen the reac-
tion was repeated with the tosylate of pregn-5-en-36-0l-20-one
(Karrer et al., 1951) only one pure substance was 1solated after
the keto group at C-20 had been restored by oxidation. It
was beheved to be pregn-5-en-20. on the basis of its com-
position and the presence of a well established peak in the 12u
region. Comparison with the speetrum of cholest-5-ene, how-
ever, showed little simularity in this range. In particular the
maximum near 800 em.~? which has been observed in virtually

all AS-unsaturated compounds including cholest-5-ene was ~
absent in the spectrum of the alleged pregn-5-en-20-one. As.

we had no reason to believe that the exchange of an isooctyl
by an acetyl side cham could cause significant shifts of the AS-
bands, Dr. Daus undertook the preparation of pregnenone
by the conventional route via the chloride. The authentiaty
and punty of the final product is indicated by its rotation
which agrees well with the reference data of Barton and Cox
(1948) and was confirmed by reduction to 5a-pregnan-20-one.
Qur preparation melted 23° higher than Karrer’s product and
1ts transmission spectrum was very similar to that of cholest-
5-ene (Fig. 7).
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The diagnosis of the location of trialkylated double bonds
in the steroid nucleus by observations in the 12y region suffers
m its present state from two disadvantages, the occasional
appearance of faurly strong bands unrelated to the presence
of the double bond, and the rather large distances over which
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cholesterol  -I54° (B +79°
[l\/]] A%cholestene 207° | ML 1 18°
D 4145314 4+61°

*%

840 830 820 810 800 79|0cm" —
T T 7

¥ [
I \\ m
fﬁ N

Fia.7. Infra-red spectra of pregn-5-en-20-one prepared from V,
and of cholest-3-enc. The rotations are for solutions m chioro”
orm.

_




Inrra-Rop SPECTROscOPY 123

vicinal disturbanees can be effective. Interference from un-
related peaks can be reduced by observing speetral changes
upon reduction and other reactions The effect of neighbouring
groups will require considerably more study which, however,
may eventually repay in more detailed information about un-
known sterotds, With due regard to the possibility of such
disturbances, however, the twin bands near 800 and 812 ¢m.!
should prove useful for the characterization of A3-38-acetoxy-
sterords The procedure 1s fast and simple, adaptable to a
micro seale and, I behieve in contrast to rotational methods
and ultra-violet spectroscopy (Bladon, Henbest and Wood,
19513), applicable to mixtures of moderate complexify such
as may be encountered during the fractionation of natural
products or m the course of synthetic reactions. The obser-
vations on steroids with other tralkylated double bonds are
not yet numerous enough to warrant definite conelusions but
hold promuse of similar diagnostic possibihties.

[ SN P S
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DISCUSSION
CArpwELL® We have recently examined 2 large number of heart
poisons which, from thewr very msolubility in €S, and other solvents
L I al e el

nrre wanaceamdy had ta avamine in

only on & major band which, being absent 1 the patent hydroxy »
compound, 15 probably due to the acetate group. Thompson {nd
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(about +2 em 1) While bur observ_ahoys are not sufliciently varied or

acetates it aids rather than complicates the dlﬂgnosls of the 5 6 double
bond‘ I h efly f thn Teason th commended ‘the use, of
- tigiprhon

differences and the ease of dehydration are much more diagnostic of

that particular pomnt

Dr. Strauss and I have also examined the infra-red spectra of the
“g" and “g"-anhydro-dmitoxigentns and -digosigenins. The “g”-
anhydrogentns show no peaks m the 12, region and are A394? come-
e L G LTI I . B .

Barton' I would ke to say how interested I was in the vlcmal
effects that Tir Hireshmaonn monnrte

the diserepancies that he reports 1n his spectra
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. Hmscmum Tdo 1 we have data even
a between and the of infra-red shfts
similar to Dr. Barton's analysis of molecular rotation snomalies. In
our serleq, the mtemctmn between a 10a substltuent und the 5(6)
double bond 1 d stufts of of the
nature of the substituent, which varied from an ncelnvy group to a
methoxy to a benzyloxy.

BarTton: The othier point I'd like to ask you is thls. yuu ehowed
clearly that Karrer’s b wasn't the preg ‘hat do

spectrum but not by 1ts rotation, T would not Iike to propose this struc-
ture without further evidence.



SOME ASPECTS OF THE STEREOCHEMISTRY
OF C-20

W KLYNE

My reason for discussing the stereochemustry of C-20 at a
conf on adrenal ids is that the 20-hydroxysteroids
1solated from the adrenal cortex differ i configuration from
most of the 20-hydroxysteroids 15olated from other sources.
Until reeently there has been only one known instance of &
parrof 20-cpimers cxisting together in nature—viz. Reichstein’s
adrenal substances O and J (5a-pregnane-38:17a.20a-triol and
5a-pregnane-38:17a-208-triol) (Reichstemn, 1036; Steiger and
Reichstein, 1938}).

C-20 differs from all the nuclear carbon atoms in that its
asymmetry 15 of the tartamc acid type, with free rotation
about C-17-C-20 when this 1s a single bond. Any discussion
of the stercochemustry of (-20 must begin from the work of
Fieser and Fieser (1948, 1949) who first related C-20 to C-17.
Their arguments are so familtar that I will only go over them
briefly. (1) When a double bond A2 is formed by dehy-
dration of a 17-hydroxysteroid 1t 1s likely to give chiefly 2
trans-ethylene, with the methyl group (C-21) on the side of
the double bond away from the C ring (I), and only a httle
of the cis-ethylene (II), where the C-21 methyl 1s crowded up
agamnst C-18 and C-12. (2) Hydroxylation of the trans-ethy-
lene (I) by rear attack with osmium tetroxide must give II1,
a 17a:208-diol. Hydroxylation of the cis-ethylene IT would
give a 17a 20a-diol IV. This argument provided the first corre-
lation between C-17 and C-20 and has been generally accepted.

Lardon and Rexchstein (1951) pointed out that perhaps the
picture was not quite so stmple, as in some of Sarett’s work
mxtures of 17:20-ethylenes had been obtatned (Sarett, 1948,
1949),

conTt 127
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Anather line of evidence is available in the Dterature to
support the Fieser configurations, and consideration of the
stereochemistry required for elimination reactions would ex-
plan the anomalies to which Lardon and Reichstein drew

oy
s HO~C-H

ﬂm %—OH
H ——-

Hy I

AYSLrang 175 208-Diot
CH, :
i

CH;CH H-C-OH
~OH

H g N

AP0t 17520a-Diol

attention (Klyne, 1951). The new evidence regarding C-20
comes first from work on the crystal structure of cholesteryl
fodide by Carlisle and Crowfoot (1945). This showed quite
definitely that the relationship between C-17, C-20, C-21 and
£-22 in this compound (and therefore in cholesterol, chohe
acid and related compounds) was as in V—or its mirror image.
The side chain, C-22, ete., is thus a-oriented in terms of the
)
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Fieser convention. Cholanic acids can be degraded to the 20-
uyuru(y via bisnorcholanic acids and norcholan-

2-ones (Wieland and Miescher, 1919; Gallagher and Krit-
chevsky 1950); (Meyer, 1951). Perbenzoic acid oxidizes
ketones without rearrangement at the carbon atom where the
hydroxyl group is introduced (Friess, 1949; Turner, 1950;
Gallagher and Kntchevsky, 1950); therefore we should get a
20a-hydroxyl on oxidizing the normal 22-ketone. In fact we
do; so this independent line of evidence supports the Fiesers’
configurations. (Part of this argument has been suggested by
Hirschmann and Hirschmann (1950), and it has been used in
the reverse direction by Plattner (1951) to relate the configu-
ration of the steroid side chain to that of the 20-hydroxy-
sterods.)

20a-Tosylate 208-Tosylate

Views looking from C-20 to C-17

—— bonds of C-20
--- bonds of C-17
CHs CHy CH,
H H i
H--C—OTs - - C—
s /Ll: H__Ho-C—H
coon T et
N VAN /N
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Another line of evidence is available in the literature
support the Fieser configurations, and consideration of 4
stereochemistry required for elimination reactions would e
plamn the anomalies to which Lardon and Reichstem dre

’

™ '
woow T :
oL
H —
Y !
1 I
AV trans 17a 208-Drol
cH,
CH,-C;I ! . oH
BB
H g v
A0 17a 20a-Diol

attention (Klyne, 1951). The new evidence regarding C-2(
comes first from work on the crystal structure of cholestery
iodide by Carbsle and Crowfoot (1945) This showed quitc
definitely that the relationship between C-17, C-20, C-21 and
C-22 in this compound (and therefore in cholesterol, cholt
acid and related compounds) was as in V—or its mirror image.
The side chain, C-22, etc., is thus a-oriented in terms of the
i
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which give largely 208-hydroxy compounds are, first, plati~
num and hydrogen in acid (Marker et al., 1937; Meystre and
Miescher, 1916; Sarett, 1918, 1949). Here we can imagine the
molecule settling on the surface of the ecatalyst as shown at
X-X m formula XI (cf. suggestions by Linstead et al. (1952)
in connection with hydrogenation of aromatic compounds). In
the Meerwem-Ponndor{ reduction with aluminmum alkoxides
(for mechamsm see Woodward, Wendler and Brutschy, 1915;
Doering and Young, 1950) the reagent needs plenty of space
and presumably approaches from the direction of X-X Agamn
the products of reaction are mainly 208-hydroxy compounds
(Marker et al., 1941). Thirdly, lithium aluminium hydride in
most cases gives a very lugh proportion of 208-hydroxy-
steroid. This has been found with pregn-5-en-38-ol-20-one,
5a- and 58-pregnan-38-0l-20-ones (cf. Klyne and Miller, 3950,
Ott and Murray, 1948). If, however, Iithum aluminum
hydride is used to reduce a 17a-hydroxy-20-ketone {Hirsch-
mann, Daus and Hirschmann, 1951; Brooks and Klyne, 1952),
the products are chiefly 17a2.20qa-diols. I suggest that this is
because the first action of the hithum alummium hydride 1s
to react with the free hydroxyl group at C-17 Then if the
remams of this AlH, group react with the 20-ketone the
latter must do so with ketome oxygen ponting to the rear,
giving 17a:20a-diol (XII). (Regarding the mechamism of
reductions by hthwum aluminium hydnide see Trevoy and
Brown (1949), Kenner and Murray (1950). )

There 15 only one reagent which in normal conditions gives
a preponderance of 20a-hydroxysteroid—sodmm and aleohol

X /ATH2
e\ &)
AN Attack /M
- ~, of - ~,
137 ‘%\ \H reagent 13 ~i5
Me

>

X Xu
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The allotment of configurations to the A9 ethylenes
formed from 20-hydroxy compounds by dehydration
follows very simply from the need for trans-elimination in
bimolecular elimination reactions (cf, Dhar, Itughes, Ingold,
Mandour, Maw and Woolf, 1948; Barton, 1950). Thesc dehy-
drations are carried out by heating 20-tosylates with tertiary
bases. The 17a-hydrogen atom 1s removed by the base, and
for an E2 reaction to occur, the 20-tosyloxy group must then
be sticking forward as shown in VI (20a) or VII (208). For-
mation of the double bond in the first case (20a) will give
largely I (trans-cthylene; of. Hirschmann, 1941). The 208
tosylate gives largely ITI (cis-ethylene; cf. Sarett, 1048, 1949).
A hink between the 17:20-diols and the 20-hydroxy compounds _
not carrying an hydroxyl group at C-17 was provided by -
Sarett (1919) who obtained from a 17«-hydroxy-20a- tosylate
VIII & 17e 208-oxide TX, and then spht this to give a 208+
hydroxy compound not earrying an hydroxyl at C17 (X).
Klyne and Barton (1949) almost simulfaneously presented
optical rotation evidence which is in agrecment with these
findings.

Conformations of the Side Chain

T want now to turn to a number of reactions whiel suggest
that there are preferred conformations for a two-carbon side
chamn attached to C-17 by s Single bond * (I shall consider
only the normal 178- side chain.)

Frrst let us consider reduction of a 20-keto group. In three
cases where reduction 15 by hydrogen and catalyst or 2 reagent
of large molecular size, the prineipal ssomer formed 15 the 208
hydroxy T 1. These exp al facts appear to give
some ground for assuming that 20-ketones tend to react in
the conformation XJ; this scems the least hindered confor-
mation when Stewart models are considered. The reagents

A s lenmprtant camos of nanerd by (ram N J .
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have shown that a quantitative yicld of the 17a ketone is
formed, Perhaps in the discussion someone can explain this.

Views from behung C-20 Jooking towards C-17.

In the case of the isomeric free 178-aminomethyl-17a-
hydroxy 7 d (XVII), h , the rear in-
volving the 16 17 bond seems likely tu be severely hindered
and we ought to get the 13,17 bond moving, to give the 17-
ketone (XVIII > XIX).

XX

I now come to the dehydration of 17-20-diols, which may
ultimately have some direct bearing on the chermstry and the
determination of adrenal metabohtes. I was led to consider
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il

(Marker et al., 1927; Meystre and Miescher, 1946).> This might
be expected to give the isomer of lower energy content—as it
does with cychce compounds (cf. review by Barton, 1950).
Whilst in nuclear positions the less stable polarhydroxyl groups
are epimerized by heating with alkali, 20-hydroxy] groups are
not (Marker e2 al., 1987; Klyne and Miller, 1951, unpublished
results on 208-hydroxy compounds). i

In the hydroxylation of a A20(20 ethylene we find that
204a:21 and 208:21-diols are formed 1n about the same propor-
tions. Presumably when one group attached to C-20 is small,
e.g. a hydrogen atom, we have no greatly preferred confor-
mation.

Rearrangements of 17 : 20-Disubstituted Steroids
We will next ider some rearrang ts of 17:20-disub-
stituted compounds which lead or may lead to D-homo com-
pounds by ring enlargement. One of the best known of these,
the Tiffeneau reaction with 17-aminomecthyl-17-hydroxy
compounds (Goldberg and Monnier, 1940; Gofdberg and
Wydler, 1943; Prins and Shoppee, 1946), was often carried out
with mixtures of starting matenals obtained from mixed eyanr-
hydrins and gave mixtures of 17a-ketones and 17-ketones of
the D-homo series. Recently, however, Heusser, Herzig, Furst
angd Plattner (1950) showed that it was possible to obtain the
17a-cyano-178-hydroxy compound m a pure state and reduce
this by lithium aluminium hydride to the 17a-armomethyl-
178-hydroxy-compound (XIII); this, either m the free state or
as its oxazolidine derrvative with acetone, rearranges with
nitrous rexd to give the pure 17a-ketone (XIV). These pinacol
type rearrangements require trans geometry between the
heteroatom which is released and the carbon (with its elec-
trons) which moves over to take its place, Now 1t appears
“ from the models that m XIIT the C-20-N bond can easily he
trans to the Cy5°Cyy bond XV or trans to the C-16-C-17 bond
XVI. Rearrangements m these two positions would give 17
and 17a D-homo ketones respectively, In fact Heusser ef al.,
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therefore seemed reasonable to postulate as a hypothesis that
the urane derivatives might arisc in the mare by rearrange-
ment in vire of Sa-pregnane-17a:208-diols to 17-methyl
D-homoandrostan-17a-ones—followed by reduction. Refer-
ence to the literature produced no proven examples of this
reaction in vilrg, but two examples which show there 1s much
still to explam about the reactions of 17:20-diols. Steiger and
Reichstein (1988) heated Substance J (5a-pregnane-38:17e:
208-triol) (XXI1I, R =H) with methanolic H,SO, mn the hope
of obtaining the 20-ketone. This was formed, but could be
isolated only after Girard separation in about 10 per cent
yield. The non-ketonie fraction was not studied. Prins and
Reichstein (1940) treated Sub ce K {5a-f 38:17a:
208-21-tetrol) (XXIII, R=0H) with HCl m boiling elh’mol
and obtamned after acetylation a compound which they sug-
gested mught be a hindered ketone as it did not form 2 semi-
carbazone.

T have made preliminary experiments with the Sa-pregnane-
8B.17a:20a(and 208)-triols (Substances O and J), treating them
with aeid 1n the conditions used by Steiger and Reichstemn
{1938) and followmng this by Girard separation. Each of the
two substances gives the 20-ketone, but i small yreld (about
15 per cent). In the “non-ketome” fraction each gives some
unchanged triol (the 208 1somer gives about 30 per cent) and
two compounds (one from each 1somer) which from their chro-
matographic behaviour might be diols or hydroxyoxides.
Infra-red exammation (by Dr J. F. Grove and Dr. L. A,
Duncanson of Messrs. Imperial Chermical Industries, Welwyn,
Herts) shows that they are not hindered ketones. The com-
pound obtained from the 20a-1somer 1 45 per cent yield gives
analytical figures in fair agreement with those required by
Cy11,,0,, [a]lp = —48° in chloroform, m.p. 179-182.° The
compound obtained from the 208-triol in 10 per cent yield has
{a]p = —50° 1n chloroform, m.p. 128-180° and 1s not identical
with that from the 20a-triol. Both these non-ketome products
give yellow colours with tetranitromethane and are therefore
unsaturated Another ketonie

d from
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this problem by the peculiar nature of some sterords of preg-
nant mares’ urine on which we have been working at Hammer-
smuth (Brooks, Klyne, Miller and Paterson, 1852). Mares’
urine differs from human pregnancy urine in that it contains
urane derivatives, which we have shown are D-homosteroids
(ef. XXT) (Klyne, 1950; Klyne and Shoppee, 1952), and also
208-hydroxysteroids. Now as far as I know no 208-hydroxy-
steroid has ever been reported from human urine, and urane -
derivatives have been obtained from this source only in traces.
1t therefore seemed worth speculating on a possible connection
between urane derivatives and 208-hydroxy steroids.

' 0 o
HOg | 2 HO |
> .. — (4 . 4
(20 i [ e
H Me B
xx1 X
17a.208-Diol 174 20e-Diol
Not favoured conformation
GHR
HO-C-H
H ! paul

H

A reasonable route for the formation of 17-methyl-17a-
ketones of the D-homo series would be by a pinacol type
rearrangement of 17:20-diols as previously discussed for the
90-amino-17-hydroxy compounds. Examnation of Stewart
models shows that only & 17a-208-diol would be at all comfort-
able n the trans conformation (XX) required for this re-
arrangement (to XXI); a 170:20a-diol would not (XXII). It
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. however, one 208 compound (5a-pregnane-38:208-diol) is a

" major constituent of the diol fraction, and another (5a-preg-
nane-38:16a:208-ttiol, Haslewood, Marrian and Smith, 1934
Hirschmann, Hirschmann and Daus, 1949) is present in the
tnol fraction.

Two 20-hydroaysteroids solated from cows’ bile (Sa-preg-
nane-38.208-diol, Pearlman, 1914, 1946; pregnane-3c:208-
diol, Pearlman and Cerceo, 1948} are both 208.

All the 20-hydroxy compounds so far ssolated from adrenal
extraets are 208 except for Substance O, which 15 20a  (For

" reviews sec Reichstein and Shoppee, 1943, Heard, 1918.)

1 hope that these somewhat speculative :deas on reactions

at C-20 will provide materal for discussion
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the 208-triol (in 85 per cent yreld) has not yet solidified. So far
there is no indication that the expected rearrangement of the
20f-triol to a 17-methyl-17a-ketone (XXIT) occurs.

If I may offer a guess as to the nature of these unsaturated
compounds obtained from the two triols, I would suggest
that they might arise by a retropinacoline rearrangement
involving C-17 and C-13 like that discussed by Miescher and
Kégi (1949). These workers nvestigated the y-androstene
derivatives obtamed by acid rearrangement of 17a-hydroxy
steroids not carrying an alkyl group at C-17 (XXIV); they
suggested that these y-compounds were 17-methyl-13-nor-
AN compounds of type XXV formed by a retropina-
coline rearrangement. It may be noted that in XXIV the
13B-methyl and 17a-hydroxyl are antiparallel.

Ho .
XXV XXV .
CHOH.CH,
7 ~Bg-CHOHCH,
XXVI XXvI

If the rearrangement products of the 17a:20a and 17a:208-
diols (XXVI) anise 1n a similar way they might be 17-methyl-
18-nor- A1) or A1219gteroids (XX VII or 1somer). I hope
to investigate this problem shortly.

Configuration of 20-Hydroxyl Groups in Natural

Products . .
In all 20-hydroxysterords of human urine the configuration

is 20a (for review see Pearlman, 1948). In the pregnant mare,

.
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Kry~te Yes, I think it 1s quite possible. That's one of the reasons
why I'm heen to go on with tlus work, because it does seem to provide
us with some of the simplest reference substances to play about with.

Marrian: If that were so, then the rearranged compound would still
have the e-glycol side cham, and should still be formaldchydogenie.
Actually the 17-hydroxy adrenocortical steroids lose their formalde-
hydogentc properties on heating with acid.

Kry~Nr- Surely you would get quite a different picture with a ketone
at C-207

Marniay. Yes, T suppose you might

Krynr  I’'m afraid at the moment I haven't censidered ali the
possibilities that might anse there.

CampwELL Ts there no evidence i the infra-red of any hydrogen on
that double bond i your compound XXVII?

Kuyne, No

Carpwern I presume that you haven't oxidized up to the ketone?

Kry~e. Ny
CarpweLr  That would he a crucial test, you would not be able to
- H o5 R

. rated com-
K e,

Kuyne: No, I haven't

RuicnsteiN: What conditions did you use i the acid treatment?

Kiyne We used sulphuric acid 1 aqueous methanol, i exactly the
same conditions as you used with Dr Sterger for Compound J, I de-
liberately chose the same conditions as you had used there

Rexciistriy Do you hnow how strong 1t was?

KLyNr. About 5 percent But when we've got more of the two triols,
we’ll certamly continue the work with different condittons

' \

proumity of the two ester groups It was reasoned that the 20p-
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DISCUSSION
Marnian: I would like to start off with a theory myself. Have you
considered the possibility that the known acid-instability of the 17-
hydroxy cortreal hormones might be due to a rearrangement sinular
16 what you have just described?
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XKeynr: Yes, I think it is quite possible. That’s one of the reasons
why I'm heen to go on with this work, because it does seem to provide
us with some of the simplest reference substances to play about with.

Marrian: If that were so, then the rearranged compound would stil
have the a-glycol side chain, and should still be formaldehydogeme.
Actually the 17-hydroxy adrenocortical steroyds lose thewr formalde-
hydogenic properties on heating with acid,

KLYNE: Surely you would get quite a different picture with a ketone
at C-20?

Marriax, Yes, I suppose you might.

Kivye: I'm afraid at the moment T haven’t considered all the
possibilities that might anse there

CarpwrirL., Is there no evidence 1n the infra-red of any hydrogen an
that double bond 1n your compound XXVII?

Kuvne, No

Canrpwrirs I presume that you haven’t oxidized up to the ketone?

Kryne. No.

Lo
pound XXVII? '

KEuvne No, T haven't

Rercustrin What conditions did you use 1n the acid treatment?

KLynE. We used sulphune acid 1n ‘aqueous methanol, in exactly the
same conditions as you used with Dr Steiger for Compound J, I de-
liberately chose the same conditions as you had used there.

Rercustrine Do you know how strong it was?

Krvnr: About 5 per cent. But when we've got more of the two triols,
we'll certamly continue the work with different conditions,

i .

we father noted that the sotvolysis rate of &
18a-acetoxy group seemed to depend very markedly on the configura-
tion of the acetoxy group at C-20 The 16a-acetoxy group was readily
attacked 1f the 20-ester had the § configuration but Tather slowly 1f 1t
had the o. This was imterpreted as sterc hindrance caused by the
provimity of the two ester groups It was reasoned that the 206-
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There is another example which has puzzfed some mvestigators and
which can possibly also be explamed on the basis of steric repulsion of
‘th? methyl groups at C-13 and C-20. I am referring to the different

. . i i

chem, Soc , 64, 1653, Marker, R. E , Jones, E. M., and Krueger, J., 1940, '
ibed., 62, 2532; Marker, R. E., and Rohrmann, E., 1939, thid., 61, 846)
The nature of the stereorsomerism of these two types of furostan
derivatives is not known but 1t must coneern the configuration of either
C-20 or C-22 or of both, It 1s very likely that £-20 is involved, sincea

Dr. Klyne has put forward a very ingentous hypothesis to explain
the Ingh yields of 20e-hydroxysteroids that have been reahized when
certain 17a-hydroxy-20-ketones were reduced with Iithium aluminum
hydnde. The concept, however, seems to need some modification
10 account for the reported failure of 8-ethoxy-17a-hydroxy-21-acetoxy-
pregna-3 5-dien-20 to yield pregn-d-ene-17a-20a:21-triol-3-one di-
acetate. If the proximuty of another reacting group (2l-acetoxy) i3
responsible for this, 1t is not readily understood svhy this compoun
was obtained 1n substantial (36 per cent) yield when (3-ethoxy-16a-17a-

ido-21 3:5-dten-20)- was jected to the same

1 o (bthium fum hydnde, hydrolysis, an
acetylation) (Julian, P. L., Meyer, E, W., Karpel, W. J., and Cole, W.,
1951, J. Amer. cherr_z. Soc., 73, 1982.)

. LI e
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tuted ethylenic bonds that Dr. Henbest has been investigating.
‘With regard to your mechanism for L|A1H mducnan and the effect of

the 17-hydroxyl group, this 18 to the effect that
we get in the acetylene series \vllere we have an acetylene carbinol.
a yl group a to the tnple bond are

reduced to give the trans-olefines, and the mechanism may be similar
10 the one operating here. You get the sterie effect as the result of the
formation of a complex.

FiesER. ¥ mght say that I have no strong opinion on this question.
1 only hape the matter is completely settled by the time we have to do
our pext book!



THE CHEMICAL ACGTION OF X-RAYS ON
SOME STEROIDS IN AQUEOQUS SYSTEMS

JOSEPII WEISS

TuE chemical action of X-rays represents an entirely new
attack on the steroid molecule, Before disenssing this 1 will
give a brief outhne of the general principles underlying this
work,

At first sight 1t may seem rather surprising that there
exists no published work on the radiation chemustry of steroids
prior to the present investigations, particularly 1 view of the
great interest in the biological action of X-rays and the fact
that the biochemistry of steroids has become very important,
e.g. 1n relation to the problems of cancer. The reason for this
is perhaps not too diflicult to understand. Thus, while one
possesses a perfectly good and clear thearetical basis for
photochemical processes, provided, i the first instance, by
Einstein’s {aw of photochemical equivalence, such a principle
was entirely lacking with regard to the chemitcal action of
1onizing radiations. In fact, until relatively recently, the
effects of iomzing radiations were considered to be purely
‘“physical” in nature and their action on hving tissues was
looked upon as a destruction of certain sensitsve “targets” in
the cells by the bombarding particles (electrons, etc ). Subse-
quently, when some chemical actions of romzing radiations
had become known it was assumed that specially “activated”
molecules were formed, peculiar to these ionizing radations,
which did not occur under any other conditions (e.g. the hypo-
thesis of the ‘“‘activated water™). Thus, in a way it was a
somewhat unrewarding task to study these chemical actions,
which appeared to be outside the realm of ordinary chemustry.
This belief was, m a sense, supported by some catly experi-
mental observations which scemed to show that in the case of

142
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more complex organic molecules irradiation nearly always led
to far-reaching destruction and degradations. On studying
this problem (Weiss, 1944) we arnved at the conelusion that
the processes of excitation and iomzation, which had been
well-known to physicists, should lead to relatively simple
chemical changes. In fact, we were soon able to show that
these radiations can produce well-defined chemical transfor-
mations even m relatively complex orgame molecules, and
this has led also to a new approach to the biclogieal action of
these radiations.

It is important to remember that, 1n spite of a certain
parallehsm, there 1s a very fundamental difference between
the action of 1omizing radiations (radiation chemistry) and
photochemistry. In the latter case, the absorption of light
1s generally very specific and 1s connected with a certain mole-
cular species, or often even with a defimte bond system (as
1llustrated, for instance, by the well-known conversion of ergo-
sterol into vitamun D,). On the other hand, the absorption of
10nizing radiations 1s non-speaific, and is essentially a mass
effect. Therefore, in dilute solutions, where there are a great
number of solvent molecules and relatively few solute mole-
cules, most of the primary processes induced by the radiations
will take place i the solvent, where the greater part of the
radiation is absorbed.

In the case of agueous systems, which are of partienlar
interest, we arnved (Werss, 1944, 1947a, 1947b, 1949) at the
conclusion that the processes of excitation and ionization
eventually lead to a scission of water molecules according to
the net process —

H,0 —~> H + OH (1)

with the formation of hydrogen atoms and OH radieals,

If this view 15 correct one should not only be able to bring
about destructive oxidations (imtrated, e.g., by OH radicals)
but it should also be possible to carry out simple synthesis
by introducing OH radicals into more complex molecules.
This indeed proved to be the case: m the first mnstance we

comtr n
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carried out some experiments with aqueous solutions of
benzene and were able to show (Stein and Weiss, 19484, 1949a)
that irradiation of these solutions by X-rays (with the ex-
clusion of atmospheric oxygen) leads to the formation of
phenol and dipkenyl, which were 1solated from the irradiated
solution and fully 1dentified by the usual methods. As the
solvent here was the only source of oxygen this shows very
clearly that the OH radicals must have been produced from
the water, according to eqn. (1). Furthermore, the formation
of diphenyl indicates clearly that one is dealing with a free-
radieal mechanism which can be briefly described by the
following equationsi— -

O + OH — O + H0 {2a)

OH
© + OH ~— O @)
O —~0O0 -
@- + O —(c), +H [B)

and which has been discussed more fully elsewhere (Stein and
Weiss, 1918a, 1949a).

It is of interest to note that very similar reactions oceur
when benzene 1s allowed to react with OF radieals produced
chemically, for instance, by means of the system hydrogen
peroxide~—ferrous salt (Fenton’s reagent) where, according to
Haber and Weiss (1934), the OH radicals are produced accord-
ing to the reaction:—

Fer* + H,0, — Fe3* + OH~ + OH )

\
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Béfore passing on to the discussion of steroids, I should like
to mention that a more detailed study of the hydroxylation
of benzene and of other simple benzene derivatives {nitro-
benzene: Loebl, Stein and Weiss, 1919, 1950, phenol: Stein
and Weiss, 1951; benzoie acid: Locbl, Stein and Weiss, 1951;
etc.: Johnson, Stein and Weiss, 1851) has.revealed a certain
sinularity between hydroxylation in vitro by OH radicals and
the metabolic hydroxylation of these compounds, which has
been studied particularly by R. T. Williams et al. (1950), For
instance, one of the more striking facts is that the m-dihydroxy
derivative (resorcinol) is formed neither in the biological oxi-
dation of phenol nor in the oxidation by OH radicals (Garton
and Willlams, 1949). Further work has shown that the simi-
larity between certain biological oxidations and those pro-
duced by OH radicals 1s not confined to these systems: we
have found, for instance, that OH radicals can deamnate
amino-acids (Stein and Weiss, 19485, 1949b) and (in the
presence of oxygen) this can lead to the formation of the
corresponding keto acids (Johnson, Scholes and Weiss, 1951)
{e.g. alanine is converted mto pyruvie acid); a similar paral-
lelism has been observed in a number of other cases.

Whereas OH radicals are generally oxidizing, the hydrogen
atoms which are formed simultaneously (eqn. 1) generally ex-
hibut reducing properties. Thus, the above theory can aceount
also for the previously known oxidizing and reducing actions
of iomzing radi in simple ganic systems (cf. Lea,
1946), ‘

In the presence of molecular oxygen it is well-known that
hydrogen atoms react very efficiently according to:—

H + 0,—> HO, (3a)
leading to the formation of HO, radicals, which are themselves
oxidizing radicals and which, under suitable conditions, can
also lead to the formation of hydrogen peroxide aceording to:—

2HO, —» H,0, + 0, (5b)
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This reaction is generally responsible for the formation of
hydrogen peroxide, which is often found in the action of
X-rays on water.

In the experiments with steroids, reported below, we have
always worked in the presence of oxygen so that we have
generally only to consider oxidizing actions of OH and HO,
radicals.

Cholesterol and 38-Hydroxypregn-5-en-20-one -

The first compound which we mvestigated in some detail
was cholesterol (I) 1n aqueous solution (Keller and Weiss,
1950a, 1950b). This was accomphshed by irradiating cho-
lesteryl suecinate (III) (sodium salt). On irradiation with
X-rays (200 kV) with doses of the order of 10® r, we found
that a defimite chemical change was brought about, and we
were able to 1solate, by means of elution chromatography,
a number of crystalline products. Our aim was, 1 the first
instanee, to establish with certainty the nature of the products

I, R=R'=H
T, R-Ac, K-H
RS T T, R=R=Ac
HO "
o II,R=H
1, R=H Ro- W,R=Ac

1, R=0C cnfcu, co Na
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formed, and in all cases re}'mrted here we have isolated the
reaction products, and all the crystalline products have been
identified and fully characterized by the classical methods
{melting pomnt, derivatives, optical rotation, ete.).

In the case of cholesterol we found that the OH radicals
attack the molecule, leading to (1) hydroxylation of the 5:6
double bond, and (i1) attack in the 7- position. Having thus
established the products in purely aqueous systems we in-
vestigated sol s of cholesterol in ag acetic acid,
where we found similar products, apart from certain acetyl
derivatives. We then carried out some experiments on 38-
hydroxypregn-5-en-20-one (IX) (Keller and Weiss, 19505),
which gave results somewhat similar to those obtained with
cholesterol, at least from a qualitative point of view, This is,
of course, not surprising in view of the fact that these two
molecules only differ in their side chains.

The experimental results regarding these two compounds
are summanized in Table I and are briefly represented by the
reaction scheme on p. 146,

The formation of the triol can be explamed, in general, by
the successive addition of hydroxyl radicals to the 5:6 double
bond according to—

S e O Y
" b Hod h ) "

1t 15 of some interest that we have found no evidence for the
formation of an epoxide under the conditions of the expen-
ments reported above. In fact, a preliminary study of this
problem has led to the conclusion that the action of free
radicals, such as OH (or CH,C0O0) should lead directly to the
dihydroxy or possibly to hydroxy-acetoxy compounds respec-
tively, while primary epoxide formation generally seems to
be the result of the attack by an 10nic reagent such as CH,CO*
or HO; on the (C=C) double bond.
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As shown in.Table I in the case of cholesterol, as wel} as
the triol, the 7-ketone HLias also been found, This we have ex-
plained tentatively by a repeated attack of OH radicals on
the 7-position (possibly through the intermediate formation
of a 7-hydroxy compound), while in the presence of atmos-
pheric oxygen there 1s also the possibility of a reaction accord-
ing toj—

LA (o [H o) [, !
senc=¢ O sememey” L scuc— RH_ > Cag J—
36 INH <0,- OH

—_— >c-c-é-o +HO

It appears, however, that 1n the relatively concentrated acetic
acid solutions one must take into account also the reactions of
(CH,CO) radicals and possibly also of the CH,CO* -jon, in
order to explain the formation of the acetyl dervatives which
have been found, although the detailed mechanism has not
yet been fully established.

As will be seen from Table I, among the substances which
have been found is cholestane-38.5a:68-triol, which may be
of some nterest since this compound has been isolated from
arteriosclerotic aortas (Hardegger, Ruzicka and Tegmann,
1943) as well as from pigs’ testes (Ruzicka and Prelog, 1948)
and from beef iver (Haslewood, 1941). Likewise the 7-ketone
appears to have been found 1n bulls’ testes (Steinmann, 1943)
and mm pigs' testes (Prelog, Tagmann, Licbermann and
Ruzicka, 1947)

Although relatively large doses of X-rays had to be em-
ployed 1n this work in order to isolate crystalline products,
the relatively good yields and excellent recovery and the com-
paratively simple chemical changes invelved, make it probable
that essentially the same substances could be formed with

very much smaller doses, as used under biological con-
ditions.
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Cholic Acid (Keller and Weiss, 1951a)

An approximately 0-5 per cent solution of the sodmm salt
(XTI) was irradiated with a dose of about 10¢ r of X-rays
(200 kV). On elution chromatography after methylation of
the crude product with diazomethane, about 80 per cent of
the starting material was recovered; and of the two oily frac-
tions which could be 1solated one of the fractions (~ 7 per cent)
gave a crystalline product after acetylation which was shown
to be methyl 8x:12a-diacetoxy-7-ketocholanate (XIII). Hy-
drolysis of this product gave 8a:12a-dihydroxy-7-ketocholanie
acid (XIV), which therefore must be the substance onginally
formed.

TLReNa I R=Me, Kehc
XZR=R=H

The formation of this substance is of some interest because
this keto-acid appears as an intermediate in the biological
oxidation of cholic acid by Alkaligenes feecalis (Hohn, Schmidt
and Hughes, 1944} and this demonstrates again that the action
of OH radicals (e.g. produced by X-rays) is similar to the pro-
cesses 1n certain biological oxidations. This observation may
also shed some further light on the mechanism of the oxidative
attack m the 7-position, as in the present casc the transfor-
mation of the CH.OH group into the keto group should corres-
pond to the following two stages:—

. H) ~OH - Ho
>CHOH —= >CL_ foH) >, —= >C-0 + H
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(Estrone (Keller and Weiss, 1951b)

(Estrone {XV) was irradiated in (@) alkaline and (b} aqueous
acetic acid solution, with X-rays (200 kV) in the manner des-
cribed previously (Keller and Weiss, 19505). In both cases
we were able to isolate a crystalline compound, in a yield of
about 3 per cent, correspond to the fc la C,,oIE5:0,
(m.p. 311°-318°) which suggested that this substance was
related to one of the lactones prepared previously by Wester-
feld (1942) or Jacohsen (1947). Although the melting points
piven for these lactones were somewhat hugher (334°-339°),
when we repeated the procedure of these authors we found
that the lactones thusprepared melted at 310°-812° (decomp.)
(Kofler block) and that there was no depression of the melting
point on mixing them or their acetates and also the optical
rotations were the same in all cases {({e]% + 80-8° 4+ 4% in
pyridine). Thus, 1t appears that these lactones are themselves
1dentical, and also identical with the radation product. Of

Ko
WY b e
H
R puid

the two possible structures suggested by Jacobsen (1947) and
Westerfeld (1942) respectively, we think that the former strue-
ture (XVI), 1s the more probable one for the reasons given
previously (Keller and Weiss, 19515). It s of interest to note
here that there 1s no attack on the aromatic nucleus although
in view of the results obtained with simple benzenoid com-
pounds one might have expected some further attack of the
aromatic ring. One 15 therefore led to conclude that the 5-
membered ring 1s much more reactive towards OH radicals
and thus, in a sense, the attack by the radicals shows a certain
“specifieity”, as we also found in other cases.



Cholic Acid (Keller and Weiss, 1951a)

An approximately 0-5 per cent solution of the sodlum salt
(XII) was irradiated with a dose of about 10° r of X-rays
(200 kV). On elution chromatography after methylation of
the crude product with diazomethane, about 80 per cent of
the starting material was recovered; and of the two oily frac-
tions which could be 1solated one of the fractions (~7 per cent)
gave a crystalline product after acetylation which was shown
to be methyl 3a:12a-diacetoxy-7-ketocholanate (XIII). Hy-
drolysis of thts product gave 8a:12a-dihydroxy-7-ketocholanic
acid (XIV), which therefore must be the substance onginally
formed.

T, R=Na. T R=Me, Rohe
TTR=RH

The formation of this substance 1s of some 1nterest because
this keto-actd appears as an intermediate 1n the biol
oxidation of cholic acid by Alkaligenes feecalis (Hohn, Schmldt
and Hughes, 1944) and this demonstrates agamn that the action
of OH radicals (e.g. produced by X-rays) 1s similar to the pro-
cesses in certain biological oxtdations. This observation may
also shed some further hight on the mechanism of the oxidative
attack in the 7-position, as 1 the present casc the transfor-
mation of the CH.OH group into the keto group should corres-
pond to the following two stages'—

. oM 5 e
seron —= >, > >C=0 +HO
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which had been obtained previously. The irradiation in meth- .
anol under conditions similar to those described previously.
(in the presence of air) gave a yield of about 5 per cent of
8B:78-dihydroxycholest-3-ene (XVII).

TR~ CH,
IX +R=COMe

Suk

tly, we investi d the rad cbemlstry of
cholest- 4 ~en-8-one (XVIII) which seemed of interest in view
of the simlanty of its skeleton to progesterone and other
steroids of biological importance. In this case we were able
to isolate one crystalline product from the irradiated solution
which, on recrystallization from methanol (needles, m.p.
186°~192°), was 1dentified as 68-hydroxycholest-4-en-3-one
1(XX) (Ellis and Petrow, 1839) with m.p. 192°. Tt was further
identified by prepamng the sermcarbozone, Refluxing the
hydroxy compound 1n 90 per cent ethanol with a few drops of
cone, HCI gave 8.6-diketocholestane (XXI) which on re-
crystallization from ether-petroleum gave needles m.p.
167°-171°, not depressed on admixture with an authéntic
specimen, kindly supplied by Professor V, Prelog, This com-
pound showed only negligible absorption in the region 230
250 mp. and was further 1dentified by means of the dioxime.
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On physico-chemical grounds this is not entirely unex-
pected: the reaction velocity is given by a general expression
of the form:—

reaction velocity ~ 4 , e~ ¥/RT .

where 4 is governed by the number of collisions and by a
probability factor (which includes, e.g., sterie effects), generally
independent of the temperature, and where the energy of

activation (E) enters exponentially. Thus, even a relatively
small difference in the activation energies of two reactions

may make a big difference in the corresponding reaction
velocities and may lead to the result that the attack is prac-
tically entirely directed towards a particular centre of the
molecule. v

Other Steroid Hormones

Most of the work reported above has already been published
in detail. I should like to discuss briefly some of our as yet
unpublished work, carried out 1 collaboration with Dr. M.
Keller and Mr. B. Coleby, relating to some other steroid hor-
mones and related substances.

Experiments with these substances in aqueous media were
on the whole not very successful because we were unable to
jsolate well-defined crystalline products, but we are hoping
now to identify some of the compounds formed by means of
paper chromatography. Subsequently we found that on irra-

diating these substances in methanol solutions crystalline pro- |

ducts could be obtained.

At present very little 1s known about methanol as a solvent
in radiation chemstry. Itis very likely that OH radicals are
again produced and we are at present engaged on a more
detailed investigation of the irradiation of methanol itself.

e e et

~ 18 emn 4 maenn o #ha pesults which we -

of these steroids

H -d out again some

experiments with cholesterol and here we were able to isolate
7-hydroxycholesterol as well as the triol and the 7-ketone
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form and treatment even with dilute acids did not scem advis-
able in this case in view of the relatively labile side cham, We
have, however, been able to isolate one crystalline substance
from the irradiated solution of cortisone, which was 1dentified
as adrenosterone (androst-4-ene-8:11:17-trione). This could
be formed by the oxidative sphtting off of the side cham, but
it is rather uncertain yet whether this is a genmne product
of the irradiation.

The action of ionizing radiations on sterols, that is the
attack of sterol molecules by free radicals produced, e.g., by
the action of X-rays, represents a new and interesting field,
particularly as we have been able to show that, in many cases,
compounds are formed which are very similar to those formed
in certain biological oxidations.

However, this does not necessarily imply that OH radicals
are operative in biological oxidations although this 1s eertainly
not impossible 1n some cases 1n view of the fact that, e.g., the
system hydrogen peroxide-catalase can bring about oxidation
of a number of suhstrates under switahle conditions.

Although the actual rdle of OH radieals m hiological oxi-
dations is not known at present, the close parallelism between
biclogical oxidations and the frec-radical reactions suggests
very strongly that many biological oxidations proceed by a
umivalent mechamsm, This may be due either to an attack by
a free radical (e g. of the type -0X), by radical 10ns, or by
suitable metal ion complexes (Me*® Compl.), which in general
will also lead to a umvalent attack. The general reactions
relating to these processes may be represented schematically
by the following equations:—

RH +-0X — R +XOH (6a)
R- +.0X ' —> ROX (6b)

RH + (Me™.Compl) —> RH* + (Mc®9*.Compl) (7a)
RH+ — R~ + H+ (7b)
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. Wealso studied the action of X-rays on progesterone (XIX)
in methanol. In this case we were not able to isolate a crystal-
line hydroxy compound but after isomerization in ethanol
(with a few drops of HCI) we obtained 5a-pregnane-3 6.20-
trione (XXT; R=C0.CH,)} which on crystallization from ace-
tone-ether gave short prisms, m.p. 226°-230°, not depressed,
on admixture with an authentic specimen kindly supplied by
‘Winthrop-Stearns Inc., Rensselaer, N.Y. Thus, m both these
cases hydroxylation 1n the 6-position has taken place.

This 1s of particular interest because it has been shown
recently that brological hydroxylation can also take place in
the 6-position (Haines, 1952}, and is not confined to the pre-
viously found attack in the 11-position. From the work of
Ehrenstemn (Ehrenstein and Stevens, 1910, 1941; Ehrenstein,
1941) it is known that the 6-position is normally the more
reactive position of the molecule and this has been confirmed
now by the attack by OH radicals, showing again the paral-
lelism to the biolgical oxidation.

A number of expermments were directed towards the radia-
tion chemistry of cortisone mn solution. Our primary amm was
to study the hydroxylation of cortisone and, if possible, to
isolate some of the hydroxylated products, particularly witha
view to studymg therr bjological properties. The fact that
very large quantities of cortisone are necessary in clinical use
makes 1t not 1mprobable that cortisone 1s only a precursor of
a more active substance and it is not at all improbable that a
hydroxylated product would be biologieally more active and
might correspond to one of the naturally occurring com-
pounds.

Trradiation of cortisone in aqueous acetic acid solutions led
to some attack but did not give any crystalline products.
TIrradiation in methanol gave also an attack on the cortisone
molecule but again we found considerable difficulties in iso-
lating any crystalne products. In view of our previous
results on cholestenone and progesterone it 1s very likely that
there was again an attack m the G-i)ositlmn. However, the
6-hydroxy compound seemed diflicult to obtain in a crystalline
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the case of aqueous systems, for instance, free hydroxyl (OH)
tadicals are produced and their reactions with cholesterol,
pregnenolone, cholic acid, and cestrone, have been reviewed
and discussed, The products obtained by the action of these
{ree radicals produced by the ionizing radiations are in many
cases identical with those obtained 1n certain biological oxi-
dations. This has been illustrated agam by the more recent
experimental findings that compounds such as progesterone,
or cholest-4-en-3-one are hydroxylated in the G-position. The
importahee and interest of the chemical actions of ionizing
radrations lies in the fact that this may lead to a rational ex-
planation of the biologieal effects of 1onizing radiations on a
biochemical basis,

1 should like to express our grateful thanks to the Medical Research
Counail for the financial support of this work.
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R:  + (Me*".Compl) —> R* 4 (Me*"~*.Compl) (7e)
R* +OH- ~—-> ROH A (7d)

In fact, we have recently obtained some direct experimental
evidence for the hydroxylation by metal ions and metal ion
complexes as we were able to show (Stein and Weiss, 1951)
that free phenyl or aryl radicals can be hydroxylated by means
of ferric ions, e.g. according to:—

XCH, + FeOH2* — XC,H,.OH + Fet* (8a)
(aryl radical)
and e.g. :
Cell;+  + Fett ——> CgH,* + Fert  (8h)
(phenyl radjcal)
CHy* +OH- — CH,.0H (8¢)
and these reactions are generally of some importance in the
mechanism of the action of Fenton’s reagent.

From an experimental pomt of view 1onizing radiations
represent an 1deal means of producing free radicals in solution
and they are thus very useful in the study of the attack of
these radicals on biologically important molecules, From 2
more general pomt of view, the importance and interest of
the chemical action of ionizing radiations lies in the fact that
this may lead to a rational explanation of the biological effects
of ionizing radiations on a biochemical basis, which has be-
come increasingly apparent during the last few years (cf. the
effect of molecular oxygen on chr breaking, ete.).

There is every reason to believe, therefore, that the study
of the chemical action of ionizing radiations will contribute
materially to the elucidation of problems in biological chem-
istry and radiobiology.

Summary
It has been shown that the chemical actions produced by
the irradiation with X-rays of a number of steroids in dilute
* solutions are mainly due to the free radicals produced from
the solvent under the influence of the jonizing radiation. In
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Weiss: These reactions have not yet been investigated in detail.
In fact, we did not particularly want to go over to the non-aqueous
solvents, about which cery httle at present, but Dr. Keller

A deen ttamn Za s ol

k

' L
Traause Atay L st
Fieser: I suggest that you try introducing the hydroxyl at 11.
‘Wreiss: Of course the activation energy would be very low there, and
- W - g M T

Hecater: T don’t want to the i but
I should mention that Dr‘ Harold Levy nt the Worcester F oundatwn
t a for the 118

steroids by adrenal enzymes mght involve attack by a hydroxyl free
radical,

Weiss: Of course I am very biased in favour of free radicals. One
thing that surprised us very much ia that when we start from phenol,
wa ovnant ¢ natanhal and mma

ma mate her $hn AntTan A€ AL el ke

aqueous solution?
Weiss Not exactly—the yields were too Jow. But we did get the

wisyu Ls1s BLOUP, Luen OXtdation 1s almost certamly due to attack by

one or_ two radicals, probably hydroxyl radicals, at the allylic C-7
corTY. “ 12
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graphy, and we exammed 1t by UV absorption and infra-red, but it was
essentially unreacted material Probably the question of conducting
the reaction under proper conditions requires much more work.
Wriss: 1 think this 15 probably due to the solvent, We found that
the solvent can make a lot of difference. |
Hecmrer: Dr. Weiss, when you worked with the corticosteroids did
you try water as a solvent? o
Wriss. 1 don’t think that we ever did it in water. Cortisone isn't
soluble in ater, 13 w . L .

out, although there was a very good conversion.
Hecarer: How much of your steroid disappeared? .
Weiss: It depends on haw long you irradiste, but nearly all of it

disappeared.

Hgenres: In how long?

YWeiss. That is a httle techmeal, because 1t depends on the number
e m e e e Thic ceeroc brm T Teanes A7nnennn £t e Aatn]



PART I

METABOLISM OF ADRENOCORTICAL STEROIDS

BIOGENESIS OF
ADRENAL CORTICAL HORMONES*

OSCAR HECHTER

Ir the answers to questions asked in science increase-
arithmetically, the new problems which anse as a result of
these answers mcrease geometrically This variation on a
theme by Malthus applies particularly to the field of corti-
costeroidogenests. A few years ago the questions asked were
simple and seemed relatively straightforward. Is cholesterol
the precursor of the adrenal cortical hormones. And which of
the some 28 steroids extractable from adrenal tissue are, in
fact, secreted into the blood stream? Most workers felt that
only a limited number of corticoids, plus an adrenal androgen,
represented the adrenal secretory product. If one knew the
starting material and the final end-products, the intermediate
steps might be solved. ACTH stimulates biosynthes:s of ecor-
ticosterords. Therefore 1t appeared not unlkely that one or
more of the enzymatic systems giving nise to the chemical
groupings which differentiated corticords from other hormonal
steroids, e.g., the ketol side cham, or C-11 oxy functions,
would ultimately be shown to be regulated by ACTH. The
work of the past few years has provided a basis for the begn-
nng of an understanding of the bicchemical mechanisms in-
volved in corticosteroid synthesis. Many previous speculations

*The work desenbed was mded in part by the Medical Research and Devel-
opment Board, Office of the Surgeon General, Department of the Army, under
Contract No. DA-49-007-MD-255



160 GENcrAL Discussion

pmuuun plus nltm:k by Oxygcn at the double bond, leading to C-6

hain in corticosterone would

) b a hydrogen atom from the

ot . 1y nn hydraxyl radscal at the

N ' . . .~ which this adrenosterone 1
formed,
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i

steroid ketols, identifiable by spot reactions, none of which
appears to contain the At-8-ketone grouping generally be-
lieved to be necessary for biological activity in the cortico-
steroid field. We (Macchi, Zaffaroni, Pincus and Hechter,
unpublished data) have umformly found these unknown

Table T
Tre a-KeTors PRESENT IN ADRENAL PER¥USATES
Micrograms per 2 hter samples
of blood
I‘:ol " Micrograma
perfuse
Adrenal Pesfusates per 20 g
through e T | beet ghind
s-Ketols adrenal No ACTH ACTH extracts
Unknowns I-V 220 0 700 w0
13-hydroxycorticosterane 360 145 1100 P
Cortisone — 25 i
Unknown VI* — © 200 1,0)
Unknowns VII-IX no 45 30 25
Corticosterone 400 230 1100 70
Unknown - 300
Dehydrocarticosterone* — ! L 250 , 35 t
Deoxycorticosterone 120 35 140 —

Not detectable
Not detersuined

ketols arising from isolated glands, perfused with five dif-
ferent ACTH preparations representing a diversity of pro-
ducts from several species. The appearance of these unknowns
in the perfusate is independent of the dose level: minimal
effective doses of all ACTH preparations evoke a pattern of
ketol output quahtatively similar to that obtained with maxi-
mal levels of ACTH. Nor do these results appear to depend
upon artifacts produced by a particular method of ex-
traction. Qualitatively similar results are obtainable whether
the perfusates are extracted with charcoal, dialysis or direct
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based upon indirect studies have, in fact, been demon-
strated by definitive techniques, but a host of unexpected
complexities have arisen. These disturbances are to be wel-
comed, for when basic contradictions arise in science their
solution generally brings the development of new basic
concepts. :

Today, I should like to review the field of corticosteroid
hormone biosynthesis from a point of view where the 'unex-
pected findings are emphasized. I must add that much that
1 have to say is derived from discussions with colleagues at
the Worcester Foundation (most particularly Drs. Gregory
Pincus and Harold Levy), and thus represent concepts de-
veloped collectively by our group. I must take full respon
sibility for the unsupported speculation which will arise during
the course of this discussion.

The Nature of the Adrenal Secretory Product

It now seems established that in normal adrenal glands,
the major end-products of corticosteroid biosynthesis are twe
active hormones, corticosterone (Kendall’s Compound B) and
17-hydroxycorticosterone (Kendall’s Compound ¥). This is
clearly the case in perfused isolated bovine adrenals (Hechter
et al., 1951), and appears to hold with perfused glands from
other speciestes « ~ 7" A A < vaaed
observations).
in vive studies o .
adrenal venous blood samples, where compounds F andfor B
hikewise are the predominant components (Nelson, 1952
Bush, 1051). In addition to these specific steroids, a veritable
galaxy of other p is are simult ly released into
the circulation from perfused glands, albeit in smaller eon-
centrations, Table I presents previously published data
(Hechter ¢t al., 1951) in which the steroid ketols synthesized
by the perfused bovine adrenal under the influence of added
ACTH have been characterized by paper chromatography
(Zaffaroni et al., 1950). In addition to the large amounts of
Compounds F and B, there is a minimum of 10 unknown
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activity exhibited by corticosteroids. To cite but one of many
possible examples: cortisone administered to the intact animal
mmduces marked dissolution of lymphocytes, but is without
significant influence on lymphocytolysis in vitro (Hechter and
Johnson, 1949), whereas adrenal cortical extract is active
under these conditions

It should be noted that the concentration of a particular
corticosteroid released does not necessarily bear a relation-
ship to the physiological importance of the substance involved.
The secretion of trace amounts of highly active biological
agents 1s fully as significant as the production of sizeable
amounts of preducts such as Kendall’s Compounds F and B.
The physiological impl ink t in this pieture, in
which a multiplicity of corticosteroids are produced and re-
leased, brings us into the area of hormone action at a cellular
and molecular level. Data in this area are meagre and specu-
lation seems of lirmted value.

Initial Precursors of Corticosteroid Hormones

As reported previously (Zaffarom et al., 1951), the perfusion
of radioactive cholesterol leads to the synthesis of radioactive
Compounds F and B The basic rdle of cholesterol as a pre-
cursor of cortical hormones has thus been definitively estab-
lished. C, fragments arising from acetate have been shown to
condense to form cholesterol (Bloch, 1951). More recently,
mvestigations with the perfused bovine adrenal (Zaffarom
et al., 1951), and adrenal slices (Hamnes, 1952; Haynes et al.,
1952) have revealed that 1*C acetate likewise undergoes trans-
formation to corticosteroids. Further analysis reveals that

the situation 1s more pheated than C; - chol ol + cor-
ticosteroids. Evidence has been presented that the utilization
of 2-carbon fi ts m cor d is does not

necessarily mvolve cholesterol as an obligatory mtermediary,

and alternative pathways are clearly indicated (Hechter,

1952). This 1s not confined to corticosteroids; testicular for-

mation of testosterone from acetate seems to oceur without the

participation of chol ol as an obl y intermediate
.
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solvent extraction (either ethyl acetate or ether-chloroform,
4:1).

At first glance these unknown steroid ketols might appear
to be a reflection of the abnormal in vitro conditions of the
study, and hence of limited physiological interest, However,
a study of the steroid pattern of adrenal venous blood taken
from living animals cleatly reveals the presence of components
other than Compounds F and B3 (Nelson, 1952), While it is
reasonable to assume that there may be quantitative differ-
ences between the 1n vifro and the in situ studies, and between
various species, this should not obscure the basic qualitatve
siularity of the pattern which is emerging.

The chemcal nature of the unknown steroid ketols under
discussion is not established. They may include those des-
cribed by Reichstein n his monumental studies characterizing
the steroids extractable from adrenal tissue obtained at
slaughter. Other products, however, are indicated as well. A
variety of tetrahydro and possibly some dihydro derivatives
of the 6 corticosteroid hormones contaming the A%-3-ketone
grouping may be involved, as evidenced by spot tests on paper
chromatograms, The biological activity in the corticosteroid
semies has generslly been assumed to require the presence of
the conjugated unsaturated grouping. This concept, how-
ever, merits critical re-examination 1n view of the recent find-
ing of Grundy, Smpson and Tait (1952). These British
workers report that the mineralocorticord activity of adrenal
extract may largely be due to a steroid ketol, not possessmg
the conjugated unsaturated system 1n ring 4, which 1s perhaps
20 times more active than deoxycorticosterone (DOC) in salt
and water metabolism, It may be noted that their studies are
fully in conformuty with the well-established finding that the
activities of adrenal extracts are not explicable in terms of the
known crystalline corticosterord hormones. This would sug-
gest that all corticosteroids derived from adrenal biosynthesis,
or extra-adrenal metabolism, merit investigation of their pos-
sible biologieal activity, not in a smgle test, such as glycogen
deposition, but over the full range of the diverse biological
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The unique feature of this view involves the condensation of
isoprenoid hydrocarbon to form the steroid nucleus with an-
gular methyl groups in the correct positions.
1 have already indicated that cholesterol is not an obligatory’
intermediary in steroid hormone synthesis. It thus seems not
ble to expect C, d 10ns to stop at a Cy, or
C,, stage. Retamning the idea that 1soprene is an important
intermediary, consider the following sequence.—

4 150prene ~—— Cyy (hydrocarbon)

Cy +2Cs = Cy (squalene)

Cy (hydrocarbon) ———C,; (hydrocarbon}+ 3C

€y, (hydrocarbon) + C, —— C,, (sterord X)

Ci(X) +C, ———— Cy; {corticosteroid)

Cp (X) ———C,, (dehydroeptandro-
sterone)

Cyp (X) +C, +2C4 ———Cy; (cholesterol)

This lates d: of 1sop to a 20-carbon hydro-
carbon which, on losing 3 carbons at C-4, -13 and -14 (chole-
stero] nomenclature), condenses with a C, fragment to form
a reactive Cyq steroid. (Alternatively, C,p + Co— Cyp— Cyy
+ 8C). Thus reactive Cy, steroid can be transformed to stable
Cy, steroids (e.g., dehydroepiandrosterone) or upon further
condensation with active 2-, 3- or 4-carbon fragments, yields
Cyy or Cyy steroids. To go from C,q or C,y to a Cyy compound
with the correct side chain of cholesterol, 1t is necessary to pos-
tulate Cyy + 2C; type condensations. It should be emphasized
that the entie sequence outhned, except for the squalene
evidence and Bloch’s suggestive evidence for isoprene con-
densation, 1s merely an exercise in arithmetic. I should like,
however, to mention a finding which may be of some
importance.

In a single experiment where non-labelled dehydroeptandro-
sterone (DHA) was perfused simultaneously with [14C] acetate,
a small amount of 17-hydroxycorticosterone was obtained
which appeared to contamn most of the radwactivity in the
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{Brady, 1951). This state of affairs in the adrenal seems
very reasonable. The adrenal gland responds almost instan-
taneously to various stresses with an outpouring of adrenal
hormones; the desirability of having a store of precursor
available for these reactions is obvious. Simultaneously, the
gland has an apparatus for cholesterol synthesis from C, frag-
ments that can be diverted from the pathway leading tothe Cyy
storage form, to produce the Cy, steroids needed. The picture
described is analogous to carbohydrate metabolism, where
glucose may be used directly through the glycolytic sequence
or may be first converted to the storage form, glycogen.

If the assumption is made that 2-carbon fragments condense
to form a reactive structure, designated as X, which has the
potentiality of being converted to both cholesterol and corti-
costeroids, it 1s tempting to extend the speculation to involve
X as a precursor for both C,, (androgens) and C,, derivatives.
This raises the question of the specific intermiediaries between
C, and X. It seems generally agreed that the first step in-
volves C, -+ C, = €, {Gurin and Brady, 1951; Bloch, 1951},
although it is not clear from their data why acetate should be
a more efficient precursor than acetoacatate (or other 4-
carbon intermediaries) assumed to arise as the initial product
of the condensation. Beyond this, however, there is only
speculative evidence to point the way. Bloch (1952) has
speculated that C; units arising from C, (Bonnerand Arreguin,
1949) form isoprene, which then polymerizes to form squalene,
a Cy, hydrocarbon. In support of this thesis, Bloch (1952)
and his collaborators have heen able to show that labelled
squalene is transformed to cholesterol, without involving
squalene degradation to C, fragments. This sequence is
summarized below:—

Cy +Cy——C,
C(——C +C
Cy +Cy Cs isoprene (Cs)
6 Cy ——— €y, {squalene)
Cyp Cj; (cholesterol) -+ 3C
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Metabolic Pathways from Cholesterol
to Corticosteroids
Knowing that cholesterol is a precursor, and that Com-
pounds F and B are end-products, it becomes possible to
envisage the type of reactions necessary to achieve this trans-
formation. On the basis of studies i which various steroid
substrates were perfused through bovine adrenals with sub-

PREGNENDLONE LORTISONE

170K PROGESTERONE - -+ 170H DOC = COMPD F
—

CHOLESTEROL:

STERONE

1
CHOLESTENONE COMPO &
Tum 1 Mamtateon obomen —f arch aectooe T oeos .

as yet been demmonstrated.

sequent 1solation of produets, 1t became possible to evaluate
the enzymatic capacities of adrenal tissue to effect speaific
reactions. The basic findings have been previously pubhshed
{Hechter et al., 1951). The tentative scheme of corticosteroid
biosynthesis presented by us in 1950 (Fig, 1), has undergone
remarkably little modification as a result of subsequent work,
but there are a few additions. Drs. R. W. Jeanloz and H. Levy
(at the Worcester Foundation) have found that 118-hydroxy-

P rone, as a possible intermediary in the
synthesis of corticosterords, is not converted to exther F or Bin




168 Oscar HEcHTER

side chain (Hechter, 1952). Such a result would be consistent
with C, condensation on a reactive C,, steroid acceptor formed
from dehydroepiandrosterone. Recent experiments involving
perfusion of C labelled dehydroepiandrosterone (obtamned
from Dr. Ralph Dorfman) in two consecutive experiments
have yielded small quantities of Compound F which, after
repeated paper chromatography, contain demonstrable radio-
activity.

The details of one of these experiments follow: 10 mg. of
¢ labelled DHA (2,600 counts per mg. per minute) was
perfused through a beef adrenal for 8 hours. On paper chroma-
tography of the perfusate, an “F” spot was obtained which,
following two additional fractionations on paper, gave a homo-
genous spot by the spotting reactions available to us. It was
eluted and contained the usual contammnants exiracted from
papers. By blue tetrazolium test the presence of 0-41 mg.
of “F” equivalent was indicated; this matenal counted 810
counts per mg. “EF” equivalent. It should be pointed out that
a suular isolation of a spot which appears to be 11-hydroxy-
androstenedione gave only 700 counts per mg. per mnute.
Dorfman has 1solated the latter product in pure form from
MC-DHA perfusates. The crystalline product he obtained
had an activity equvalent to the DHA added. From this
and previous work, we have come to regard counts of con-
taminated steroids as having little quantitative significance;
accordingly the dilution in activity suggested should not be |
taken too literally, For that matter, the evidence that the
radioactivity 1s due to *F”, while strongly suggestive, cannot
be regarded as definitively established until further work is
done. Until a pure “F” derived from DHA 1s obtained and
the ratio of speeific activities compared quantitatively, these
data should not be taken to indicate that a C, condensation
actually oceurs. We hope to pursue these studies further,
isolating adrenal cholesterol, fatty acids, and other products

, which appear in the DHA perfusates to test aspects of the
completely speculative scheme advanced here.
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As it now stands, our scheme represents a series of deduc-
tions, based primarily upon the ability of substrates to react.
Biochemical rescarch has revealed innumerable examples of in
vitro reactions, known to be relatively ummportant in normal
metabolic pathways. Further work both at the in vitre and
in vivo levels is clearly required to answer this very real limi-
tation of our reaction sequence. This scheme, which will un-
doubtedly be modified as work proceeds, represents only a
beginning i an attempt to chart metabolic pathways in
steroid hormone biosynthesis, To this extent it is useful.

1t is interesting to note that a comparison of the side chain
of progesterone with the side chains of the end-products (F and
B) indicates a superficial analogy to pyruvate and the trioses
involved m glycolysns, respectively. As a matter of fact,
if one possible reaction h for 17- or 21-
hydroxylation, it 1s amusing to note that a reversal of the
glycolytic sequence, starting from pyruvate, might afford a
basis for the oxidative processes. If corticosteroids represent
substituted trioses (with a very large R), all of the reaction
possibilities involved in glycolysis come to mund. Perhaps the
real “intermediaries” are phosphorylated steroids rather than
the free alcohols we have indicated.

Another deficiency in our scheme involves cortisone and
11-dehyd (Kendall’s Comy d A); these are
shown as denved from the oxidation of F and B respectively.
It should be noted that neither reaction has been demon-
strated dircctly, either in the perfused gland or m adrenal
homogenates. In the absence of definitive information about
the chemical structures of the unknown steroid ketols released
by perfused glands, it is of course not possxblc to ncorporate
them into the reactions of corti is. Eventually,
however, they must be fitted into the sequence.

Action of ACTH in Corticosteroidogenesis
In a previous paper (Hechtcr et al., 1951) T have considered
the point of ACTH action in the reaction sequence starting
from cholesteral. On the assumption that the pathways postu-

N,
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significant amount, although other products, ofunknown strue-
ture, are indicated. Similarly, when [%C] cholestenone {30,000
counts per mg. per minute) is perfused through glands for
three hours, with and without added ACTH, although sizeable

“ amounts of corticosteroids are produced with ACTH, the ¥
and B spots eluted following paper chromatography do not
contain measurable radioactivity. This would appesr to ex-
clude cholestenone from the pathway, and suggests that the
removal of the side chain (Cy7 - C,y) precedes the subsequent
oxidation at C-3 to form the A%-3-ketosteroid grouping.
Starting from AS-pregnenolone, a series of reactions are inds-
eated in Fig. 1 mnvolving progesterone transformation through
separate pathways into 17-hydroxy. and 17-deoxycortico-
steroids.

From pregnenolone on, all of the reactions indicated
have now been achieved in adrenal homogenates, The con-
version of pregnenclone to progesterone (Samuels, private
communication); of progesterone to corticosterone, and of
17-hydroxyprogesterone to Compound F (Hayane and Dorf-
man, 1952); the 17-hydroxylation of progesterone to form
Reichstein’s § and Kendall’s F (Plager and Samuels, 1952);
as well as the 11-hydroxylation of DOC and Reichstein’s S
to form B and F respectively, have all been reported. Since
this area will be covered by other participants in this con-
ference, it is sufficient to state that all of the 2 vatro homo-
genate studies published to date are m full agreement with
the scheme derived from perfusion data.

While this seemsa satisfactory state of affairs, mention must
be made of several basic weaknesses of the postulated scheme
of corticosteroidogenic pathways. The major weakness per-

. haps is the postulation of pregnenolone as int diary

with .["C] acetate) with blood containing non-labelled A
pregnenolone as 8 trapping agent, we hope to obtain evidence
ou this point.
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As it now stands, our scheme represents a series of deduc-
tions, based primarily upon the ability of substrates to react.
Biochemical research has revealed innumerable examples of in
vitro reactions, known to be relatively unimportant in normal
metabolic pathways. Further work both at the in vitro and
in vivo levels is clearly required to answer this very real limi-
tation of our reaction sequence. This scheme, which will un-
doubtedly be modified as work proceeds, represents only a
beginning in an attempt to chart metabolic pathways in
steroid hormone biosynthesis. To this extent it is useful.

. Ttis interesting to note that a comparison of the side chain
of progesterone with the side chains of the end-products (F and
B) indicates a superfieial analogy to pyruvate and the trioses
involved in glycolysis, respectively. As a matter of fact,
if one iders posmble reaction mech for 17- or 21-
hydroxylation, it 1s amusing to note that a reversal of the
glycolytic sequence, starting from pyruvate, might afford a
basis for the oxidative processes. If corticosteroids represent
substituted trioses (with a very large R), all of the reaction
possibilities involved in glycolysis come to mind. Perhaps the
real “intermediaries” are phosphorylated steroids rather than
the free alcohols we have indicated.

Another deficiency in our scheme mvolves cortisone and
11-dehydrocorti (Kendall’s Compound A), these are
shown as derived from the oxidation of F and B respectively.
It should be noted that meither reaction has been demon-
strated directly, either in the perfused gland or in adrenal
homogenates. In the sbsence of definitive mformation about
the chemical structures of the unknown steroid ketols released
by perfused glands, it 1s of course not possible to incorporate
them into the re of corticosteroid is Eventually,

however, they must be fitted into the sequence.

Action of ACTH in Corticosteroidogenesis
In a previous paper (Hechter et al., 1951) I have considered
the point of ACTH action in the reaction sequence starting
from chol L. On the ption that the pathways postu-
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lated mirror the actual processes involved, the deduction was
made that ACTH does not appear to be fundamentally con-
cemned with the reactions between pregnenolone and cortico-
steroids, but in an earlier step in the proeess, perhaps involving
the degradation of the cholesterol side chain. Such a view in
effect postulates that the enzymatic activities involved in the
elaboration of the specific characteristics of corticosteroids are
not regulated by ACTH. The difficulties which arise from plac-
ing ACTH action at an early point in corticosteroidogenesis,
where the postulated reactions cannot be regarded as pecu-
liarly specific for the adrenal cortex (e.g., cholesteral degra-
dation to pregnenolone} have been previously discussed
(Hechter, 1952). At the 1951 Macy Foundation Conference
on the Adrenal Cortex I advanced some tentative speculations
on ACTH action in which I postulated that its speerficity
resulted from a specific affimty of ACTH for adrenocortical
cells. From this point, assumption was built on assumption, to
finally yield a working hypothesis that ACTH acted on the cell
surface, where 1t mnfluenced ion permeability. Tlus m turn
altered cellular conditions so that the reaction cholesterol to
pregnenolone was initiated.

As a result of the discussion which ensued, and the oppor-
tunity for retrospective thinking, I am now convinced that
the view I presented at that time is too narrow to satisfac-
tonly explain ACTH action. AsDr. C.N. H. Long emphasized,
one must provide & mechanism by which ACTH stimulates
protemn synthesis 1n the adrenal as well as corticosteroid
synthesis (on the assumption that there is a single ACT).
Certamnly ACTH must be considered as possibly acting in the
cort dog reaction seq starting from acetale,
whereas our own data suggest that cholesterol need not be
involved. Finally, the mechamsm by which ACTH increases
phosphate uptake and hiznover in the adrenal (Gemazell, 1918}
snust be incorporated n any theory which purports to explain
the mechamsm of ACTH action,

I must add that our onginal deduction, that ACTH acts at
o parly step in corticosteroidogenesis, hias now been confirmed
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by recent perfusion studies done in collaboration with Dr.
David Stone, On perfusing C labelled cholesterol through
adrenal glands in the presence and absence of added ACTIH,
the total percentage of admimstered radioactivity which was
imcorporated into the F and B 1solated was 0+49 per cent with
ACTH, nnd 002 per cent m the absence of ACTH, Not only
were the absolute amounts of F and B increased, but the
specifie activities were increased four-fold with added ACTH.
This is a 25-fold merease in the reactions from cholesterol,
produced by ACTH. When simmlar experiments are done
with MC labelled progesterone, our prelimnary results, in
three experiments indicate that ACTH only increases the
incorporation of radioactivity into corticosteroids by a factor of
some 20-25 per cent as compared to glands perfused without
ACTH. In accord with our previous speculation, the con-
clusion now seems 1nescapable that ACTH does not signifi-
cantly influence the reactions from progesterone to cortico-
steroids.
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DISCUSSION -
Marrian: In your paper chromatograms of the perfusates from the
glands, have you thought of using lead tetra-acefate for spotting in
order to pick up compounds other than a-ketols? It is a useful reagent
for this purp: *
T

the very large of dehyd: 0 in the urme of many
patients with adrenocortical tumours. The formation of 17-ketosteroids
M PSSRSO

Frorn A0 - hardensar O Tabnctanns A

h were an i in the synthesis of Cy

d: i d thatisp by tumour tissue in larger

amounts tl':an can be uttlized, We tned to test this concept of the
sl le A e ane o e

. . . .
not ly mean little ion, as we do not know the dilution
of the injected dehydrozsoandrosterone by material synthesized
vivo. Unfortunately, the woman excreted so httle of this compound
that we were unable to analyse 1t. Iam very glad to learn that there:s
perhaps some reality to this coneept of a condensation reaction,
* What I have p; should be d as only pre-
Jimunary. I want to re-emphasize that we have not as yet established
definitively an actual C, condensation on a C,, steroid acceptor, f
Iater such a reaction 1s established, I would feel that the reactive acceptor
would probably not be dehydroisoandrosterone, since 1t seems to be too
unreactive for ths role
Busn. 1 know that two of your 1-V in adrenal p.
have been tentatively identified as the 8-hydroxy analogues of Com-
pounds E and F, and I wondered whether any of the others have been

1dentified.




GeNeraL Discussion 175

Hecarer: Our ACTH perfusates were turned over to Dr. Zaffaroni,

who was then at Rochester, Ile separated the sterord ketols by paper
P . - .

they were based only upon paper chromatography behaviour and sul-

phuric acid chromogens.

Forrey: I understood you to say that you perfused adrenals with
[*C]-acetate and then isolated cholesterol and Compound F from the
perfusion fluid. You found that the specific actimty of the Compound F
was higher than that of the cholesterol, wluch suggested to you that
cholesterol was not an oblhgatory intermediate, In this connection I
would hke to mention the work of Zilversmit, Entenman and Fishler
(J. gen. Physiol., 1943, 26, 325) who examined theoretically the time-
relationsiups of the speaific activities of a precursor substance which s
being labelled 1n an organ and of its immediate reaction product. They
deduced that the speeific activity curve for the precursor will rise to a
maximum and then decay exponentially, while that for the reaction
product also rises but remarns below the percursor curve until 1t, 1n
turn, attains its maximum, when the two curves cross. The specific
activity curve for the reaction product thereafter decays exponentially
but at a higher level than the precursor curve. It is therefore possible
that, under certain conditions, the specific activity of your reaction
product could be higher than that of the precursor, depending on the
time relationships. Of course, as I say, I don’t know enough about your
expenmental conditions to know whether this could be a likely explana-
tion of your results,

F a: We certainly iate that point and recogrize that

terol pool” m the adrenal? One could envisage a vanety of adrenal
h with Protein 1,
Protemn 2, ete, and estenfied cholesterol also assocrated with various
protemns, Now of these varous cholesterol fractions only one might
¥ ly be nvolved 1 biosynthesi
Our method of f for adrenal it only into
two major fractions, free and esterified But these mn turn, as I have
indieated, may be complex mictures denved from varous cholesterol
pools, So to that extent our data might be mnterpreted as not neces-
sarily bemg defimitive agamst the 1dea of cholesterol as an obligatory
m 3t

copz,



STUDIES OF THE ENZYMES INVOLVED IN
THE SYNTHESIS AND DEGRADATION OF THE
HORMONES OF THE ADRENAL CORTEX

LEO 7. SAMUELS

THE work of Hechter, Pincus and eo-workers has proved
that the isolated adrenal gland can synthesize the active
steroids of the adrenal cortex from such simple molecules as
acetate, Tt also seems hughly probable that these active
compounds undergo changes which reduce their biological
potency before they are eliminated from the organism; the
rate of secretion of such substances in the adrenal vein blood,
as measured by Vogt, Nelson, Bush and others, is much
higher than the amounts which are found unchanged in the
excreta. In the present studies an attempt has been made
to throw some light on the mechanism by which these changes
take place, '

Because of its lugh concentration in the tissues that form
steroid hormones, cholesterol has for a long time been thought
to be a precursor of these compounds. The rapid drop m
cholesterol following the stimulation of the adrenal gland by
ACTH lends support to this concept. That this common sterol
can be converted by the pland into adrenal hormones has
been demonstrated by Hechter and co-workers (Hechter,
1952) perfusing “C-labelled cholesterol and identifying the
isotope in hydrocortisone (Compound F of Kendall), Their
yields, however, were smaller than those from acetate, and
the hypothesis was advanced that both compounds were
converted mto some common intermediate before being
formed into the active compounds. In our work, we have not
been sble to demonstrate the conversion of cholesterol to
adrenal hormones by homogenates under the counditions
used. We have, however, heen able to convert a possible
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intermediate which occurs in the gland, pregn-5-en-3g-ol-20-
one, into these compounds by a series of enzymie reactions, the
details of some of which have been worked out by Sweat
(1952), Hayano and Dorfman (1952), and the Utah group
(Samuels, ef al., 1951; Plager, 1952),
1t is notable that those tissues forming the non-benzenoid
steroid hormones all contain 8B-hydroxysteroids as well.
With the identification of testosterone in the spermatic vein
blood of dogs and after the perfusion of human testes, it
appears well established that all non-benzenoid hormones
which are secreted contain the ef-unsaturated ketone strue-
ture in ring A. It 15 not surprising, therefore, that we have
been able to demonstrate the conversion of AS-38-hydroxy
ds mnto A%3-ket oids by the corpus Iuteum,
placents, interstitial cells of the testis, and adrenal cortex
(Table I). A wide range of other normal tissues was tested
but no significant activity was found.

Table 1
Tissves winca CONTAIY TRE ExzymE OXIDIziNG RING A TO AN
2B-UNSATURATED KeTONE

Tusue Substrate /na-vm«;lml;m

Cryptorchud testes, rat Pregn-5-en-8g-0l-20-one 099
(0 93-1 02)
Corpus luteum, cow 00
o)
Adrensl cortex, cow
@ B 13)
Placental tissue, rat 5
(0 54-0 60)
Cryp testes, rat | Del 0-96

The speeific nature of the hormones originating from the
different tissues does not seem to be associated with any
distinetion between the enzyme systems catalysing this re-
action. Thus mterstitial cells produce progesterone from
pregn-5-en-3f-01-20-one and androst-4-ene-3:17-dione from
dehydroepiandrosterone  (androst-5-en-38-ol-17-one).  The
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same is true of the adrenal cortex and, insofar as it has been
tested, of the corpus luteum and placenta. Those charac-
teristics of the system which have been compared in the dif-
ferent tissues have not differed significantly. It seems highly
probable, therefore, that the same enzyme occurs in all four.

Diphosphopyridine nucfeotide (DPN) appears to be a
specific hydrogen acceptor for the system. No other cofactor
tried, with the exception of ATP, influenced the rate of the
reaction. ATP significantly affected the rate in the case of
homogenates of the adrenal cortex but had no effect in the
P of testis } genates. At first glance this would
seem to belie the previous statement regarding the identity
of the enzyme system in the different tissues. As will be
shown, however, under the conditions of our mcubation the
reaction reaches equilibrium at approximately 1 mole preg-
nenolone to 4 moles progesterone, and the mass law effect
causes significant varnations from lmearity at the levels of
conversion achicved by the homogenate alone. Sweat (1952}
and Hayano and Dorfman (1952) have shown that ATP
activates the oxidation of carbon-11 by adrenal homogenates,
an enzyme system which the testis does not possess, In the
presence of ATP, therefore, progesterone is removed from
the system by further oxidation and equilibrium is not
approached. This accounts for the influence of ATP on the
reaction in the presence of adrenal homogenates.

Failure to recognize that, under the conditions used,
equilibnium was achieved while sigmificant ts of 1e-
duced substrate still remamed 1n the system led to consider-
able wasted effort. It was assumed that the rgaction would
go practically to completion like the DPN-activated enzyme
reaction in hiver tissue which oxidizes the alcohol group on
carbon-17 of Cz; compounds to a Ketone. Since concentrations
of tissue similar to those used in the liver studies gave con-

3 gnificantly short of plete oxidation it was
thought that the activity was similar. When, however, an
enzyme concentration curve was run with adrenal homo-
genate, it was found that the activity was much greater, and
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that the similarity of recovery in many of our previous studies
was due to the reaction reaching equilibrium (Fig. 1). The
same ethbnum appears to be achieved Wlth testis inter-
stitial cell tissue h i When dehyd drosterone
is used as substrate, the equilibrium point is the same within
the limits of the method, although it is achieved more

INCUBATION 2uM PREGNENOLONE
R | HOUR

il L1
05 ] 15
gmADRENAL HOMOG

Fio.1 The effect of inereasing amounts of adrenal homogenate
on the oxidation of pregnenolone to progesterone.

slowly, The same equilibrium is approached if the concen-
tration of enzyme is kept constant and time 15 vaned.

After recognition of the importance of the equilibrium m
estimates of activity, studies of the activity of various tissues
were carried out in which conversion never exceeded 50 per
cent of the original substrate If this enzyme system plays-a
key role in the formation of the hormones, such values should

_ bear some relation to the relative output of hormones by the
partxcular organ. In Table II the achvxty in the adrenals of
various species is given, exp: d as
lone oxidized per gram tissue per hour, The adrenals of
rodents are much more active than those of cattle. Thus far,
we have not acquired adequate data in other species. An
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attempt was made to dissect the cortex and medullary tissue
in one set of beef adrenals. Tt is probable that the cortex
samples were free of medulla, but the same cannot be said
for the reverse. We cannot, therefore, say with certainty that

Table 11
CONCENTRATION oOF STEROID 3§-0L DENYDROGENASE IN TISSUES
- Ketone
Trerue Samate h,“m",f{:’,ﬁ’,,x,’,‘,'g"}:m
Rat Adrenals . . . . e 8 72'8
(64-1-88 1)
Mouse Adrenals . . 3
{69 1-119)
Deef Adrenals . “ .o 10 334
(28 2-47-6)
Whole Beef Adrenals . .. 3 24 0
(23 2-23 4)
Cortex same adrenal (C) . . 3 7 1
{36-8-37-2)
Medulla same adrepal (M) . . . 3 5 7

(15 2-16 )

Activity whole adrenal ~
Spts (C)+1pt (M)

Normal Rat Testes . . N 20 1.51
{1 11-2-15)
Rat Testes, 3 wk. hypophysectomized . 6 1.67
{0-98-2-36}
woom " w CGim . 3 5 04
(4 085 64)
" » ”» ” - 8
(4 28-6 68)
woon o CGmy . 5 265
(21 0-29 2)
THuman Placents, 10 wk. . . 1 247
Rat Placenta, 16 days . 3 0 57
{0 54-060)

the medulla contains any enzyme. Certamnly the cortical cells
contain much more activity.

Normal rat testes have a relatively low concentration
because of the dilution of the hormone-forming cells with
the mass of spermatogenic tissue. When, however, the testis
is allowed to atrophy after hypophysectomy until the
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seminiferous epitl\clium has practically disappeared, and the
animal is then injected with chorionic gonadotrophin until
the interstitial cells have regencrated, the activity per unit
mass 1s quite high (Table II). Of course, in such preparations
there is still a relatively large amount of connective tissue, so
that the activity of the interstitial cells themselves must be
considerably higher.

Not only do normal hormone-forming cells contain this
enzyme, but tumours of endocrine organs which show evi-
dence of forming steroid hormones slso contain it. As Table
1T indi there is a derable vanation in the concen-
tration. However, the first series of tumours listed in the

Table IIT
STERCID 38-0L DERYDROGENASE AcTIviTY OF VARtors Tosours

ioles Progestero ne
Tumour Somed per g umour

Mouse adrenal tumour transplant

oy

'+ testioular tumone cestrogen produced

e

" ”» » s ”»
Human adrenal carcinoma with Cushing’s disease
s  seminoma, no hormonal function

coSroRBons
cuvomEoNRe

table was a group of adrenal tumours which had been pro-
duced 1n mice by early castration. These tumours had then
been transplanted to normal mice It will be seen that the
hifferent transplants (which were each from different parent
tumours) vared from no measurable activity to levels which
were about 1/4 that of normal rat adrenals. Fig. 2 shows that,
with one exception, the size of the seminal vesicles of the
recipients was approximately proportional to the enzymic
activity of the tumour. The point representing zero activity
corresponds both with the size of the seminal vesicles of the
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mouse having the tumour with no enzymic activity and with
that of the vesicles of the uninoculated controls.

The two samples of human tumours were taken from
hepatic metastases. In the case of the seminoma the original
tumour had been removed at a previous admission and was
not available. In the case with Cushing’s disease the original
tumour gave values similar to those of the metastatic tissue.

3 G
T T

#M PROGESTERONE/gm TUMOR
o
T

.

L —
100 200
WT SEMINAL VESICLES, mg

°

F16. 2, Relation between the steroid-38-ol dehydrogenase Ac-
tvity of mouse adrenal earcinomas end their androgenic potency.

The seminoma showed no signs of endocrine activity. The
results so far with tumours lead us to the conclusion thst
there is probably a direct relation between the enzymic
activity and the degree of functional differentiation which
has been maintained.

The observations on the reduction of the enzyme content
in the testes of hypophysectomized rats led us to investigate
the relation between the enzyme and gonadotrophins. First,
a study of the relation between testicular atrophy, seminal
vesicle atrophy, and enzymic activity was carried out. Fig.
3 shows that the disappearance of the enzyme was rapid

. during the first five days after hypophysectomy. At about
v
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seven days the total activity of enzyme reached a base level
which was maintained for the balance of the seven weeks of
observation. Since the seminiferous epithelium atrophied
more slowly, the concentration of enzyme reached a low point
at the 5-7 day period and then slowly increased as the tubular

AN = §-KETONE FORMED /2 TESTES
—— Tuer om n o gmTESTIS
me——ee WT SEM VESICLES, gm0

B 13 15 as
DAYS POST~HYPOPHYSECTOMY

Fro.3 Effect of hypophysectomy on the sterod-32-ol dehydro-
genase activity of rat testes,

tissue disappeared. The curve of seminal vesicle size followed
the general form of the total enzyme activity, but seemed to
decrease somewhat more rapidly at first, This could be due
either to a certain basic level of h needed for sigmfi
maintenance, or because the gonadotrophin plays a more
important réle in some other enzyme system mvolved in
synthesis.

The injection of chorionic gonadotrophin produces the
same total increase 1n enzyme actinity (Table IV) irrespee-
tive of the degree of atrophy of the total testis, provided the




184 Lro T. Samurrs

residual activity has reached the base level. There seems to
be a close relation, therefore, between the enzyme and the
trophic hormone. Whether this 15 due to synthesis of the
specific protein or to activation of the system is an intrigu-
ing question. Brady (1951) has reported that the incorpora-
tion of isotopic acetate into testosterone 1n vifro was increased
tenfold by the intraduction of high concentrations of chorionic
gonadotrophmn mto the medim, and Savard, Dorfman and

Table IV
Errecr or 1 G G oy Exzvanc Acnviry
OF HYPOPHYSECTOMIZED RAT TESTFS
Substrate  Pregn-5-en-38.0l-20-one of-Unsat Ketone formed
Ag I
Fost Qperatire ] Treatment & Tates e molestg. - molestz Testes
3 weeks ny e 0 893 15 9 143
nonany 0 731 214 160
7 weeks my ¥ 0520 27 4 142
nonviny 0 250 6 20 155

1001 u Chorionlo Gonadotrophm dasly for 6 days

Poutasse (1952) have found an increase in incorporation of
acetate during perfusion. When, however, tat testis tissue
was mcubated with chomonic gonadotrophin, erther sunul-
taneously with the sterowd substrate or before the introduction
of the sterod and the DPN, there was no increase in activity.
It seems therefore that either our conditions were not suitable
or the hormone acts differently on some other enzyme in the
synthetic chain.

While we do not have so extensive a study of the disap-
pearance of-the enzyme from the adrenals after hypophysce-
tomy, it will be seen in Fig. 4 that a similar reduction oceurs
after the operation, although the fall is not so great, There
also seems to be a tendency for the concentration to increase
with time, as though there were a slower atrophy of non-
enzymic tissue. The results of injections of pituitary hor-
mones are not yet available.
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The presence of relatively large amounts of 8-hydroxy
steroids in the glands of origin, while the 8a-hydroxy com-
pounds predominate in the excretory products, led to the
hypothesis that the enzymes involved in synthesis may T_Je
sterically specific for the 88 1somer while those mvolved in

»
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Frc 4 Effect of hypophysectomy on the steroid-gg-ol debydro-
genase activity of rat adrenals

degradation form mamly the 8a structure. We therefore
mvestigated the substrate specificity of the oxidizing enzyme.
As seen 1 Table V the compounds having a 38-hydroxy
group are metabolized much more rapidly than their 8a
1somers. The shght amount of oxidation of the latter may be
due to the presence of small amounts of the 38 1somers as
impurities, since the 8a compounds were prepared from mix-
tures in which the 38 forms predominated
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Other structural characteristics of the steroids are not so
crucial. The presence or the absence of the double bond
seemed to make little difference in the oxidative rate. Either
4%- or Ab-unsaturated compounds were metabolized at about
the same rates as saturated 3f-alcohols. Androst-5-en-88-ol
was metabolized at a significant rate, but an aleohol or ketone

Table V -
ErrEcT OF STERIC Postrion ON MeTAnousy oF 8-HYDROXY STEROIDS
imoles Retone
Sterond Tissue “p«l tarue
Androst-5-en-8g-0l-17-one . [Hypox.* Testes CG-Inj 200
(10-2-20+8)
Androst-5-ene-38+178-dio) . w »oow 5-2
(24 0-26 4}
Androst-Sen-88-0l . . . " P 4s
(4 0-4:8)
Androst-4-ene-3o:178-diol . Beef Adrenals 1.2
{1-2-1-2)
Androst-4-ene-88 17g-diol " " )
{25:6-29+6)
Pregnane-3a:20a-diol . .o 0-8?
17a-methylandrost-5.ene- w o ow 96
88 178-diol (8:8-10-8)
Androstane-38.17a-diol . Rat Adrenals .
(77+6,86:0)
Pregn-5-en-3g-0l-20-one . " " 698
Androstane-38.17a-dol Normal Rat Testes 1417
Androstane-3a llh—d:ol . woowoom 0-16
Pregn-5-en-38-01-20.0ne . woowm 1-40
*Hypophysectormzed

group in position 17 or 20 markedly increased the rate of
oxidation. The presence of a methyl group on carbon-17
decreased the rate of reaction. This was probably due to
steric hindrance.

The synthesis of the adrenal hormones involves a series of
further oxidations at positions 11, 21 and 17. Enzymes for
each of these oxidations appear to be present in adrenal
homogenates. Sweat (1952) and ITayano and Dorfman {1952)
have described the characteristics of the enzyme which eata-
lyses oxidation at position 11. This scems to be the onlyone
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which is not present in the cytoplasm. Hayano and Dorfman
have also described the characteristics of the enzyme oxidiz-
ing carbon-21. In our own laboratory Mr. Plager was the first
to report oxidation of carbon-17 by homogenates. He was
able to convert progesterone into deoxycorticosterone, corti-
costerone and hydrocortisone. Yields on spot density were
about 15-25 per cent deoxycorticosterone, 10 per cent corti-
costerone and 10 per cent hydrocortisone. Using [21-1C]
progesterone he was able to get 5-10 per cent conversion to
Compound F. The enzyme causing the oxidation at carbon-17
seems to be more unstable than the others since holding over-
night in the frozen condition reduces the activity. ATP,
DPN or TPN, as well as an acid of the Krebs eycle, appear to
be essential for these oxidations. I am sure Dr. Dorfman will
discuss this series of oxidations in detail.

Once the adrenal steroid hormones are synthesized and
secreted the question of their metabolism becomes an in-
triguing problem. The compounds n the urine which appear
to be specifically iated are the gl ides of the
various compounds formed first by reduction of nng A4 as
far as the saturated alcohols, and then of the side chain.
Where such changes occur is of interest because the answer
has a significant bearing on the peripheral utilization theory
of regulation of adrenal steroid secretion. Dr. Nelson and his
group have studied this problem, both after ACTH stimula-

tion and after intr or oral adi ation of cortisone
and hydrocortisone. The levels of 17-hydroxycorticosteroids
1 samples of blood drawn simul ly from the brachial

artery and saphenous vein of a patient given a single intra-
venous njection of ACTH were equivalent within the error of
the method No signifieant difference has been found across
limbs with severe cellulitis or in generalized infections. The
same 1s true after injections of the steroids themselves. When
dogs were infused with cortisone intravenously, the steroid
was removed rapidly from the circulation (Fig. 5) but again
there was no significant difference between the levels in the
arterial circulation and the renal vein. The kidneys, there-
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fore, do not appear to play a major réle in the removal of
these compounds. When, however, comparisons were made
between the arterial and the hepatic venous blood there was
a marked difference (Fig. 6). The liver removed approxi-
mately one-third of the steroid as determined by the Nelson
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method. Asin the case of the other steroids tlns organ appears
to play the key role in disposal.

In summary, the pattern by which the adrenal hormones
are built up and subsequently disposed of 1s gradually taking
form. The work at Utah has contributed a few facts to the
many from other sources which together make a related se-
quence. One reaction which seems to be very general among
the non-b id steroid k is the oxidation of
88-hydroxy steroids to af-unsaturated ketones. This system
has been studied in some detail. In the adrenal, as distin-
guished from the corpus luteum and placenta, there are
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additional systems which oxidize the 11, 17 and 21 positions.
Of these, the only system about which we have contributed
significant information is the one oxidizing carbon-17 of the
C, compounds to a tertiary alcohol. By using it, isotopic
hydrocortisone can be prepared from isotopic progesterone.

The use of the method of Nelson and Samuels for 17-
hydroxycorticosteroids in blood or plasma has thrown some
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light on the degradation process. There seems to be little, if
any, removal by peripheral tissues even when severely
inflamed This makes the peripheral utilization theory in
its usnal form difficult to mamtain.

The liver, on the other hand, removes the free steroids
from the blood relatively rapidly. A large portion of the
degradative metabolism must take place in this organ, Much
remains to be done on the earlier steps in synthesis and on the
enzymes involved in the breakdown of the steroids by the
hiver,
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The Discussion of this paper was postponed until after the paper by
Dorfman et al., which follows. (See p. 201).



THE IN VITRO SYNTHESIS OF ADRENAL
CORTICAL STEROIDS

RALPH I. DORFMAN, MIKA HAY ANO, ROBERT HAYNES
and KENNETH SAVARD

IN a previous Ciba Foundation conference we presented
evidence for the 11-hydroxylation of 11-deoxycorticosterone
and 17-hydroxy-11-deoxycorticosterone by adrenal tissue
slices and homogenates (Dorfman and Hayano, 1952). Since
that time, & number of papers have been published on this
subjectboth from ourlaboratory (Ilayano, Dorfmanand Prins,
1919; Hayano, Dorfman and Yamada, 1951; Hayano and
Dorfman, 1952) and others (McGinty et al., 1950; Savard,
Green and Lewis, 1950; Kahnt and Wettstein, 1951; Sweat,
1951; Plager and Samuels, 1952). It has been definitely estab-
lished that the 11-hydroxylation of deoxycorticosterone and
17-hydroxy-deoxycorticosterone proceeds with the formation
of corticosterone and 17-hydroxycorticosterone respectively.
This report deals with our recent studies on 11-, 17-, and 21~
hydroxylation by adrenal tissue homogenates as well as an
in vitro action of ACTH on adrenal shices.

Methods

11-, 17- and 21-Hydroxylation Studies
Beef adrenal glands were homogenized in a Waring blendor

.. e
steroid. Homogenate residues were prepared using 300 ml.
_of salme for 100 g. of tissue, stramned and centrifuged at
5,000 g for 25 minutes. Subsequent washings of the residue
were carried out with the same volume of saline and centri-
fuged at about 4,000 g for fifteen and ten minutes respectively.

cortr 101 14
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The residue was then taken up in incubation media containing
fumarate, magnesium ions and phosphate buffer. '

The incubations were carried out in 50 ml. Erlenmeyer
flasks at 88° C. for sixty minutes with deoxycorticosterone
and 17-hydroxydeoxycorticosterone and for three hours with
other steroids. Tissue homogenates in the medium were
pipetted into the flasks containmg 5 mg. of steroid dissolved
m 0-2-0-3 ml. of propylene glycol. The final volume was
7-5 ml. The final concentrations of additions were: sodum
fumarate, 0-06M; magnesium ions, 0:006s; and phosphate-
bufler, 0 02u at pH 7-4. The incubate was dialysed against
water and the water extract was extracted with chloroform.
The chloroform extract was subjected to various further puri-
fication steps depending upon the specific aims of the mdi-
vidual experiments.

11-Hydroxylation

Fig. 1 indicates the mfluence of time of incubation, At the
end of ninety minutes all of the deoxyeorticosterone (poc)
has been consumed; by far the bulk, about 90 per cent,
appears as corticosterone,

N oA o =
8 & 8 8

PERCENT DOC CONVERTED

o

30 (3] 20 120
TIME 1N MINUTES

Fic. 1, P of
increasing time. Preparation 18 washed adrenal homogenate
residue.
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In our earlier experiments we found a pH optimum of 5-9
when deoxycorticosterone glucoside was used as the substrate.
VWhen these studies were repeated using the free steroid, a
pH optimum of 7-4 was found. The lower pII optimum
originally found may well have been the pH optimum of the
hydrolysis of the deoxycorticosterone glucoside to the free com-
pound. This is consistent with our finding that no free deoxy-
corticosterone 1s found after paper chromatography of the
incubate when deoxycorticosterone glucoside 15 employed as

100 —_—

8 5 3 8

PERCENT 00C CONVERTED

=)

05 10 15 20
x 10 M Mg**

Fic 2 Percentage of deoxycorticosteronc converted wth
10

ns.
washed adrenal homogenate residue.

the substrate. Apparently the complex 1s hydrolysed at a
relatively slow rate and all the free steroid formed 1s quickly
converted to the 11-hydroxy dervative, that is, corticosterone.
If the reaction rate of the deoxycorticosterone glucoside
hydrolysts 1s slow, 1t would explamn the low pH optimum
that we reported at an earher Conference here (Dorfman
and Hayano, 1952).

Fig. 2 15 concerned with the requirement for magnesium of
the 131-hydroxylating enzyme system A concentration of
0-6 X 1021 magnesium tons (8 % cane. of DOC) seems to be
needed for the system. This 1s n keeping with ovr earher
findings.
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Fig. 3 is concerned with the equivalent of adrenal tissue
that is needed to 1I-hydroxylate deoxycorticosterone. e
sce that a ratio of roughly 700 parts of tissue to one part of

Fre. 3.
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the sterowd is needed for the complete disappearance of deoxy-
corticosterone during the incubation.

In Fig. 4 it may be scen that 1n the sbsence of fumarate the
washed adrenal homogenate residue 15 ineffective in convert-

ing deoxycorticosterone to corticosterone.
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1x 10—’1\1 fumarate (5 x cone. of DOC) produced a 70 per
cent conversion of the steroid, and further doubling the fuma- |
rate content produced an optimal conversion.
Table I lists various metabolites that were studied for their
*ability to substitute for fumarate. Malate and succinate are
almost as effective as fumarate. cis-Acomtate was able to

Table I
ErFeECT OF VARIOUS ON THE or C

TROM DEOXYCORTICOSTERONE

Onduable Substrate DG ettt
Fumarate 0 06w 100
Malate . 80-100
Succinate . . 75
as-Acomtate 23
\laleave 20-327
Cutr: 1
o] ketonlutamte 1
Ascorbate . 1
Malonate, acetate, oxaloacetate . -0
Lactate, pyruvate, hexose diphosphate 0
Glucose, tnose phosphate, aspartate o

perform the function of fumarate to a limited extent. Four-
teéen other metabolites listed i Table I were completely
inactive.

Deoxycorticosterone acetate as well as the 17-hydroxy-
deoxycorticosterone acetate can be effectively hydrolysed to
the free compounds and 11-hydroxylated by the adrenal
homogenate system.

Four Cy, steroids have been studied. Under conditions
simular to those previously emploged for DOC, a yield of
approximately 80 per cent of androst-4-en-118-0l-8.17-dione
was found when androst-4-ene-3:17-dione was mncubated, On
incubation of testosterone with the enzyme preparation there
is formed a compound which, on the basis of paper mobilities
and colour reactions, appears to be androst-4-ene-118.178-diol-
3-one. Two 6-hydroxy androst-4-ene-3:17-diones have been
studied; one the 6a-hydroxy and the other the 6g-hydroxy
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compound. In each instance a more polar produet has been
found by paper chromatography. These products have not
been isolated, but again there is a strong likelihood that the
11p-hydroxy derivatives have been formed by the enzyme
system.

A vanety of C, steroids have been incubated with the
washed residue preparation to study the specificity of the
11-hydroxylating enzyme system. These include Se-pregnan-
21-0l-8:20-dione, pregn-5-ene-3f: 21-diol-20-one, progesterone,
17-hydroxyprogesterone, and pregnan-21-0l-3:20-dione. Re-
cently we have demonstrated that a-pregnan-21-ol-8 20-
dione can be 11-hydroxylated. The 11-hydroxy dervative
was isolated from the incubate and identified by m.p. deter-
minations, specific rotation and infra.red analysis of this
compound and companson of the 1solated material with an
suthentic sample which was synthesized from corticosterone
by hydrogenation in the presence of palladium black.

Table I lists the relative yields of 11-hydroxy derivatives
from various steroids.

17. and 21-Hydroxylation

In a series of experiments, attempts were made to produce
selectively 21-hydroxylation using 21-deoxycortisone, proges-
terone and 17-hydroxyprogesterone as substrates. In each
instance we were able to demonstrate by paper chroma-
tography, nfra-red analyss, or both, the appearance of the
corresponding 21-hydroxy denvative. Speafically, cortisone
has been identified after incubation of 21-deoxycortisone,
corticosterone from progesterone, and 17-hydroxycortico-
sterone from 17-hydroxyprogesterone.

The 21-hydroxylating reaction as well as 17-hydroxylation
were demonstrated when experiments were done using {4-1C]
progesterone and [21-1C] deoxycorticosterone acetate.

In the first experiment involving progestcrone, ¢ g. of
adrenal tissue as the crude homogenate were incubated with
2.461 mg. of ¥C-labelled steroid. After addition of carrier
steroids, and many fractionations involving both paper and



In Vitro SyntiESIS oF CORTICOSTEROIDS 197

sihea gel chromatography, two pure compounds were isolated.
The first was corticosterone, m.p. 184-185° (uncorr.), havinga
constant specific activity of 4,150 counts/mg./min. and homo-
geneous by infra-red analysis. This indicated a G4 per cent
conversion of progesterone to corticosterone. This defimtely

Table 11
ReLaTive YieLps oF 13-HYDROXY-DERIVATIVES FROM VARIOUS STEROIDS
(5 ¢. CQUIvALENT OF WASHED ADRENAt HOMOGENATE RESIDUE AND 5 MG,
OF STEROID)

R Sub Fo oo
D 90-95
D 90-95
Deoxycorticosterone glucas:de Comenscemne 30
T 90-95
17-] lIydmx) deoxy corticosterone

17-] mdmxymmcostem 90-95
5u<Pxegnxn-"l-ol«8 20-dione 5u-mgnane 118 2l-diol-3
30
Pregnan -21-01-3 "O—dnone Premne 118 21-diol-3 20-
cetate . . ne 20
Pregnan‘.l-ol -3 20-dione 80
Androst-4-ene-3 17-thone r\ndmst s-en-11g0l-3 17
25
Pregn-5-ene-38  21-diol-20-one I‘ngn-5~ene 38 118:21-tnol-
15
Testosterone . ] Androst-4<ne-)13 17g-diol-
3-one ? 10
Pregn-5-en-3g.01-20-0ne . - No product
Progesterone No product
17g-Hydroxyprogesterone No product
Androsterone No product

indicated the 21-hydroxylation as well as the 11-hydroxy-
lation. A 1 per cent yield of 17-hydroxycorticosterone was
calculated when 17-hydroxycorticosterone, m.p. 197—204°
(uncorr.), was 1solated, having specific activity of 1,850
countsfmg./min.

In the second experiment, 2-40 mg. of [4-14C] deoxycor-
ticasterone was meubated with 6 g. of adrenal tissue homogen-
ate. A total of 5-7 mg. of carmer 17-hydroxycorticosterone
and 13-6 of carrier corticosterone was added. Again, by the
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use of paper chromatographic techniques and silica gel chro-
matography, two fractions were isolated. One proved to be
pure corticosterone, m.p, 181~184° (uncorr.), which had a
specific activity of 1-5 X 10% counts/mg./min. The second
compound which indicated that the 17-hydroxylation actually
occurred was 17-hydroxycorticosterone, m,p. 200-204° (un-
corr,) with a specific activity of 17,670 counts/mg./min,
amounting to a 2 per cent yield from the original deoxy-
corticosterone.

The washed residue preparation was found to be inactive
with respeet to 21-hydroxylation although the 11-hydroxy-
Iating potency has repeatedly been of a high order. This would
appear to make it quite hikely that the 11-hydroxylating and
21-hydroxylating enzyme systems are discrete entities.
Further work along this line is in progress.

In Vitro Action of ACTH

Recently, by two separate methods, a stimulatory effect of
added ACTH on corticosterord hormone production by adrenal
cortical slices under conventional incubation conditions has
been demonstrated. Since the completion of the first phase
of this work, Saffran, Grad and Bayliss (1952) have reported
that the addition of ACTH to rat adrenal halves in vitro
results in an mncreased output of adrenal cortical hormones
as measured by the U.V. absorption at 240 my of chloroform-
soluble sut s and by a biological assay method mvolving
the eosinophil drop of the adrenalectomized mouse. Our ex-
periments have involved the incubation of beef adrenal slices
in the presence of [14C] sodium acetate. With such a system
we have been able to show that the 17-hydroxycorticosterone
formed during a two-hour incubation at 87° C. in an atmo-"
sphere of 95 per cent O, and 5 per cent CO, contained a greater
specific activity when ACTH was present. The MC-labelled

e hmie P 3 Aeail m Bleann e anehnbiane hac

the adrenosterone was found toretain the same order of specitic
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adioactivity as found for the 17-hydroxycorticosteroids.
'he results of these experiments show that incorporation of
4C into 17-hydroxycorticosterone was increased twofold in
he presence of ACTH (Table ITI). In asecond series of experi-
ments, it was demonstrated that added ACTII increased the

‘Table 1II

NFLUENCE 0 ACTI 0¥ 1n wiro INcorroraTion oF [1-4C] ACETATE INTO
17-TIYDROXYCORTILOSTERONE

> Compound F
‘:,5“;";"‘,: Control “4dded ACTH
Amant of | Speeipcoctuntyof | Amaunt o Specyic actoty of
carrter ssolated B
ndd(d (m( ) :vunl.l/m‘ fman, odded {mg ) countsimg fmin
185 0 s 16 05 92
83 102,000 20 200,000
91 H 1s 3,370 215 7,350

output of formaldehydogenic steroids from adrenal slices. The
corticoids produced by incubation were chromatographed on
sihica gel after prelminary extraction and the amounts of
corticords present were estimated by perodate oxidation and

the appropriate column fractions followed by determination-
of the liberated formaldehyde. Data from one such exper-

ment are given 1n Table IV.

Summary

We have presented evidence indicating the presence in
adrenal tissue of enzyme systems capable of carrying out 11-
hydroxylation, 17-hydroxylation and 21-hydroxylation in
certain steroids. Various charactenstics of the 11-hydroxy-
lating enzyme have been indicated and it has been shown that
the enzyme system can produce its reaction on a variety of
€,9and Cy; steroid substrates. Finally, an in vitre system has
been described 1 which ACTH has been shown to have a
direct effect upon adrenal slices This effect appears to be one
of stimulating the production of adrenal cortical steroids.
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DISCUSSION

MagrriaN I wasn't quite clear, Dr, Dorfiman, about your statement
that with the 11-hydroxylating enzyme there was ro recognizable
product produced from progesterone, Did you mean there was no
recogruzable a-ketolic product?

Doxrryan: Yes,

‘Tarr, As our work m regard to the A nng structure of our potent
should like to take this oppor-
tomty to clanfy th)s pomL The first ﬁgure shows the posiion of the
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F10 1 Position of mineral activity on typieal 8-day chromato-
gram compared with otker sdrenal steroids.
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from cortisone when the paper is tested by the soda-fluorescence method
of Bush, which we have confirmed is highly specific for At-unsatus
rated 3-ketones. Ilowever, the possibility that such evidence could be
masked !)y other compounds is quite real, ‘The compound is probably
present in very small omounts and there are undoubtedly a large
number of other compounds in this region, e.g., there is a pheno! which
Tuns just ahead of the activity. The second figure shows the evidence
for the formation of a polyacetate derivative on treatment of the active
compound with pyridine and scetic anhydride. The acetyl derivative
'
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£ acenre,

AcTvITY
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B,
weranm 0% Y
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¥F16, 2, Typical -hour on
benzene-formanide system, showing position of mineral acﬁvlt}r
after of acetyl of the
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e fee) that conclusions regarding structure drawn from work on

wltramicro quantities are tentative only, and further work must be done
on milligram quantities before the A nng stnucture is established.

Donryan- I would like to raise a guestion about the 11g-hydroxyl-

¢ - v mnmtenting fn adeanal ~estingl and medullary tissue,

o H * r have studied this point.

Lt . arated the cortical tissue

nificant -amount of 118

h‘ydmxylnhng enzyme in the medullary tissue, .
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- Kannt: T would like to mention the results of some unpublished
work in our laboratories. We tried to find out whether the adrenal
cortex or the adrenal medulla is responsible for the 11-hydroxylation
We sepa:ated fresh bovme' udrernals nte two parts, one consisting

content of the medulla did not have any effect on the yield of Compound
F. We conclude that the adrenal medulla does not contam any ap-
preciable amount of the 1l-hydroxylating enzyme, and that neither
the medulla nor pure adrenabne have any specific action on the
vitro production of Compound F.

Bosa: It is difficult :o’se‘pamle the adrenal cortex fn:m the medulla,
e 2 45 A ok ks S T UL R R

luteal phase or 1n pregnaney, can go night to the centre of the medulla,

Kannr; Twould™™® *- - oot oo - T
ACTH on the proc
that the addition
amount of 11-hyd .
replace the essentral fumaric acid in our expersments, but ACTH alone
does not show any activity. Isn't it possible that the ACTH forms a
certain amount of ascorbic acid or ascorbic acid-like substances m your
‘homogenate?

Dorrman I believe you used a crude homogenate for your studies,
while we used a washed residue. The dufference 1s due to the type of
enzyme preparation employed.

Hecnter: Dr. Dorfman, would you care to comment on possible
mechanisms of the vanous oxidations? With a houseful of experts on
orgame Teactions, perhaps they could throw some hight on what's going
on.

Dorryan From a biochemical pomt of view 1t’s very tempting to

Frbhbaiaigr i nit S o . 4 A

Yolinrn e

peen done yet.
Dicrasst It is interesting to notice that all the hydroxylated
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hormones formed by either perfusion or enzymic incubation are m-
varably 11g-hydroxy compounds, while the compounds formed by
merobiological oxidation can be both § and a. The more exeiting one
is the 11g-hydroxy compound, because that rases the question of
whether it has any biological functions. To a chemst the 1la com-
pound 15 much more attractive mechamstically speaking, and 1t 18 the
one that you would expect on purely steric grounds Why we have
thus rather marked differentiation I do not know, but 1t 1s quite possible
that there might Le two entirely different mechanisms: one a hydration
mechanism, going through some dchydrogenase system and then
addition of water; the other one through sometlung else, possibly
reduction of an iutially formed ketone. I think that has been excluded
n the perfusion mechamsm because if cortisone 15 perfused one does
not get ¥ On the other ham:l, Dr Zaffarons and Dr. Rubin at Sz’nte(

SoNDHEIMER If this were to be pictured as dehydrogenation,
followed by any simple type of hydration, one would expect the 11e-
hydroxy compound to be formed rather than the 118.

Diyrrassre Yes, certainly.

Hecnrer. T would like to mention some interesting findings that
have come out of our adrenal perfusion data. If C-21 is hydrovylated,
the C-17 hydroxyl function 1s difficult to mtroduce. Thus, if corfico-
sterone or deoxycorticosterone js perfused, httle or no 17-hydroxy-
corticosterone 1¢ formed. Dr. Dorfman has just inmdicated, using a
radioactive tracer techmque, that this reaction does proceed in homo-
genates but to a very himuted extent. Why is progesterone, but not
DOC, readily hydroxylated at C-17?

Fnally, 1 Wisll L0 145U & 30w PUliits suutn e xap gy ass b
tmechanism, Dr. Harcld Levy at the Worcester Foundation, just before
1 . T

ANOUIEL WU sog e P ;
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configuration. Where might these postulated hydroxyl free radicals
come from? The C-11 hydroxylation appears to requre dicarboxylic
acid, whether malate or fumarate. One might assume that the di-
carboxylic seid 1s oxidized through the various hydrogen transport
systems, ultimately passing through a hydrogen peroxide stage, The
peroxide formed mught then be the precursor of the hydroxyl free
radieals which he regards as the dniving force for the 11g-hydroxylation
reaction.

RricusTeN: I don't thunk 1t’s any good to speculate much about this
until Dr. Dorfman has made his crucnl experiment, whether the 9(11)-
unsaturated compound does add a molecule of water, because that would
Ve the eastest explanation. If you first add a proton on the 9-position,
then you would have trans addition of water and the 11 would be g,
because the 9 would be «. I think the cructal expeniment 1s really to see
whether there 13 an unsaturated intermediate, and I would be very
much astonished if there were not.

Qurnomrm: T fus o momasmnd £ ammd mmems mnboo 1 ke 4Ll T Lla

possibly nvolving a cis addition
Dierasst; Or no hydration mechanism at all

Qrmrmme Vs tam ot B e

deswed. - N
Rz:msmm The reason for such 1deas is that in the well known
(vt g it 1 pired & vl mal

avamnla 1emnnt fammad e Bt anct iea b om e 3 T

SnorpEr: The hydroxyl radical is not a charged body, as opposed to .
an 101, go that the usual stereochemcal considerations. which after all
are fundamentally electrical i character, will not operate to anything
like the same extent.
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HEeMsS. Knmahade epanntfe. fosloisd spt 1 . " N
microbiolo, .

in hydroxy " . .

peculiar, 1

neither hy R s . .
oxidation of the enol I suggest Dr. Dorfman might add to his List the
compound with a double bond at 8(9).

Hrcnrer. In the case of the 11-hydroxylation system in the ad-
renal, any mechamsm which purports to explain this reaction must
nclude, ta addition to the active protein, an explanation of the réfe of

and of the dicarboxyhe acid. The Iatter factors must be
considered as important as some of the sterie factors and intermediates
which have been mentioned.

Samures: I would hke to support what Dr. Hechter has just said,
that we mustn't forget that this 1s happemng on the surface ofa protein

molecule, not 1n solution. As Dr 1 has so well
primtiy Vi A

s Anfant e v henh anan—ds PR

N

Dorrxan. 1 might say that we haven't found a substitute for mag-
nesium, Manganese, for example, is mactive,

Barron: 1 would like to ask one possibly rather foolish question,
el #hnt v veler A $hs bl e Gt £ gD ST 4L dmtenp fand B
after incubation of 14C labelled progestérone, 1 think it's unlikely.

Barton: You had this labelled 1n ring A?

Dozrryan- Yes .

Retensters: Dr. Samuels, you said that the enzyme system which-
converts preguenclone into progesterone finshes yp with 75 per cent

i Isthatat H ? Can you do the reverse reaction,
80 that progesterone yields 25 per cent pregnenoclone?

SaMuELs: That expeniment was carned out just before I left and 1
don't have the final results yet. I can say that there was reduction,
but whether we get the same equilibrium I don’t know.

1 would like to ask Dr. Dorfman about the conditions he used for
the radioactive Compound F results Were those one-hour incubations?

Dorrman  They were 2-hour incubations using a ratio of 3,0001
tissue to steroid, at pXI 7 1 and phosphate buffer. R

Samuers: Mr. Plager was able to get Cempound F‘ formed from

e & PR PRES TN s 1 nn-

et wrthinnt th
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sequence. Also he found & bicarbonate buffer system seemed to work

'
ration?

DorrMaN Probably some

FoLiry. And did you make any measurements of oxygen uptake,
without and with ACTH?

Dorrman: With the homogenate we have—it was a low oxygen up-
take. With the residue, I don’t recall that we have.

ForLey Did you get an increase in the oxygen uptake with the
fumarate, as against no fumarate?

Dorryan. Practically none

SamuELs: I would have anticipated increased oxadation, but 1t would
be difficult to relate 1t to the owidation of steroids, sice the mitochondria
have the enzymes for oxidation via the Krebs cycle In regard to this,
Mr. Plager has prepared highly ultracentnfuged fractions that are free
from mitochondria, and oxidations at earbons 21 and 17 both seem to
occur  Of course the 11-hydroxylation disappears from these. The 172
oxidase seems to be much more unstable. 1We'se used relatively fresh
glands

Hecater  Dr. Samuels, what concentrations of ATP were used in

hy rom your y relative to those employed by

€ ex
Dr. Dorfman?
Samuvers 1 ean’t say.
DorrmaN. Our experiments with ATP and DPN have been indirect.
RS v vl 9 iuro NSt e sl g e ity

b

Dorrman' Yes

Samuris. Perhaps the DPN 15 mvolved i rebulding ATP. TUn-
doubtedly there are ATPases present

Dorestan- In another mdirect expermment we incubated deoxy-
corticosterone with our residue, centnifuged, removed the steroid, and
then repeated that process § or 4 times, and we eventually got to the
place where only a trace of corticosterone 1s produced At tius point
addition of ATP and DPN seems to bring the enzymic activity back.

pound ¥ depending on the amount of oxygen Have you done any work
on this pornt?

Dorrxan  We have done experments in air and i 93 per cent
oxygen, and we did not find & real difference. We have not studsed the
factor of oxygen fusther.

cowtr 15
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1,3"."“1" like to bring up the question of 11-hydroxylation by liver

Kannt: By paper chmmatogrnphy, mcludmg runs with mixtures of
thc fraction :md _pure Compound F.

DorrmaN  We have thus far been unable to demonstrate 115
hydroxylation 1n liver or kidney tissue.

Doenasst. Dr. Zaffarom tned to repeat Dr. Kahnt’s e‘ipenment
under the same as he and he got no
F at all

Kannt With beef hver?

Dierasst. I think with rabbit liver,

Hrcarer In connection with Dr. Kahnt's charactenzation of the

deoxycomcostemnc we found that many ketol metabolites formed
from deoxycorticosterone give this blue coloration with 1odine. One o
these compounds had a polarity practically rdentical with cortisone.
VWhen, however, enough of this material was obtained, infra-red analysis
conclusively revealed that this substance was not cortisone, The reason
T’ve mentioned ths in detail 1s to illustrate the posslblllty that charac-
of a by paper y be

mmsleacing, unless one does more than simple paper chromatogrsphy

Sommm\mn' Would you consider that a careful mived paper
chromatogram 15 more ]usnﬁed than a sm"le chromatogrnm"

Tlarasror
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gquide to homogeneity. It must be remembered that you collect fractions
by solvent partition, and the actual systems available for chromato-
graphy, particularly of these sterords, are all very simular in their
polanty, so that on general grounds you wouldn’t expect the partition
coefficients to be very different. Tiere are only really about two or
T A i iy i s

Manruan. I've been waiting a long time for somebody to say thus'

Bosn: I think Dr. Morms said something which is certanly true,
Lut perhaps conveys a rather one-sided mpression. I know alio that
our Chuirman 18 very keen—I think rightly so—on the isolation of
materials 1n biochernical experiments and charactenzation by classical
means. But it does seem to me that i the field of steroids neither method
15 1deal, if you can use both you're pretty sure, but 1f you use only one
there’s very little to choose between classical methods or chromate-
graphy. The surest way 1s to do, as Dr Zaflarom has done, a series
of reactions giving vanous dervatives and show that all the denivatives
behave identically But X may say that my expenence of people who
hand me samples to chromatograph *Just to check up that 1t 1s 1dentical
with X or Y™, or that ‘4t 1s pure”. comes out very much i favour of

I've known which were iden-
tical by three classical tests on three dervatives and two classical tests
of the esters of the and after the products

T've had to tell the astomshed chemust that i fact neither compound
was homogeneous and only one perhaps of three compounds 1n each was
wdentical 1m the two muxtures After four or five weeks’ hard work, in
which his classical methods had been apphed rather more ngorously,
he's been able to confirm my verdict One more example may be quoted
to this 1 d three samples of Reich-

PPShartar-aauh e e oan noo




208 GENERAL Discussion

I would like to hring up the question of 11-hydrovylation by lver
and kidney tissues which Dr. Xahat reported recently.

Kan~t: We obtained a small amount of Compound F in experiments
withrabbit and beef iver. The of Sub: StoF d
to only 1-5 per cent, In the biver homogenate without added Substance
S e did not detect any Compound F, The same holds for kidney.

Hecnrer: Would you tell us how you charactenized the F?

Kauxt: By paper chromatography, 1ncluding runs with mixtures of
the fraction and pure Compound F.

SamurLs. Did you repeat it after fornung the acetate? ,

Kanxt: No. But the erude extract has been chromatographed e
on stlica gel. We shall check the fraction agam, but 1 am convinced
that I got Compound F.

Doreman: We have thus far been unable to demonstrate 11§
hydroxylation n Itver or kidney tissue.

Digrassi: Dr. Zaffarom tried to repeat Dr. Kahnt’s expenment
under the same as he m ica, and he got no
F at all.

Kanxt: With beef liver?

Dserasst I think with rabbit liver, ;

Hecrrrer In connechon with Dr. Kabnt's charactenzation of the
“F” arising from hiver incubation, I should Like to relate some of our
experences with DOC perfused through hver. Seneca and co-workers
(Science, 1950, 112, 524) reported that deoxycorticosterone ncubated
with a varety of tissues, including liver, gave nise to cortisone, which
they i d by paper The material had polarity
similar to cortisone, 1t was a ketol, and 1t gave a blue spot with the 10dine
reagent deseribed by Zaffaroni. In our hver perfusion studies with
deoxycorticosterone we found that many ketol metabolites formed
from deoxycorticosterone give this blue coloration with iodine. One of
these compounds had a polanty practically 1dentical with cortisone
When, however, enough of this material was obtained, infra-red analysis
conclusively revealed that this substance was not cortisone. The reason
T've mentioned this 1n detail is to illustrate the possibility that c}:n‘m'(‘:

of b by paper hy may be P
ymsleading, unless one does mote than sumple paper chromatography.

SonpieiMER: Would you consider that a careful mixed papet
chromatogram 15 more justified than a single chromatogram?

hmmensl s ITawaver

PRI I

Y it w4 ae weafnl ta have some mice ervstalline material as well, L
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been attracted by some form of “umtarian” hypothesis of
adrenal secretion (see review by Sayers, 1950).

The purpose of this paper 1s to try and decide just how far
the available evidence from direct studies of adrenal venous

Table [
Tueories oF ADRENAL Corricar FuNcTIoN
Theory Postulated secretion products Main sourees of eridence
“N and 8" “§" hormone such a2s Ken. | Pathology of adrenal
theory dall’s Compound F hyperfunction (man)
(Albright) “X™ hormone, probably a
17-ketosteroid
*“Dual theory™ § “Sugar hormone™ from 2Z Histolopteal changes
{Greep) fasciculats, “Salt hormone™ | induced by hormone
from Z and/
or changes 1 duet
{rats)
“Dual theory™ 2 Glucocorticords and mineralo- | Effects of DCA ad-
(Selye) rticoids, as m Effects
pathalogieal processes of “stress™, formahn
“arthntis”, ete., ete ,
ete, (rats) N
“Unitanan Compound F secreted, acting | Effects of Compounds
theory™ both as sugar and salt hor- | F_and E, and of
(Conn) mone  Androgenic hormones | ACTH, 1n man.

produced by extra-adrenal
conversion of Compound F.

Totrpotent. A mixture simular to gland ex. | Complewity of syn-

theory 1 tracts 13 secreted No single | drome eaused by

{Kendall) hormone 15 _adequate to ac- | adrenalectomy.
count for adrenal function Effects of adrenal

steroids and extracts

on adrenalectomized

ammals {rats, dogs,
s}

cat:
Totipotent Denved embryolomcally from | Embryology and his-
theory 2 theinterrenalbody,theadrenal | tology of  adrenals
{“Embryological | 13 held to be relatively undif- | and gonads Adrenal
theory"} ferentiated and to secrete all | extracts contan pro-
types of steroid hormone. gesterone,  adreno-
sterone, and cestrone

Sex  differences
adrenal.  Adreno-
genital  syndrome,
ete , ete




SPECIES DIFFERENCES AND OTHER FACTORS
INFLUENCING ADRENOCORTICAL SECRETION

1. E. BUSH .

Tie biochemistry of the synthesis of steroids by the adrenal
cortex has been thoroughly discussed by previous speakers so
that this paper will deal mainly with physiological aspects of
adrenocortical secretion and will be based mainly on experi-
ments in which adrenal venous blood has been collected in
vivo and examined chemically.

The chenncal study of adrenal venous blood m recent years
has been stimulated principally by the desire to discover the
chemical basts of adrenocortical function. It 1s worth noting
that both this particular study and the idea behnd it ongi-
nated some time ago, for Virchow 1 1857 noted that blood
from the adrenal vein gave the same colour reaction with
ferric chloride (Vulpian’s reaction) that was given by the
adrenal medulla, thus providing the first direct evidence in
support of the theory of the “blood secreting” function of the
endocrine organs (de Borden, 1775). Vogt’s work (1943} gave
the first indication that chemical studies on the sceretion of
the adrenal cortex should be feastble and profitable.

Si1x more or less distinet theories of the nature of the hor- ,
mone, or hormones, secreted by the adrenal cortex and their
physiol 1roles are 1zed in Table I. It will be noted
that all agree in postulating the secretion of a “sugar” or
“carbohydrate regulating” hormone, and that all are based
mainly on indirect methods of investigation. Otherwise they
are rather different and tt 1s not an entirely academic task to
try and decide which of them, 1f any, 15 nearest to the truth.
Recently it has been emphasized that few steroid hormones
have entirely Iimited and specific pharmacological actions
and for this and other reasons many endocrinologists have

210
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(f) Reflex photography in ultraviolet light (A =253 7
mp.;

(g) Colour reaction with iodine in hght petroleum.

After these experiments further work on each species was
carried out in which the Ry value of the free compounds and
their reaction with NaOH were used for charactertzation and
semiquantitative estimation. Known amounts of at least two
reference substances were run on the same chromatogram m
paraliel with the blood extracts. This simplfied routine analy-
tical technique was shown by work on pure steroids and pland
extracts to be rehable and capable of distinguishing all six of
the known active cortical steroids. three other af-unsaturated

‘. 8-ketosteroids m gland extracts, and, m conjunction with

triphenyltetrazolium chloride, three other known (inactive}
a-ketols of gland extracts.

Estimation of quantities was only approximate (visual com-
parison of spots with reference substances) and had an error of
10 to 440 per cent over the range of quantity usually found
m the extracts. The It of detection of af-unsaturated
3-ketosteroids was 0-25-1:0 pg. per spot using NaOH, and
2:0-5-0 pg. per spot of reducing sterods with triphenyl-
tetrazohum chlonde. Recovery values for the extraction of
1-80 pg. amounts of corticosterone, 11-dehydro-17-hydroxy-
corticosterone, and 17-hydroxycorticosterone from blood by
the method used was 85-105 per cent.

Perfusion experiments were carried out by a technique similar
to that of Vogt (1951) and mvolved no heemostasis durmng the
transfer of the gland to the perfusion eircuit,

Results

1. Secretion of the Adrenal Cortex in the Eviscerated” _

, _ Animal with Splanchnic Nerves Intact

In all the anmals the adrenal venous blood contamned
17-hydroxycorticosterone and/or corticosterone. Singly or to-
gether these two compounds made up 85-100 per cent of the
total quantity of observable af-unsaturated 3-ketosteroids in
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blood collected 7n vivo helps us to understand the physiological
functions of the adrenal cortex. It will be found that the major,
contribution of such studies to date has been to provide evi-
dence of a critical type: that is to say, evidence which enables
us to decide the merits of existing theories of adrenal cortical
function rather than evidence which provides any entirely
novel conceptions.

General Methods and Conditions of Experiments

Adrenal venous blood has been collected from anwsthetized,
eviscerated amimals using techniques similar to those of Vogt
(1943). The splanchnic nerves were usually left mntact. The
figures given for secretion rates are thus probably much farger
than oecur m undisturbed animals and the physiol 1 con-
ditions of the animals in these experiments could be deseribed
as varying from moderate to severe *‘stress”.

The following species have been examined. dog, cat, ferret,
rabbits, sheep (with Dr. K. Ferguson at the University Depart~
ment of Ammal Pathology, Cambridge), rat and monkey. -

From 4-12 blood samples were drawn over periods ranging
from one-and-a-half to six hours and extracts made with ethyl
acetate aceording to a method described at an carhier Ciba
Foundation colloquium (Bush, 1953). The purified extracts
were examined by paper chromatography (Bush, 1952). Only
the essential features of this method will be described here-

Except in the case of the ferret, identification of the main

components of the extract was first established for each |

-species by chromatography of several extracts and a varnety
of methods of e the chr Jis Identification
was based on:— ot
(@) Fluorescence reaction of free compound with NaOH
(af-unsaturated 3-ketosteroids);
{b) Ry value of frec compounds;
(¢} Ry value of acetates of compounds; .
(d) Reaction with alkaline AgNO, or triphenyltetrazolium
- chloride (TPTZ) (Zaffurom and Burton, 1951) (a-ketols);
{¢} Reaction w ith dinitrophenyihydrazine in 2x-HCl; .
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Table IIT
OrnFr Covpornns FouND 1N ADRENAL VENOUS 13LOOD

Species Compounds found

N Regulirly,, up to
12-debydro-17-hydraxycorticosterone i
11-debydrocorticosterone por oot o o
17-hydroxy progesterone (*) Very occastonally, up
to 4 per cent of total
11-hydroxyandrost-4-ene-3 17-dione(?)  Very occasionally , up
t0 & per cent of total
“A and “an” Occasionally,, up to 3
per cent each of total

Doz | 11-dehydro-17-hyd

0c v, up to
0 5 per cent of total

[-11-dehy drocorticosterone Qccasionally,, up to
0 2 per cent of total

‘A Occasionally , up to 3
per cent of total

“An” Qceastonally , up to 3
per cent of total

Monkey | 11-dehydro-17-hyd ¢ lly, uptal 7
er cent of total

Corticosterone Occasionally; upto 1 7
per cent of total

Rat 11-hy droxyandrost-4-ene-3 17-dione {?) Occasianally, up to 40
per cent of total

Sheep | 11-dehydro-17-hy o up t0 3 per
cent of total.
11-hydrosyandrost-t-ene.3 17-dione (1) Regularly - up 10 5 per

cent of t

“Ant Occaslonn“y :uptos
per cent; of total

Corticosterone « Oceastonally , up to 5

per cent of total

2. Factors Influencing Total Rate of Secretion
(a) Pituitary Gland and ddrenocorticotrophic Hormone
{dctiy ’
In.the smaller ammals 1t was usually impossible to obtain
any increase in secretion 1ate by giving ACTH (Armour) in
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all species except cats, m which they made up only 74-90 per
cent of the total. Except in dogs and some cats the secretion
rate was large throughout the experiments, and in all animals
thersate was Jarge during the first halfhour after completing the
surgical prepuration. Except in two cats thie relative propor-
tions of both the major and the minor components of the secte-
tion remamned the same throughout each experiment. In the
majority of expertments it could be shown from the sensitivity
ht of the fluorescence reaction that less than 2-5 per cent
of any other single af-unsaturated 3-ketone was present in the
extracts in terms of the total quantity of 17-hydroxycortico-
sterone and carticosterone present. These tesults are sum-
marized in Table IT.

Table 11
RaTio OF MaJoR STEROIDS 1N THE ADRE~AL EFvLOENT [Loop oF Vamous

}

Compound F | RMarmum secrewn
e | s0fes mg ke pET
Compound I | amamal per 2. b
S
>20 | sess
a 84-5¢0
-6 3585
15-20
1 (2-3:5)
15 1 545
<0 03 15435
<0 a5 [ 821

Other steroids found less tegularly or m much smaller
amounts in adrenal venous biood are given i Table {11 Itis
seen that except in the cat aud the sheep only traces of
11-ketones were found. The other compounds have not yet
been identified completely and their sporadic oceurrence fias
prevented satisfactory examination of their properties. “A1”
and “Air” are compounds very similar to those found in gland
extracts (Bush, 1952).
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‘Table IIT
Orirr Coyrounps Founn 1¥ ADRENaL VENOUS Broop
n

Spreies Compounds found

Cat 11-dehydro-17-hy droxy corticosterone Y, SV (M

11-dehydrocorticosterone eeretion
17-hydroxyprogesterone (?) Very oceasionally, up
to 4 per cent of fotal
11-hydroxyandeost--ene-3 17-done{?)  Very occasionally , up
1o ¢ per cent of total
“AUT and “AR™ Occasionally , up to 3
per cent each of total

} Regularly, up to 13

Dog 11-dehydeo-17-hydrovy. [43 ily, up to
0 5 per cent of total.
[F11-dehy drocorticasterone Occaswionally,  up to
0 2 per cent of total.
A Occasionaily , up to 3
per cent of total
“An Qceasionally , up to 8
per cent of total
Monhey | 11-deliydro-17-hydroxy ¢ uptol 7
per cent of total
Corticosterone Qccasonally; upto 1 7
per cent of total
Rat 11-hydrovy t-ene-3 17-chone (2) O Ty, up to 40

per cent of total

Sheep | 1i-dehydro-17-hy upto 8 per
cent of total,
Fhydrovyandrost-d-ene-y 17-drone (1) Negularly , upto § per
cent of tof
“Au" - Occasmnnlly P to 3
per cent of tot
Cotticosterone * uccnsmmny, np t05

per cent of total

2. Factors Influencing Total Rate of Secretion
(@) Pitwtary Gland and Adrenocorticotrophic Hormone
(4cTIn) M
In the smalter ammals it was usually impossible to obtain
any increase in secretion 1ate by giving ACTH (Armour) in
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large doses (2-4 iu.fkg./hour) by intravenous infusion or by
quick infusions of 1-2 i.u.fkg. over 1-5 minutes. The blood
loss caused by the colleetion of samples and the operation
involved seemed to cause a prolonged period of maxinial
rate of secretion which could not be further increased by
exogenous ACTH.

In the cat, dog, and sheep, ACTH given from 1-2 hours
after completing the preparation caused rapid increases (2- to
3-fold) in secretion rate. In the dog the increase was apparent
within 2 minutes, and the pezk rate reached within 5-10
minutes of beginning the infusion of ACTH.

Onc hour after the hemidecapitation (Parkes and Fee, 1929)
and hypophyscetomy of three rabbits the secretion rate was
1/5-1/10 that usually observed. On giving ACTH intrave-
nously the secretion rate rose rapidly to the normal (maximal)
rate found with the pituitary mtact. Isolated cat and ferret
adrenals perfused with blood drawn from a decapitated donor
animal behaved in a similar way. The high en vivo rate of |
secretion persisted for 10-80 minutes and then fell off to 1/5-
1/10 the in viro rate within 1540 minutes. ACTH injected
close to the artenal perfusion cannula produced detectable
increases mn secretion rate within 2-10 minutes.

The lower mit to the latency of action of ACTH was not
discovered since it was always smaller than the sampling time
necessary for obtainng detectable quantities of steroids (cf-,
however, Vogt, 1951).

(b) Splanchnic Nerves

It was found that 1n cats and dogs which had had both
splanchnie nerves cut early n the operation, both the initx:'xl
secretion rate snd the secretion rate an hour later were uni-
formly lower than 1n animals with splanchnic nerves intact.
Ths {inding needs confirmation on a larger series of animals,
but if confirmed 1t indicates that the role of the adrenal
medulla’in stimulating ACTH release 1s an important one in
this type of stress”, in agreement with the results of Forbier

(1951) on the rat.
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(c) Blood Flow
It was observed on two occasions that accidental interrup-
tions of blood flow of from 80-60 seconds caused complete
cessation of secretion for an observed period of one-and-a-half
hours after the accident, although the blood flow was appar-
ently normal throughout the period after its re-establishment.

Tt was observed in two n vivo experiments, and in many
early perfusion experiments where vasoconstriction was a
difficult technical problem, that when the adrenal blood flow
fell to the pomnt where the effluent blood became appreciably
“venous” 1n appearance (adrenal venous blood is normally
“arterial” 1 appearance) the total secretion rate fell to very
low levels although good responses to ACTH could still be
obtained. _
(d) Indimdual Varation

Animals were drawn at random from laboratory stock and
showed considerable vanation in the observed “maximal”
(unaltered by large doses of ACTH) adrenal secretion rates
For any species the largest individual rates observed were
from 2-3 times the lowest (see Table II).

(¢) Species Variation

The only sigmificant finding as yet has been the very high
rate of secretion per umt body-weight of the rat compared
with other species (Table II}. Other apparent spectes differ-
ences probably depend very greatly on diet and living
conditions.

3. Factors Infl | the Composition of the
Adrenal Secretion

The ratio 17-hydroxycorticosterone/corticosterone appeared
to be a charactenstic of each species and, except in the eat,
was never observed to change appreciably in the course of _
any expermment. Spontaneous changes in total secretion rate
or those mnduced by ACTH infusions or other expermmental
procedures always involved all components of the secretion.
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In the cat, however, both these general rules were broken
and the ratio 17-hydroxycorticosterone/corticosterone was
usually between 7 and 4 but occasionally was as low as ) or
o5 high as 12:5. Agan in two cats (of 14) significant changes
m this ratio were caused by injecting large doses of ACTH
(see Table IV).

Table 1V
AN EXAMPLE OF ALTERATION OF THE Ratio
N THE CAT
skg &, h not

31.u. ACTH (Armour) injected intravenously and
7 1u. ACTII subcutancously at 15 48 within 10 seconds,

§ymn samples from left adrenal. Splanchme nerves intact,

Tmu;!brgmnmg Secretion vate 0 ug Imtn Ratio

sample coliection - i
11 50 60 08 75
1155 60 08 75
12 25 60 04 15 0
15 30 50 04 125
1541 60 06 10 0

15 47(ACTISH 80 16 50
15 52 70 20 33
15 57 70 30 235

The only other exceptional case was the rat. Here indivi-
duals varied m the ratio of corticosterone to the compound
tentatively 1dentified as 11-hydroxyandrost-4-ene-8:17-dione
from 80:1 to 3.2. However, the ratio did not change in any
mdividual with changes in total secretion rate.

Discussion
Comparison with other Chemical Studies of Adrenal

Venous Blood L

These results are in agrcement with previous in vivo work
on the dog by Reich, Nelson and Zaffaron: (1950). There are
two major differences, however, when they are compared with
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the perfusion experiments of Hechter, Zaffaroni, Jacobsen,
Levy, Jeanloz, Schenker and Pincus (1951). In the first place,
a very high proportion of the total a-ketols secreted by their
isolated beef adrenals was made up of 9 “unknowns”, some
of which were tentatively identified as the 3-hydroxy com-
pounds related to the pmmapal af-unsaturated 3-ketones
found.

In many of the in viwo experiments described here this
difference 1s explamned by the fact that the samples analysed
were not large enough to detect these a-ketols 1n the propor-
tions described by Hechter et al. However, m several experi-
ments (dog and sheep) large samples of blood contaming 100-
120 ug 17-hydroxycorticosterone were analysed. In the dog
small quantities of a reducing substance not possessing an
aB-unsaturated 8-ketone group and different from any of those
described by Hechter et al. (1951) were found. Otherwise no
other a-ketols were found. The sensitivity of the TPTZ test
m this case was checked on the same chr ogram as being
< 2 pg. of a-ketol per spot. So that in terms of the content of
17-hydroxycorticosterone less than 2 per cent of each of the
“unknown ketols I-V” and “VII-IX", and less than 0 5 per
cent deoxycorticosterone (NaOH test limit of 0-5 pg.) were
present, i contrast to a total of 32 per cent of “‘unknowns
I-V7, 1-2 per cent of “unknowns VII-IX” and 0-7 per cent
deoxycorticosterone described 1 one protocol of Hechter et
al. (1951). It appears possible that such ketols are only
released under the conditions used by these authors. At any
rate we have no evidence to prove conclusively that they
are not.

The second major difference 15 that the 1solated perfused
beef adrenals of Hechter ¢t al. (1951) only secreted 17-hydroxy-
corticosterone and corticosterone at a total rate of 1-1-5
£g./g gland/min (calculated from total a-ketol secretion rates
given as 88+4-64-0 pg./mm /gland of 20 g and a proportion
of 54 per cent 17-hydroxycorticosterone and corticosterone
after ACTH). In vivo, however, Tates of 2060 pg./g gland/
min. were observed 1n cats and dogs after ACTH. Either a
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large species difference exists in this respect or else these
perfused glands were behaving very differently from those
in viwo.

However, the preponderance of 17-hydroxycorticosterone
and corticosterone and their approximately constant ratio of
1:1 agrees well with the results obtained 1n in vivo experiments.

The Chemical Basis of Adrenocortical Function

In Table V some of the most direct estimates of the rate of
adrenal cortical secretion in vivo in two species under condi-
tions equivalent to moderate or severe stress are compared,
The rates of secretion are expressed in terms of the glycogenic
potency of cortisone, calculated 1n the case of the chemical

Table V
CoMPARISON OF CHEMICAL AND B1oLoGICAL EVIDENCF ON ADRFYOCORTICAT
SECRETION

Specres Method of estimation Rate of secretion Author
Selye-Schenker *“‘cold- | equivalent to Vogt(1947)
test” on adrenal ve- | 5 4 mp. [kp./24hr
nous plasma Compound E
Mouse eosmophul ss- | equivalent to Babile
say onadrenal venous | 5 mg fkg /.4 hir, (unpublished)
plasma Compoun

Dog -
Nelson's method on | equnalent to about Nelson,
adrenal venous plas- { 7 my fkg /24 hr, Samuels and
ma {chemical) Compound E Reich (1951)
Bush’s method on ad- | equivalent to Bush (1052)
renal venous blood | 40 mg./hg /24 br.
(chemical) Compound
Restoration of muscle | equivalent to up to Ingle,
work function m ad- | 20 mg./kg /24 hr, Nezamis and
tenalectomized rat Compound E Morley (1952)

Rat
Bush's method on | equivalent to Bush (1431)
adrenal venous blood { $-12 mg /kg.f24 hr

Compound E
I
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results on the basis of the relative potencies of adrenal steroids
given by Pabst, Sheppard and Kuizenga (1847). The table
thus eompares the “sugar hormone” or *“glucocorticord” scere-
tion rates determined by chemical and biological methods.

1t appears from this companson that the chemical analyses
are in complete agreement with the bioassays of adrenal
venous plasma for “glucocorticoids” 1n the dog, and are in
fair agreement with the indirect estimate quoted for the rat.
There is thus (1) evidence for the secretion of typical gluco-
corticords by the adrenal cortex i a variety of mammalian
species; (2) evidence that the substances observed chemically
in adrenal venous blood are sufficient to account for all the
glucocorticord activity of adrenal venous blood.

The chemical studies so far discussed throw no hght on the
problem of whether the adrenal secretes a ‘“‘salt-hormone”.
Spencer (1950) detected the equivalent of 4 pg. deoxycortico-
sterone per ml. of dog’s adrenal venous serum, using a salt-
load retention assay. But deoxycorticosterone itself is not
present in dog’s adrenal blood in sufficient amounts to account
for this result (Bush, 1952) and since no assays of other
steroids were performed 1t 1s impossible to say whether the
presence of 17-hydroxycorticosterone and corticosterone
would account for his results. Since cortisone acetate was
found to cause sodum retention in human patients (Sprague,
Power and Mason, 1950) and fo have the same action on the
excretion of NaCl by the dog’s kidney (Roberts and Pitts,
1952) as “DOCA”, 1t appeared to many workers Unnecessary
to postulate the secrction of a speexfic “salt hormone™ by the
adrenal cortex (Conn, Lows and Fajans, 1951; Conn, Fajans,
Lous and Johnson, 1951). Instead 1t was suppoded that the
“customary division of cortical steroids into “glucocorticoids™
and “mineralocorticoids” was false (Verzdr, 1952) and that the
secretion of 17-hydroxycorticosterone by the adrenal cortex
would satisfactorily account for the normsl animal’s (or
human being’s) capacity to regulate both mneral and carbo-
hydrate mctabolism.

X However, the discovery by Grundy, Simpson and Tait



222 1. E. Busw

(1952q), usmg a new bioassay for “mineralocarticoid activity”,
that more than 80 per cent of such activity in a beef
adrenal extract was contamed m o substance that was cone
fused with 11-dehydro-17-hydroxycorticosterone on most
chromatograms, threw new light on the problem. This sub-
stance 1s probably sbout 20 times as active as deoxycortico-
sterone on & molar basis, so that physiologically significant -
amounts of 1t would have escaped detection m most, 1f not
all, the chemucal studics of adrenal venous bivod that have
been reported so far,

Prel Y exp {Simy Tatt and Bush, 1952}
have mmdieated that a substance very simlar to, if not iden-
tieal with, that found m gland extracts s in fact secreted by
the 1solated perfused monkey adrenal, and by the dog adrensl
in vrvo, Thus two parts of the extract of a monkey’s adrenal
venous blood were chromatographed m parallel and chemical
examination of one half of the chromatogram revealed the
presence of only -2 pg. 1l-dehydro-17-hydroxycortico-
sterone. After elution of the corresponding regron of the un-
treated half of the chromatogram with ethanol the eluate
was evaporated and sssayed at two dilutions by the method
of Simpson and Tat {1952) using the depression of the urinary
2Na/t2K ratio of the adrenalectomized rat {Table V1) N

The activity of this region of the chromatogram was found
to be equivalent to approximately 25 pg. deoxycorticosterone
acetate, wh the of Comp { B (estunated
chemically) would only have had an activity equvalent to
0+05-0 1 pg. deoxyeorficosterone acetate m this assay.

A similar analysis of dog adrenal venous blood collected
in vive was earned out, and in addition the “muneralocort
cord” activity of the whole chromatogram was compared with
the chemical estunation of the substances detected on 3
parallel chromatogram. The results are shown in Table VII
Unfortunately the assay of the lower half of the chromatogram
was delayed and some loss of activity was discovered by per-
forming a second assay of the “Compound E spot”. Tt is seen,
however, that only the Compound E region of the chroma-
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‘Table VI

nlOAS‘!AY oF “E FracTION" FROY AN EXTRACT OF ADRENAL VENous Broon
D DY PAPFR

(Ruesvs Movkey)

Substance snjected Dose per rat Ko 2, | eNaruR i urine
19 per cent
alcohol 01ml 13 | 3 52740 357*
“E fraction™ of | 1/30 total »
adrenal perfusate | 0 1 ml. 10 per cent alcohol 8 2 BO8+0 387
“E fraction” of | 1/30 totaln 0 1
drenal perfusate | ml 10 per cent alcohol 8 |2 280110
Adrenal extract { 0 01 ml eq.1n 0 1
ml_10 per cent alcohol 8 |2 01040169
002ml eq 10 1
ml 10 per cent aleohol 7 |1 45140-180

(n-1)
Tatel extract equivalent to 45 T ontput of one adeenal from w 6 33 kg amemal ()

Table VII

BI04SSAY OF MINERALOCORTICOID ACTIVITY IN AN EXTRACT OF DG ADRENAL
100D AFTER CHROVATOGRAPHIC FRACTIONATION

Erpected,
Frac. b’
Jeneu: Actual bulogwcal
| et cvomaaren. | S| el | At
1 | From and mcludmg 0 0pg DCA | Opg DCA
ongn ta edge o
l.ydmxycomcostemne
(Compound F) spot

2 | From and mcluding | 225 ug F | 20 ug DCA | 20 pg. DCA

1| Compound F spot to

edge of cortisone spot

3 | Cortisone spot 154z E | 1pg DCA | 86 g DCA
(Compound E)

4 | Corlicosterone spot 10 ug DCA <15 pg. DCA*
(Compound B} 65,z B > 0 pg DCA
Deoxycorticosterone | 0 ug DOC | 0 ug. DCA | 0 ug DCA*

*Fractions 4 and § wece testad o & diferent sssay from 1, 2, 30d 8
e quantities given are equivalent to 8 O min, output of the left adrenal (in Pwo) of &

n T ©
contt

18
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togram contamed activity that could not be explained by the
compounds detected chemically. A further check was per
formed by acetylating part of the extract, eluting and hydro-
lysing the esters at the front of a chromatogram of the acety-
lated extract, and re-chromatographing the hydrolysed eluate.
Although the recovery was Jow (10 per cent instead of the
usual 15-40 per cent), activity was recovered from the Com-
pound E region of the final ch K This p

d rated that the sut was distinet from Compound
E and farmed a di- or poly-acctate similar to the active sub-
stance of gland extracts,

Owing to the loss of activity in the second half of the assay
1t is not possible to prove the plete ab of deoxycor-
ticosterane, but i terms of this assay (in which deoxycortico:
sterone 1s by far the most active of the chemically identified
cartical steroids) it was clearly an insignificant component of
the adrenal secretion, and the chexmeal analysis showed that
less than 0 5 pg. was present per 100 pg. 17-hydroxyeortico-
sterone.

In Table V11T an attempt is made on the basis of the actual
results of this experiment to eompare the physiologiesl sig-

ift of the dufferent )t ts of the dog’s advensl

Table VI
Tur RELATIVE PRYSIOLOGICAL SIONIFICANCE OF DIFFFRENT COUPONENTY
oF ADBENAL SECRETION IN THE D0G In TERMS OF Tevo Known Murasouc

Funcrions
u/iav’ mmm" expressed ax “Sun/::me"‘ ;xﬂ”':'d
y ! 1 Compous n oy 0y oo 2y cOTH-
Substance werms ot tuer glyeagen depoion e et o7t of Ty
asiay® NaiK sstayt
N percentage peree
Compound F 5-20 86 0 40
Compound Fo 0 23 3R o0z
Compound B 0 54 89 G 20
Compound A 007 12 o-0
syalt factor” probably o o 112
e e
"Total 604 29 9 175

wfabst of at (1047}
$Simpson and Tatk (1952)
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cortical secretion. Since the total (chemically estimated)
secretion rate of this particular adrenal was typical of the
other seventeen animals cxamlncd it 1s probably a reasonable

ppraisal, but for simpheity’s sake possible synergistic effects
have been neglected. It appears that few of the theories of
adrenal function mentioned earlier are wholly wrong or wholly
right and that, unfortunately perhaps, these results tend to
support the more complicated theories rather than the
simpler ones,

Tt appears, however, that these investigations have succeed-
ed in imiting the field of enquiry, to some extent at any rate,
for we have evidence that two important aspects of adrenal
cortical function can be accounted for by chemical or partly
chemical findings. Thére seems to be no need to postulate the
secretion of any “glucocorticords” other than those wellknown
to, chemists for some time, and similarly the “mineralocorti-
coid” secretion of the adrenal 1s probably accounted for by
the secretion of the known active cortical steroids and one at
present unidentified substance whose properties are well
defined 1n some respects {Grundy, Sumpson and Tait, 1952b).

The chermcal basis of other aspects of adrenal cortical
function, however, remains unknown. Gassner, Nelson, Reich,
Rapala and Samuels (1951} have 1solated but not identified
an androgenic substance from cow adrenal blood {n vive) but
no evidenee of progestational or cestrogemec substance in
adrenal blood has been reported to date,

The most important limetation to the results and mter-
pretations given above 1s that they are only strictly relevant
to the secretion of the adrenal cortex at moderate to large
Tates and under conditions which do not pertain to the normal
life of the animal. They are thus capable of accounting for
normal adrenal physiology with regard to two sorts of function
but do not exclude the possibility that the adrenal cortex in
fact behaves dlﬂ‘erently in the undisturbed ammal, or in
ammals disturbed or “stressed” mn different ways. Another
obvious hmitation to the studies deserbed here 15 that 1t is
by no means certain that the scope of adrenal cortical function
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15 fully covered by the bioassays usvally used for estimating
or detecting “‘cortical activity”. Thus the apparent dominance
of 17-hydroxycorticosterone as a secretory produet in terms
of glucocorticoid activity (or of corticosterone in rats and
rabbits) 1s only true for those aspects of adrenal cortical func-
tion in which the relative potencies of different cortical hor-
mones are the same as in the liver glycogen deposition assay.
Again the apparent dorminance of the unidentified “mineral-
ocorticoid” 1n terms of Simpson and Tait’s assay must not be
assumed to indicate that 1t 1s the most significant secretory
product with regard to all aspects of electrolyte metabolism.
Nor is it yet known that this substance is similar in other
pharmacological properties to deoxycorticosterone, or could
play the role postulated for mineralocorticoids by Selye {1950).
It remauns to discuss the large species differences in the ratio
of the two major p ts, chemicall isidered, of the
secretion of the mammahan adrenal cortex. The differences
observed eannot be corrclated with any known differences in
diet, mode of life, or metabolic response to stress or to ACTII
of the species examined. On the other hand, the relative con-
stancy of this ratio in each species and the fact that it is not
appreciably altered by ACTH is consistent with the theory of
Hechter ¢t al. (1951) that both compounds are synthesized
by the adrenal from a common metabolite, probably pro-
gesterone, ACTH bemng supposed to act on some point of
the reaction cham before the production of this common
precursor, The simplest postulate available is, therefore, that .
these species differences in the ratio 17-hydroxycorticosterone/
corticosterone are biochemieally and genetically determinéd,
and are related to different properties of one or more enzymes
responsible for synthesis. An attractive possible hypothesis is
that in most speeies the properties of the 17-oxygenating and
a1-oxygenating enzymes of the adrenal cortex are such that:
(a) their relative activity is fixed genetically and determines
the ratic’ of the two major secretory produets; (b) the
Michaelis constants and ES dissociation velocity constants of
both enzymes are considerably larger than thosc of one re-
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action previous to the formation of the common precursor on ~
which the 17-oxygenating enzyme acts.

Under these conditions, varations in the rate of synthesis
of the common precursor would cause a change in total scere-
tion rate of the two major products but no appreciable change
in their ratio. The variable ratios observed in the cat could
then be accounted for by a low Michaclis constant or activity
of the 17-oxygenating enzyme. In this case an increase m the
rate of synthesis of the common precursor above a certain
fimit would cause a fall in the proportion of the 17-oxygenated
compound as the total output increased.

Whatever the solution of this problem the simplest hypo-
thesis, and the only one for which there 1s any supporting
evidence at all, 1s that these species differences are determined
by relatively fixed biochemical properties of the adrenal
cortex and not by the physiological requirements of the
different species.

A very significant indication that corticosterone and 17-
hydroxycorticosterone play a sumlar physiological réle
whether singly or 1n mixtures 1s the fact that although the rat
adrenal secretes almost entirely corticosterone, 17-hydroxy-
corticosterone 1s none the less three times as potent as cortico- ~
sterone in protecting the adrenalectomized rat agamnst cold
(Dorfman, 1950} and 1 causing hiver glycogen deposition,

It is possible, however, that some functional differences will
appear as a consequence of these characteristic differences
“in composition of the adrenal secretion.

Many observers (Dr. E. H. Kass, personal communication)
have already found that cortisone 1s far more effective than
ACTH 1n decreasing resistance to infections in mouse, rat,
and rabbit. However, the difference is probably only a quan-
titative one and may be further reduced when larger and more
frequent doses of ACTH are given.

Thus although these species differences are probably of
more interest to the biochemist, they may have to be borne
n mind by the physiologist and endo logist as well,
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sronsyrin About the possible multiple nature of the function of
(h?:’dtr’e)nal gland in man—3 «poke about that 2 years ago with Ur.
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Thorn, who has very great experience in Addison’s disease, and his
optmon was that you can definitely say that there must be two functions.
one which can be expressed 1n terms of the salt action, and the oth

ol Wil ala 8 om Ahend Anoymrnaria.

improve their condition by adding small amounts of deoxycorticoster-
one, He estimates that the amounts necessary for maintenance of a

‘Then just a small point about the nomenclature. Many people think
I am agamst using the letters of Kendall. I am not. I am agamst
using every letter, whether 1t’s Kendall's or mme or anybody elsc’s.
For mstance, there are th of C E's in the .
and only & very small group of people who work on the adrenal gland
will know what 1t means. And, another point, 1f you use such letters,
1t is usual to use the name of the first one who 1solated 1t. Cortisone
would therefore be Wintersteiner's ¥ But as soon as such a nice name
as cortisone exists, one should abandon these letters They were good as
long as the constitutions were not known, but once the constitutions
are established and specific names are given they should disappear as
quickly as possible

Prveus: In regard to the peculiar effect that Dr Bush reported in
the cat, I think we should recall some data which Dr. Hechter and 1
Published, and which are summanzed i the table on p 230 This
shows the mean output of the 15 s-ketols 1n mcrograms per 20 g. of
gland per hour, in a sexies of experunents (n which ACTH was used, 1n.
which the blood was cycled through the gland only once and then
Pl p e e il it ss prl e




230 GENETRAL Discussion

you said, probably getting a mass effect from the 17-hydroxycortico-
sterone during the re-cycling, whereas in the w2 1o experiments the
collection was equivalent to a single cycle.

Samuers: I have one question to ask Dr, Pincus about the table that
he sho\‘ved You had an equivalent amount of B and F in the one-gyc]f

‘Table

a-Krrors rrox ACTH-PERFUSED BEEF ADRENAL GLANDS; OUTPUT AS
MicrocraMs PER 20 GRaMS OF GLanD rErR Hour (G. PiNcus)

[ ’ Tresh et
Compounds 1-cyele $5-cycle x!
Unknowns 1.V 200 | 205
17-OH Corticosterone - 538 1155
Cottsone . . . 43 ‘ 205
Unknown VI 15
Unknowns VILTX . 200 133
Corticosterone . . 650 408
Unknown X . 132 33
11-Dehydrocorticasterone 126 105
11-Deoxycorticosterone 65 38

Totats - l 2163 ‘ 2284

stimulation, or was this sumply putting 1t through the gland repeatedly,
and not a question of continued action of ACTH?

Pincus There was a constant content of ACTH

Samuers: Mamntamned 1n the blood? The ACTH would disappear
from the blood rather rapidly unless it was continuously added.

H : In the one-cycle t we used a smgle dose of 2&
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a3 fast as they are formed, the possibilities of getting secondary and
tertiary pathways set into action are himited. 5
Swmuris: There is the time factor 1n relation to the stimulation of

riNcus  No

Saxueis: The single eycle 1s immediately after ACTH while the other
wnvolves the factor of time after imtial stimulation  In other words,
from these experiments you can't disinguish between the question of
time factor of ACTI action and the question of accumulation

Hrcuter: 1 think we can  In other experiments we have passed
blood contaming ACTH contmually through glands and Tepetitively
removed single samples s0 that the time intervals nvolved began to
approimate those desenibed 1n the 45-cyele pattern The 1 1 ratio was
the entire course of the expen-

ment
SaymueLs: That comes back then to the fact that as these compounds

ladney. So that I think the single cycle duplicates more closely what
you get 1 the normal picture.

Pincus, Yes. More than the 45-cycle.

If we want to discuss the problem of whether the adrenal 1s produc-
ing a sccretory product which has so much salt-retainmg and 50 much
sugar activity and so on, I think there ate several factors which ought to
be considered 1 would like to mention that we have conducted bio-

genetic action, m the Noble-Collip traumatic shock test, m an anti-
inflammatory ussay, and 1n the salt-retaining test.

The next situation 1s a Lttle more complicated We have assayed
(only for g activity) of these sub: and
find that cor and 17-hy and all

nctivity, and amongst these are Professor Reichstein's D diacetate and
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also o dihydro derivative of deox)corticosterone and a tetrahydro
dertvative of cortisone. These three compounds all inhibit. Adreno-
sterone, on the other hand, which we consider as very similar to adre
drogen, has no effect what . So, ding the last
we have some which will give you synergism, others which will give
you inhbition; and how are you gong to make & decision unless you
know the chermucal proporttons of each m the secretory product?
Busm: I thunk that’s a very important point But you found with
the principal compounds a positive synergy, and an inhibition only
with D diacetate, tetrahydro-E and dihyd corti The
pont I was trying to make 10 my paper was that the amounts of the
pal steraids, d ck lly, were suffictent to account for
the glycogenic activity, as found by two different assays, even if you
neglecteq synergy. The comparison 18 mamly between different sPes.uf

on the dog. °

Pixcus: We have found this y4 only in the glycog
assay.

DorrFMAN: And 1t seems to be true both for the rat and the mouse.

RexcisTEIN: Dr. Prncus, you said that if you test the complete
perfusate from a gland, you find a higher activity mn every test than
when you add all the known compounds. You gave the figure of two-
to three-fold 1n the glycogen depostion test. Is this figure not much
larger in the sodium retention test?

Pincus. Ve ran that only once and an estimate of extent of increase
can be anything you want because we don't hnow what the deoxy-
corticosterone content 15. But 1t certmnly 1s of a hugh order of activity
and suggests more activity than one would expect on the basis of pure
deoxycorticosterone,




IN VIVO METABOLISM OF ADRENOSTERONE

RALPH 1. DORFMAN, KENNETH SAVARD
. and SHLOMO BURSTEIN

RE1cnsTEIN demonstrated the presence of 11-oxygenated
Cy5 steroids in adrenal tissue (Reichsten and Shoppee, 1943).
He succeeded in 1solating adrenosterone and 11-hydroxyzso-
androsterone from this source. In later studies Wolfe, Fieser
and Friedgood (1941) and Dorfman, Schiller and Fish
{1943) 1solated an androstenolone which later was shown to
be a ring C unsaturated product of 11-hydroxyandrosterone.
This Iatter compound was shown to be present in urme as
such by Mason (1945) and by Miller, Dorfman and Sevringhaus
(1946).

Licberman ef al. (1948, 1950) at the Memorial Center, New
York, have ncreased enormously the list of urinary 11-oxy-
genated C,, compounds m the last few years. They succeeded
in 1solating 11-hydroxy h ! 11-ketoandrosterone
and 11-ketoztiocholanolone. The Memorial Center group
placed particular immportance on the presence of 11-hydroxy-
ztiocholanolone m human unne. They found this compound
only occasionally (8 per cent of 24 subjects) in the urine of
normal mdividuals, while this steroid was found in the urine
of a high percentage (74 per cent of 35 patients) of cancer
patients. It was found to be present m a relatively large
number of imdividuals suffering from lymphatic leukeemia
(100 per cent of 4 patients), hypertension (50 per cent of 6
patients), and Cushing’s disease (72 per cent of 7 patients)
These important findings have not been confirmed and more
studies are needed to explain these striking differences in Cy,
steroid metabolism patterns

In the present study we have concerned ourselves with the
relationship between C,, 11-oxygenated steroids from the

233




231 Rarrx 1. DorrMaN e al.

adrenal and these found in the urine. Adrenosterone, an ad-
renal androgen, was chosen for these studies. Specifically we
were concerned with the possible reduction of the 11-ketone
group in ring C to an 11-hydroxy group; the possible formation
of the saturated, non-oxygenated ring C steroids; and finslly
the reduction of the A%B.ketone of adrenosterone in ring 4.
A considerable amount of work has already been done on -
androst-4-ene-3:17-dione and it would be of further interest
to know whether the reduction 1n ring A for adrenosterone
was analogous to that previously found for androst-4-eme-
3:17-dione.

Subject, Materials and Methods

A Gl-year-old man with rheumatoid arthritis was injected
for ten days with 100 mg. of adrenosterone as a microerystal-
Ine suspension. Urine was collected for a two-day perod
before treatment and during the entire period of hormone
admunistration. The mean 17-ketosteroid excretion during
the control period was 6-5 mg. per day, and during the
treatment period the I7-ketosteroid excretion rose to &
mean of 22 -6 mg. per day, with a range of from 672 mg. to
442 mg.

Since it was expected that at least some of the urinaty
metabolites would be 118-hydroxylated, and since 118-hydro-
xylated steroids are easily dehydrated in the presence of
mineral acids and heat, extraetions were carried out under
mild conditions after acmd and heat. The extraction procedure
is detailed in Fig 1. -

Ether extracts A, B, C, and D (Fig. 1) were combined and
yielded 219 mg. of 17-ketosteroid. Ether extract (E} contained
164 wmg. of 17-ketosteroid. For the isolation studics, all of
extracts A, B, C, D and one-half of & were available. Various
aliquots were removed for additional studies so that, of the
1,000 mg. of adrenosterone administered, the urine repre-
senting 750 mg. was used for the isolation studies,

The technique used for paper chromatography is discussed
elsewhere (Savard, 1952).
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Experimental

The total neutral fraction was prepared in the usual way
and subjected to further fractionation with Girard’s reagent
T. The ketonic fraction weighed 0 7 g. and the non-ketonic
fraction weighed 1-6 g. The ketonic fraction was chromato-
graphed on a 42 g. silica gel column. The residue was dissolved
m 20 ml. of benzene and adsorbed on the column. The column

1 LyREs
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Fi6. 1. Adrenosterone extraction of unne,

was eluted successively with 550 ml of benzene, 650 ml, of ben-
zene — ethyl acetate 9.1, 100 ml. of benzene — ethyl acetate
41, 60ml, of benzene —ethylacetate 2 1,200 m! of benzene —
ethyl acetate 1:4, 50 ml. of ethyl acetate, and finally 400 ml.
of ethanol Three erops of crude semicrystalline matenal were

. found 1n the eluates: one from the later benzene fractions; a
second from the later benzene — ethyl acetate 9-1 fractions;
and finally a crop from the middle benzene — ethyl acetate
2.1 fractions. These sermcrystalline matenals were subjected
to further analysis and purification using paper chromato-
graphy.



236 Raren I, DorRFMAN et al,

Representative individual fractions from the silica gel
column were analysed by paper strips using a ligroin — pro-
pylene glycol system. Twelve steroids were detected, eleven
(I-XT) which reacted with the Zimmermann reagent on paper
and substance number XIT which appeared to have an a-ketol
side chain. Table I gives the distribution of these steroids in

Table 1
A Ce PAaPER A { ANN}
Stgesd | sowent | 1 | 1 || o) v lltlll var x| X jar
4 B +
6,7 B + |+ |+ |+
8 B + ]+
9 B-E ++ [+
91
015 ), + |+
16 » +of 1 + | +
17 " +of o+ [ +
18 . + +
w-20 R I
21-22 1 B-E + |+ +]+
91
2324 | B-E + +
41
26-29 B-E + [+ +{+]+ |+
21
30 w +? +l+p+ |+
31 ”» +i+ [+ +
32 ” +l+[+ |+
33-35 ” [N B I
360 |+ F) T
41-46 | B-B + 4|+ +]+
14
BePBenzene E=Ethy] Acctate

the various fractions of .the silica gel column. Since many
fractions from the silica gel column contamed more than one
component, the materal was run again on preparative papers
so that approxmmtely 20-35 mg. of materl:al was placed on
paper sheets 15 em. wide. The single steroid zones were cut
out, eluted with methanol and the various c.ompounds crystal-
lized. Identifications were made on the basis of paper chroma-
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tography, melting points, melting points of mixtures with
authentic samples, and finally infra-red analysis.

Table II hsts the compounds that were isolated. Eight
compounds were identified.

Table I
" METABOLITES OF ADRENOSTERONE
(750 mg )
Sirod e totaes | Bers,
11-Hydroxy androsterone 4o 7 57
Androst-9(11)-en-3a-0l-17-one
11-Hydroxyetiocholan-8a-0l-17-one 57 o8
Etioehol -5{11)-en-3a-0l-17-one
11-Ketoandrosterone 4 9 (crude) 07
11-Ketogtiochalan-3e-0)-17-one 30 04
ndrosterone Trace
Epandrosterone . Trace
Discussjon

The principal metaholite of adrenosterone was 11-hydroxy- -
androsterone, which was 1solated n a yield of 5.7 per cent.
11-Hydroxyetiocholan-8a-ol-17-one was also found, but only
tothe extent of 0-8 per cent From these findings and previous
findings with androst-4-ene-3.17-dione there 15 the indication
that the presence of the 11-keto group tends to direct the
reduction 1 ring 4 more toward the androstane than the
etiocholane configuration. In an wn vive study (Dorfman,
Wise and Shipley, 1950) of androst-4-ene-8 17-dione 1t was
found that essentially equal amounts of androsterone and
=tiocholan-3e-17-one were 1solated This finding has been

fi d using deuter steroxd {Gallagher etal.,
1951),

The finding of 11-hydroxyandrosterone and 11-hydroxy-
«tiocholan-8a-ol-17-one clearly inidcate the reduction of the
1l-keto group to the 118-hydroxy group. Similarly Mason
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(1950) isolated 17-hydroxycorticosterone after cortisone treat-
ment and Dobriner (1951} isolated 11-hydroxystiocholan-3a-
ol-17-one after cortisone administration to a normal man.

We have no indications that adrenosterone gives rise to
non-oxygenated saturated ring C steroids such as androsterone
or setiocholan-8a-0l-17-one. Only a trace of androsterone was
detected by infra-red spectroscopy. Ztiocholan-8a-ol-17-one
has thus far not been detected. Actually it appears that the
endogenous prodiiction of these steroids has been suppressed.

Part of the 11-hydroxy steroids were 1solated as their eorres-
ponding Af-unsaturated derivatives (Table II). This was,
expected since the compounds were subjected to hydrochloric
acid and heat. It is unlikely that these unsaturated steroids
represent true metabolites.

Summary

11-Hydroxyandrosterone, l1-hydroxysctiocholan~3a-nl-l7-
one, 11-ketoandrosterone, and 11-ketomtiocholan-3a-ol-17-
one have been shown to be metabolites of adrenosterone.
The presence of the 11-oxygen function appears to direct the
veduction of ring A to the androstane configuration. The
reduction of the 11-keto group to the 118-hydroxy group is
clearly demonstrated.
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CURRENT STATUS OF CORTICOSTEROID
METABOLISM IN MAN*

G. PINCUS, E. B. ROMANOFF and
LOUISE P. ROMANOFF

Introduction

TnE objective of this paper is to present recent analytical
data on the corticosteroids present in certain human tissues
and fluids and to attempt to assess the significance of the
similanties and differences observed. It should be stated at
the outset that the nature of some of our findings necessitates
caution in drawing any lusi the plexity of
the corticosteroid patterns observed and the limited sources
of material drawn on for the analytical work give a very
preliminary flavour indeed to the nonetheless laboriously
assembled data,

Qur orginal intentions were comparatively simple. The
fortunate availability of human adrenal glands, taken at bi-
lateral adrenalectomy of patients with malignant hypertension
and of other patients with inoperable cancer of the breast and
of the prostate, led us to undertake the perfusion én vitre of
these glands following the techniques which have been em-
ployed so successfully in our laboratories with the isolated
adrenal glands of other species (cf. Hechter et al., 1951). Since
we had already shown that methods of paper ehromatography
permitted the assessment of a rather regular pattern of cort}-
costeroid secretory product from bavine glands following their
perfusion with ACTH (Pincus, Hechter and Zaffarom, 1951)
we proposed applying similar analytical methods to perfusates
from human adrenal glands. The secrctory products so
o pesitons deribed n o s s b e b gt o
Williams-Waterman Fund of the Rescarch Corporation.

240
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obtained were to be compared with the corticosteroids of
human urine analysed by sumilar methods. As asite for the
mntermediate metabolism of corticosterods in man we selected
the knee joint, from which it 1s not too difficult to withdraw

- samples of synovial fluid following corticosteroid injection.

The results of our experiments resolved themselves into a
much less simple picture than we had expected. The presence
of a large variety of steroids was indicated in each source
examined.

Subjects and Methods

Urinary steroids were obtamed from twenty-four-hour
specimens collected from schizophremic, arthritic and normal
healthy subjects of both sexes. The analyses were conducted
usually with the pooled extracts of two such twenty-four-hour
specimens. The methods for extraction have been recently
deseribed {(Romanoff, Wolf and Pineus, 1852), and ivelved
incubation of the fresh urine with spleen glucuromdase, ex-
traction of the lipids with methylene chloride, separation of
the neutral lipids, their fractionation by elution from silica gel
into three prineipal fractions—(a) the less polar, (b} the more
polar, and {¢) the most polar—and the resolution by paper
chromatography of the steroids contamed in fractions (a)
and (). -

The adrenal glands perfused came from patients with malig-
nant hypertension (supplied by Dr. George Thorn of Harvard
University) and with prostatic or breast carcinoma {suppled
by Dr Charles Huggms of the Umversity of Chicago). The
method of perfusion employed was that originally described
for beef adrenal glands (Hechter et al., 1951). Following the
perfusion of a control sample of blood, ACTH was added to
the medium (i amounts indicated in the text) and the ACTH-
stimulated gland perfusate was then collected over periods
ranging from one to four hours. The steroids were extracted
as previously deseribed (Hechter et al., 1951), and the neutral
lipid fractions eluted from silica gel which contain the hor-
monal steroids and related compounds, were ck aphed
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on paper using the propylene glycol-toluol system of Zaffatoni
et al. (1950).

The synovial fluids analysed were collected at twenty-four

hours following a single injection of 1 ml. of a 25 mg. per ml.
microerystailine suspension of 17-hydroxycorticosterone. The
neutral lipids were extracted direetly with methylene ehloride
and were not fmctwnaled on silica gel, but analysed dircetly
on paper, since vanous j and pecific sut
ordinanty removed by salical gel chromatography apparently
were absent from these extracts.

Results
(a) Urine Extracts
Urine specimens from 28 subjects werz analysed to a greater
or lesser extent by the foregoing methods. They were obtained
from four groups, as mdwated m Table I, which also lists the

mean ration of formaldehydog: substance (FS} and
Table [
Mran Fo GENIC {F§) Co N Forbowine
G1 UCURONIDASE ]l\'mmm’sls o URINE SAMPLES FROM VARIQLS SuBIECTS
Type of subgect No Meonaze | MembS

Young normal G 25 8 65

Older normal n a2 318

Arthritie 5 55 2 408

Schucophrenic 5 30 6 452

the range of values obtained. There appears to be a lower
output in the aged normal subjects and, as we have previously
noted using other methods of determination {Pincus, 1952a},
a lower output mn selnzophrenic subjects of the same age as
normal, healthy subjeets.

Assuming that the FS obtained represents chiefly steroid
ketol (and perhaps glycol) we have sttempted to resolve the
ohvious mixtures. Working initislly with pooled specimens
from normal subjects we have found that silica gel eluate
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containing the less polar compounds contans 16 substances,
none of which have we been able to identify with certainty.
These include 10 compounds having a-ketol side chains (Nos.
5A, 5B, 6,7, 8, 9, 11, 12, 124, and 14) of which two (Nos. 5A
and 5B) give reactions charactersstic of af-unsaturated
ketones. Of the remaiming 6 compounds, three react hke 21-
carbon steroids lacking the ketol side chain (Nos. 8, 4 and 18)
and three react hke 19-carbon 17-ketosteroids (Nos, 1, 2
and 10).%

We have examuned these less polar silica gel eluates of the
unnary extracts from four normal and six schizophrenic sub-
jects for the presence or absence of these 16 compounds. The
data are presented in Table 1I. Ten of these compounds (Nos.

Table 11
*#CorTico1s” oF HuMax UrINE (EARLY Sitica GEt Eruatss)
Compound number Present (+)

d Nermals (4) Schezophrenicy (6)
14 ++
13 ++++ ++++++
124 —— ++4
12 ++ +++
u +4++ b+t
10 ++++ +++4+++
v ++++ +4+++++
8 ++ ++++4
7 +4+++ +++++4
4 +4++ A+ttt
an ++4+ ++++++
54 +4++ ++++ 4+
4 +4++ +++4+4
3 ++++ +++++4
2 ++++ +H+++4
1, ++++ ++++++

}, 2, 8, 54, 6,7, 9, 10, 11 and 13) have appeared invanably
in all extracts analysed, one (No. 12A) has not been seen m
any normal subjects’ extracts, but has appeared mn half of the

*It should be noted that these compounds are numbered in the order of

therr runmng rates on paper, No. 1 being the fastest runmng and No. 14 the
stowest,
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schizophrenic subjects’ samples; two (Nos. 4 and 5B) have
been observed m every one of the schizophrenies’ samples and
1 three of the four normals; the remaining three (Nos. 8, 12
and 14) have been observed in a greater or lesser number of
instances but not all specimens from either type of subject.
It should be pointed out that, on o qualitative basis, the
presence of a given compound 1s more significant than its
absence, since an absence may merely indicate a quantity too
small to identify by the methods we have used. The spectro-
graphic methods employed are, on the other hand, sensitive
to 10 to 20 pg. amounts of steroid.

In the more polar silica gel cluates we have detected the
presence of 17 compounds, all a-ketols, of which five have been
identified with certainty, namely (in decreasmg order of
running rates): corticosterone, 17-hydroxy-11-dehydrocorti-
costerone, 17-hydroxycorticosterone, pregnane-3a:17a:21-
triol-11:20-dione, and preg 8a:115:17a:21-tetrol-20-on¢.
Nine of the compounds observed have running rates on paper
faster than cortisone, and while within any single chromato-
gram they are distinguishable one from the other, 1t is a little
difficult to compare with certainty any single substance from
chromatogram to chromatogram. Accordingly we have listed
in Table 11T the mean frequency of appearance of identifiable
substances in three groups of subjects. The two most rapidly
running compounds have not been observed in the extracts
from arthritics’ urines but they appear in about half of the

‘Table III

“CownTticotns” of HUMAN URINE (SUBSTANCES IN LATE Sitrca Grr ELUATES
st RuNNiNG ‘RATES FASTER THAN CORTISONE). TOLUENE . PROPYLENE
Grycor SYSTEM ON PAPER

4 hr

. Acterage No of Compounds sn
Running fime s
on paper . Cpds o Arthrince | Schuophremes
Normals (1) J i ’ Ty
24 hr. 4 29 2.0 88
8 hr. 3 2:0 o8 2.2
2 08 © 00 10
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extracts from the other subjects. The three less rapidly run-
ning compounds appeared in practically all of the arthritic
subjects’ extracts, but somewhat less frequently in the others
analysed. The four slowest running compounds appeared
frequently in schizophrenic subjects’ extracts, least frequently
in the arthritics’.

In Table IV are Listed the eight compounds having running
rates of cortisone or slower and their relative frequency of
occurrence in the three types of subjects. Three of these

Table IV
“CoRTICOMDS” OF TuMAN URINE {SUBSTANCES TN LaTE SILICA GEL ELUATES
WiTHt RUNNING RATES 0F CORTISONE 0 SLOWER)
Sotoems | Percentage of Subects Exvcrating Compound
Compound Sy e e R
on Paper it (it @
No. 29 Benzene
30 (10)* 0 100
No.28 * - ,, 80 (10)* 100 100
Pregnane-3 11:17,21- » 100 100 100
tetrol-20-one
Pregnane-3 17 21- »” 100 100 100
triol-11 20-cione
No. 27 ” 64 75 0
17-Hydroxy Toluene 100 100 17
corticosterone Propylene
N Glycol
No 26 B 73 100 100
Cortisone ”» 100 100 100

- *{ )}-No of subjects’ urines anslysed

compounds, cortisone, its tetrahydro denvative (pregnane-8.
17:21-triol-11:20-dione) and the corresponding derivative
“of 17-hydroxycorticosterone (pregnane-8:11:17:21-tetrol-20-
one) have been observed in all specimens analysed. Com-
pounds 26 and 28 have been observed 1n all specimens from
arthritic and schizophrenic subjects and 1n most of the normal
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subjects’ specimens. 17-Hydroxycorticosterone has been
observed 1n all speeimens from normal and arthritic subjects,
but appeared in only one of the six schizophrenics’ urine ex-
tracts. Of the remaining two compounds, No. 27 has not been
observed m any schizophrenics’ urine extract, but it has been
seen 1n 2/3 to 3/4 of the other specimens, and No. 29 has
oceurred in all schizophrenic subjects’ urines, but has been
seen 1 only three of the fourteen other extracts analysed.
In summary, of 33 substances identifiable by our analytical
methods 17 have appeared consistently in all types of urine
specimens analysed, whereas 16 are absent to a greater or
lesser degree depending upon the type of subjcct examined.

(b) Human Adrenal Perfusates

In a previous publication (Pmcus, 1952b) I have presented
data indicating that ACTH will, under certain conditions,
stimulate the 1solated perfused human adrenal gland to an
increased output of FS. Employing these conditions, we have
perfused six glands taken freshly at operation and analysed
the neutral hpid silica gel eluates of three control perfusates
(without ACTH) and six perfusates following ACTH adminis-
tration. The results of our analyses are shown in Table V, in
which the substances observed are classified on the basis of
their relative running rates and their speaific reactions. The
relative Tunning rates are calculated in terms of the rate of
17-hydroxycorticosterone, the running rate of which is taken
as 1-0. The compounds observed are described according to
the “type” reactor: thus, “Tetrahydro”-type compounds are
substances reacting as e-ketols, but mving no indication of the
presence of a ketone in ring A; “Cortisone”-type are a-ketols
with af-unsaturated ketones; “Dihydro”-type are a-ketols
with ring 4 saturated and reacting as 3-ketones; ‘‘Proge-
sterone”-type are Cy, compounds lacking the a-ketol reaction
but giving reactions as af-unsaturated ketones; “Pregnane-
dione’’-type are non-ketols with a 3-ketone but not af-unsat-
urated; “Glycol”-type are compounds which arc non-ketols,
but teacting like 20.21-diols.
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The data of Table V inform us of the types of com-
pounds with these running rates observed in perfusates from
control and ACTH-stimulated glands. Thus eight a-ketols of
the tetrahydro type were observed in control perfusates,
whereas 11 such compounds were seen in the ACTH perfusates.
Similarly, the controls’ output of “cortisone”-type compounds
was six, and the ACTH perfusates contained mmne. Only
among the glycols was there no increase of total numbers of
compounds in the ACTH perfusates. The indications of Table
V are that 29 different compounds were seen in control per-
fusates and 41 following ACTH; of these, 18 in the control
perfusates were a-ketols and 11 non-ketols, whereas following
ACTH there were 25 and 16 respectively.

Actually the frequency of occurrence of the compounds
hsted was not the same from perfusate to perfusate. In
Table VI we list the compounds by number and the frequency
of oceurrence of each. Only four compounds (Nos. 7, 20, 21
and 40) were observed mn every control and every ACTH per-
fusate examined Compounds 17, 31 and 33 were observed
1n each of the three contro] perfusates but m only 1/2 to 2/3 of
the ACTH perfusates. Compounds 6, 24, 28 and 87 were seen
in all ACTH perfusates but not 1n all the controls analysed,
and compounds 29 and 41, seen also in all ACTH perfusates,
were observed in none of the control samples. All of the 28
remainng compounds were observed in 1 to 5 of the ACTH
perfusates,” but 10 of them were not seen in control per- |
fusates.

. For the most part we have been unable to 1dentify the com-
pounds listed 1 Table VI. By all criteria, compound No. 7
appears to be 11-deoxycorticosterone; compound No. 11 is
probably corticosterone; compound No. 21 is almost undcu‘bt-
edly Reichstein’s Compound P (allopregnane-3:17:21-triol-
20-one); No. 26 15 17-hydroxycorticosterone and No. »{0 is
probably a tetrahydro derrvative of No. 26. On the basis of
Zaffaroni’s classification, the probable numbers of oxygen
s are suggested in Table VI, but these are at best

atom:
approximate.
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Table VI
ReLATIVE ® O C 1§ CONTROL AND
- ACTH-] Pxnns:n l[mm ADRE‘WAL Granps
m Colay ey | Foepacoty Standard
unm ur i e
e | N Reaction type of of compounds
occurrence | accurrence
1100 “Pregnanedione” }
“Progesteronc™ \ !
11 Deoxy-
(0ro)t 1 corticosterone
-m'r'ahym" t
11-80, 19 | “Eropesterone™ [ ) 1 Corticosterone
@0y | 11 | “cor ° 3 Bl Premencit
12 | “Tetrahyaro" H a diol-3 2
13 - i) 1
10 e o
E ‘Preguanedione’ Pregmaned721-
) diol-3 11 20
0,0, rione
oo | alioPregnane-a
1 1721 tnol.
0025
Pregnane-317
(0,00 21-trol 11 20.
uone
- riisone’ { 17-Hydroxyoorts-
S | costerone
" | Cortione
0050 8 “Glycol™ 1|
0,0,y Pregnanedione™ H
“Progesterone”
*DiH} dro™ Tetrahydro-
. ‘cortisone
- “Corfisone”
*“Tetfahydro™

*{ }= No of subjects analysed

1Probable number of oxygen atoms

In summary, in the control perfusions seven compounds _
were seen consistently in all samples, five of them a-ketols,
one an af-unsaturated ketone of the progesterone type and
one a non-ketolic saturated 8-ketone. In the ACTH perfusates
ten compounds were seen consistently i all samples, nine of
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which are a-ketols and the tenth an af-unsaturated ketone
of the progesterone type.

(c) The Intra-Articular Injection of 17-Hydroxy-
corticosterone

From the knee joints of five arthritic patients receiving
17-hydroxycorticosterone twenty-four hours earher by intra-
articular injection, synovial fluid was withdrawnand analysed
by paper chromatography. The findings are presented in
Table VII, which hsts the substances seen in order of ther
relative running rates and as compound types. A total of 23
different substances were observed one or more times, Among
them only three substances, and all of them a-ketols of the
“dihydro”-type, were seen consistently in all samples; five
compounds were seen 1n four of the five samples; the remaining
16 compounds were observed in one to three samples. Of the
25 substances 18 are a-ketols and seven are non-ketols, but
no glycols were observed. 17-Hydroxycorticosterone was
definitely identified in three of the five specimens. No other
compounds have been with certainty 1dentified, but reduced
ring 4 transformation products are strongly suggested.

Discussion

The following 1s 5 summary of the total “corticoids” found
n urine extracts, in perfusates from isolated ACTH-stimulated
human adrenal glands and in synovial fluid following 17-
hydroxycorticosterone admnistration:— .

Urine: 29 a-ketols, of which 11 are af-unsaturated ketones;
4 non-ketols, of which 2 are of-unsaturated, one a glycol.

Perfusates: 25 a-ketols, of which 9 are af-unsaturated
ketones; 16 non-ketols, of which 7 nre af-unsaturated ketones,
2 glyeols.

Synovial Fluid: 18 a-ketols, of which 5 are af-unsaturated
Kketones; 7 non-ketols, of which 2 are af-unsaturated, noglycols.

There sre a number of puzzhing discrepancies, particularly
between the urinary and perfusate findings. Thus, there are
two more af-unsaturated ketolic ketones m urine than in the
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adrenal perfusates. And in the perfusates we have observed
16 non-ketols whereas in the urine extracts only four have
been seen. Judging by the effects of synovial tissue upon
17-hydroxycorticosterone we would expect reduction of ring
A and of the C-21 alcohol to be clear metabolic events and
the resultant compounds should appear in the urine, That
some do is obvious, but it 15 clear that four non-ketolic
synovial fluid metabolites and 18 non-ketols of the adrenal
perfusates are not present n the urine extracts. Eighteen
ring A reduced ketols appear in urinc and 16 have been
observed in perfusates, 13 in synovial fluid metabolites, and
here the suggestion of the appearance of metabolites of
presumed adrenal produets is slight indeed.

The central problem of our data involves the steroids from
the perfusates. Are they true secretory products? The con-
sistent appearance of 15 a-ketols in the perfusates of ACTH-
stimulated bovine adrenals 1s not replicated here. Only nine
a-ketols were regularly seen in all similar human adrenal per-
fusates; if we include those ketols which occurred in four or
five of the samples analysed, the total rises to thirteen. Do
the additional twelve scen with less frequency represent
chance metabolites formed under the mfluence of catabolic
systems in the adrenal tissue or the blood itself? Since these
glands were taken from diseased persons, is the peculiar array
in fact due to the diseases themselves? Morcover, the pre-
dominance of corticosterone and 17-hydroxycorticosterone
seen in bovine adrenal perfusates is not seen here. In fact,
in & number of perfusates both of these compounds arc
absent.

We have repeatedly stated that the perfused, isolated
adrenal cannot be claimed as the secretory organ at work
in vivo. It may be that the abnormal perfusion conditions
lead to the production of substances not ordinarily produced
in vivo. It s interesting, however, that the array of urinary
corticosteroids 1s, if anything, greater than that seen in the
perfusates and that the number of metabolites of a single
corticosteroid (17-hydroxycorticosterone) from a single tissue
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(synovium) approaches the number of substances seen in
urme,

Our data clearly present us with a number of unsolved
problems. Most essential 1s the positive identification of all
of the substances observed in urine, in perfusates, in synovial
fluid. Until we know what these substances are in fact we have
no firm basis for anythin'v but the most tentative speculation.
S dly, an ination of the perfi of “normal”
human adrennl glands seems most desirable. This we hope
to obtain from glands taken at autopsy from accident
cases. Thirdly a comparison should be made of the adrenal
venous sterord content in mwo with the perfusion products;
this we hope to do by means of cannulation of the renal vein
m selected subjects. Fourthly, the synovial fluid data which
we have presented require amplification 1n 2 number of direc-
tions; we need to work with synovial fluid in vitro as well as
in vivo, and the effects upon a variety of corticosteroids should
be studied. Fifthly, the urmary corticosteroid variations

- following the admi ation of active h should give
us some mdication of the probable origins of some of the com-
pounds seen, and indications also as to the appearance and

of certam pounds 1n certain disease states.
szv.lly, the data here presented have been merely qualitative.
We are in the process of estabhshing methods for the accurate
quantitative analysis of the various chromatogram consti-
tuents. With the proper application of such methods the
significance of numerous vanations should be made clear.

I have had the privilege of presenting to you a complex of
analytical data which 1s at best suggestive. It represents the
defeat of some fairly simple expectations and the begimning
of.what must be a very laborious effort mdeed. Well, all
mquiries of this sort must have a beginmng From such a
begunning, the apphieation of careful techmgues and patient
analysis 1s bound to lead to enlightenment. Perhaps when we
meet agam the mysteries presented will be solved, the errors
uncovered and the extraordinary steroid ubiquity explained.
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DISCUSSION
Gray: We have been doing work rather similar to that of Dr. Pincus,
largely on the urme of patients with diabetic pregnancy. We divide
our material into four fractions. ane containing free steroids extractable
with chloraform at pH 7, together with steroids that are easily hydrolys-
able, and ble with after o0 at pil 1; an-

found only 15 compounds, but T think that nigrees luifiy Weu otk Dee
Pincus, because we’ve been concerned essentially with the more polar
compounds. Nine of them have ag-unsaturated ketone groups, and 5
have reducing - PR
group. We fee .

tetrahvdro.E, ™% i . :

\

onidase hydrolysed umne, fhere’s & 10 ol telany oot o + )
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and usually some material which may be dihydro-Compound E. There
13 no X, wn this fraction, but there 1s another of-unsaturated ketone,
X,, which again appears to be present in the last half of the menstrual
cycle and appears to ¢rop up in pregnancy.

I think 1t’s interesting that although we have used a very different
system for the analysis from that used by Dr Pincus—we have used
Bush’s system—we get much the same sort of pattern.

FiNKkC1sTEIN  We have observed by means of fluonmetry, by a
reaction using phosphoric acid, that the neutral water-soluble fraction
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of every male urine contains a substance which is excreted in amounts
of ahout 1 mg /1. uripe, and which seems to be different from any other
substance detectable until now. We have found the same substance in
feraale urines. Tt gives o marked peak at about the 10th day of the
menstrual eycle, and sometimes also at about the 20th day of the cycls,
and 1s usually present during the whole cycle. By means of fluotimetry
we also found that this substance was excreted by two female pseudo-
hermaphrodites, at about the rate of 4-5 mg./1. urine, In late pregnancy
about the same amount was obtained. We have also seen that after
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injection of ACTH the excretion was elevated for two or three days.
We collected and fractionated the urtne of the pseudohermaphrodites
and have asked Prof. Reichstein whether he can tell us what it 1s
Prof Reichstein said he beheves it 15 a new substance. Perhaps he
would say something about 1t now.

Rercnstrin: 1 recerved an extract from Dr Finkelstein and Prof-

unnary steroid of their collection, We have done only prelmnary

glucuromdase hydiolysis of unrie gives reproducible results? “The

have analysed, particilarly for the most polar compounds (that 1s, the
group which includes cortisone and 17-hydroxycorticosterone), the
el

Mattarne nra ramaslrahls cimidae fram wn'na fa tn e fom pese

of a single individual a number of times—that vanabilty 1s less.

MArr1an I suspect there may be glucuromdase mlubitors in urine
n vanable amounts The other question I wanted to ask was, when
you extracted with methylene chlorde after gluicuromdase hydrolysis,
did you wash the extracts with alkah and water?

Pincus Yes, very rapudly.

MaRRIAN  And the third point, about these unknown compounds,
I wonder whether you aren’t perhaps putting too much faith in the
Zaffarom spot tests Do you really feel convinced that all these 41
compounds are sterods?

Pincus T regard them as spots on paper that give certam colour
reactions Until the compounds are identrfied by classical methods, I
will continue to say that.

Sasuets: I wanted to ask Dr Pincus if he had run the unnes of
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untreated Addisonians or the sd ized mdividuals, It wor
be interesting to see how many of these compounds are miissing in tl
type of case.

finveus: We have pleaded with both Dr. Thom and Dr. Huggh
but it’s almost impossible, Omne patient was taken off all medieati
for two days and we have the unaes, but that was 2 fairly recent ¢
and I can't telt you anytinng abont it. .
Sastwrsss One of the men tn our laboratory, applying Dr. Nelso
techuique to urine samples, has found that Addxsnmm:_s gi ; e
. C o L L T e gy
re 1
Tow

N eth

with chioroform is adyusted to pH 4 8 and placed wn the incybat
- - - S e esTanggy
i

Pricus. We have applied exactly the same analysis 1o unnes extra

4 Ta e 6St el Ml dupedeend —n? ocn - aav gg we pan eshmal

ferrvatives increase

' weased only shghth
DUL we LHBK ey ity HCIORs 50! L agam, ‘thc q

instead of the equivalent of 48 hours urine we take the equivalent 0
more than 100 hours, then we can see n fair replicn of the chromato
3 ity it R i

1.
Gray: We could not detect Compound F in_the g

LA i the

tnstance, might be because they aire kept meide ssteau of Waiming
around?



. Gryeran DiscussioN 259

Pincus: No, These are working schizophrenics.
VExnNG I would like to make another comment 1n connection with
. the metabohsm of adrenocortical steroids. We have had the oppor-
tumty of examining the corticoid content of the unne of a patient with
pemphigus who has been recetving 1,000 mg of cortisone a day. We
could only account for 0 3 per cent of the active substance 1n the urine;
P Suntius T e PR - s

that we've actually been able to isolate and 1dentify was 2 5 per cent:
' 15 per cent as 11-hydroxyxtiocholanolone, and 1 per cent as 11-keto-

DIEmaSS: One thing that ympresses me 1s that all the saturated
adrenal steroids which were 1solated by Reichsten, Kendall and
‘Wintersteiner were allopregnanes, while the few that have been i1denti-
fied so far from urnes are all pregnanes. Furthermore, I assume that
your tetrahydro E and F are pregnane derivatives tather than allo-
pregnane derf they are not s C ds V and D?
Which configuration do they have at 8 and at 11?

Pincus: 3a 118,

Dierasst They were identified with the known compounds?

Prarorrae Ve Pin shn o o af = wsim e mde amed Al om mpn e ae

ReicnsteN, 1 am just trymg to get a httle more of this The

simplest way would be to synthesize 1t Perhaps Djerassi has done that
already.
- Dicrassi Few people realize that your Compound C 1s the only
remamning known adrenal sterold which has not been synthesized
partially or totally. The question 1s whether it is worth the effort,
because 1t is not too simple a task

Rercastenv: About & week before I left Basel we obtamed some
of this compound, we wanted to separate a new batch of adrenal

VAmant and abas L OO o L 3- GA - oL - 0 ] out, but pun-
ation which was
. as tested n the

W RSt A0 synthesize the compound
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Frrsere 1 was just wondering if some of the studies of steroid meta-
bolites may be confused by the formation of molecufar complexes,
similar to the type that T mentioned the other day in my talk on the
oxidation of cholesterol. I found that 3»-hydroxy steroids, specifically
the type of epichol 1, form ) with 3-ket: . 1:1 compleves
that crystallize very nicely, and sometimes are not resolvable by
chromatography. The complex hetween 68-hydroxycholestenone and

pichol 1, which I i is ble on a h
column. But I also ran into a complex, as a result of an oxidation,
between epich 1 and chol and this was apparently
homogeneans on an slumuna column, the two components comung oft
together. And when one is dealing with nuxtures that contamn 3a-
hydroxy steroids and various ketones, this sort of complex formation
might obseure the issue.




ESTIMATION OF INDIVIDUAL ADRENOCORTICAL
HORMONES IN HUMAN PERIPHERAL BLOOD

C.J. 0 R. MORRIS and D. C. WILLIAMS

A METHOD for the estimation of the adrenocortical hormones
in blood would obviously be of great value both for physio-
_logical and clinical studies. The estimation of these substances
and their metabolites n urine is complicated by difficulties
in the hydrolysis of their conjugates, a problem which has
not yet been satisfactorily solved. The estimation in blood is
more direct and the work of Nelson and Samuels (1952)
appears to indieate that at least the greater part of these hor-
mones occurs in blood in the free state.

The first attempt at a method for the estimation of the
adrenocortical hormones in human peripheral blood appears
to be that of Corcoran and Page (1948) who adapted their
method for urmary formaldehydogenic steroids to blood.
More recent studies have shown that therr values were very
much too high, p bly due to peaific interference.
Several workers have investigated the adrenal venous effluent
of experimental animals, particularly after stimulation with
adrenocorticotrophic hormone. Thus Reich, Nelson and
Zaffaron: (1950) were able to isolate 17-hydroxycorticosterone
from the adrenal venous blood of dogs stimulated with ACTH.
The problem of the detern tion 1 pertpheral blood, which
is essential for studies in human beings, is rather more difficult
owmng to the very low levels. Bush (1952) has fractionated
blood extracts by paper chromatography and his methods
seem very well suited to qualitative mvestigations, although
quantitative estimation by such methods 1s rather more diffi-
cult. Nelson and Samuels (Nelson et al., 1951, Nelson and
Samuels, 1952) have developed an excellent method for blood

261 -
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17-hydroxysteroids based on chromatography on a magne-
sium sificate-Celite eoll followed by estimation by a micro
Porter-Silber reaction. This reaction is believed to be speafic
for substances with a 17-hydroxyketol side chain and would
therefore estimate only Compounds E and F. Nelson and
Samuels (1952) examined their 17-hydroxysteroid fraction
by paper chromatography using the method of Zaffaroni,
Burton and Keutmann (1950) and concluded that it contamed
only Compound F, They found an average normal range of
4-10 pg. of 17-hydroxysteroids/100 ml. of blood.

The purpose of the present work was to devise a method
capable of scparating and estimating Kendall’s Compounds
A, B, E and F (11-dehydrocorticosterone, corticosterone, 13-
dehydro-17-hydroxycorticosterone, and 17-hydroxycortico-
sterone) and Reichstein’s Substance 8 (17-hydroxy-11-deoxy-
corticosterone} 1n reasonable quantities of human peripheral
blood, This has been achieved by a combination of partition
chromatography and polarographie estimation as the Girard
hydrazones of the A%-3-ketosteroid group common to all these
substances.

Hepartmzed blood was used and the plasma separated as
soon as possible. Twenty ml, of plasma were usually used.
The course of extraction and preliminary fractionation are
shown in Fig. 1.

The plasma proteins are precipitated by the addition of 3
volumes of ethanol. The precipitate is separated by centri-
fugation, washed with ethanol, and the combined extracts
concentrated in vacuo and made up to 20 per cent ethanol
This is extracted three times with ethyl acetate and the com-
bined extracts evaporated to dryness in vacuo. The residue
is dissolved in 20 per cent ethanol and stored at —10°C.
overmght. Next day the mixture is centrifuged to remove
msoluble material, mamnly fats. The supernatant liquid is
adjusted to 50 per cent cthanol and washed with ecarbon
tetrachloride. The CClL, phase 15 rejected and the aleo-
holic phase evaporated and dissolved in 2 ml. of 50 per cent

ethanol.
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In our earlier work we had encountered considerable diffi-
culty with lipid material which caused blocking of the parti-
tion columns and displacement of the steroid zones. This was
overcome by extraction of the interfering material on a reverse

20 m! of plasma + 60 ml ethanol
+ Centnfuged and residue washed with ethanol (20 ml )

Tpt, rejected

Aqueous phase rejected

—— e —,

Residue rejected

CCl, phase rejected

Supernatant liquid concentrated and

made up to 20 per cent ethanol

Cxtracted with ethyl acetate (3 »
0 ml )

Ethyl acetate phase evaporated
Residue dissolved 1n 20 per cent
ethanol and stored at ~20°C over-
night. Centnifuged

Supernatant made up to 50 per cent
ethanol and washed with CCl,

Aleoholic phase evaporated and resi-
due dissotved m 50 per cent ethanol
(2 # 1 ml) and passed through the
reverse phase column  First 4 ml.
evaporated to dryness and residue
dissolvedn0 1ml of equilibrated 25
per cent ethanol and transferred to a
partition column

Fie. 1.

phase partition column. When Hyflo Supercel 1s treated with
the vapour phase of a dialkyldichlorosilane 1t becomes coated
with a surface which 15 essentially made up of alkyl groups
(Howard and Martin, 1950). Such material will retain a non-
polar liqud, and thus a partition system can be set up m
which the non-polar 1s the stationary phase and a polar hqud
can be used as mobile phase. The system used here was Light
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17-hydroxysteroids based on chromatography on a magne-
sium silicate-Celite column followed by estimation by a micro
Porter-Silber reaction. This reaction is believed to be specific
for substances with a 17-hydroxyketol side chain and would
therefore estimate only Compounds E and F. Nelson and
Samucls (1052) examined their 17-hydroxysteroid fraction
by paper chromatography using the method of Zaffaroni,
Burton and Xeutmann {1950) and concluded that it contained
only Compound F. They found an average normal range of
4-10 pg. of 17-hydroxysteroids/100 ml. of blood.

The purpose of the present work was to devise a method
capable of separating and estimating Kendall's Compounds
A, B, E and ¥ (11-dehydrocorticosterone, corticosterone, 11-
dehydro-17-hydroxycorticosterone, and 17-hydroxycortico-
sterone) and Reichstein’s Substance S (17-hydroxy-11-deoxy-
corticosterone) 1n reasonable quantities of human peripheral
blood, This has been aclieved by a combination of partition
chromatography and polarographic estimation as the Girard
hydrazones of the A*-3-ketosterord group common to all these
substances.

Heparinized blood was used and the plasma separated as
soon as possible Twenty ml. of plasma were usually used.
The course of extraction and preliminary fractionation sre
shown in Fig. 1.

The plasma protems are precipitated by the addition of 3
volumes of ethanol. The precipitate is separated by centri-
fugation, washed with ethanol, and the combined extracts
concentrated in vacuo and made up to 20 per cent ethanol.
This is extracted three times with ethyl acetate and the com-
bined extracts evaporated to dryness en vacuo. The residue
is dissolved m 20 per cent ethanol and stored at —10°C.
overnight. Next day the mixture is centnfuged to remove
insoluble material, mamly fats. The supernatant liquid is
adjusted to 50 per cent ethanol and washed with carbon
tetrachloride. The CCl; phase 1s rejected and the alco-
holic’ phase evaporated and dissolved in 2 ml. of 50 per cent

ethanol.
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A'and B pive polarographic waves typieal of both A4-3-keto
and 20-keto groups, while 17-hydroxycorticosteroids show
only Ad-8-keto waves; the ketonic character of the 20-keto

o

20
o N
paie \ {
40 {A\ o
® I\ \
N AN\ SN

Fic, 2. Partition chromatography of corticosterods.
{above) Compounds $, E, F, in system toluche-agueons ethancl.
(below) Compounds A and B in system tolsene.ethylene glycol

group bemg suppressed under our experimental conditions,
presumably by steric or resonance effects.

The lowest amount of a ketosteroid which can be estimated
with accuracy by the usual polarographic method 1s about
10 ug. We have mcreased the sensitivity of the method 10-20-
fold by a new Girard technigue suitable for quantities down
to about 0-2 pg. For this purpose an inert solvent is ve-
quired, as the reaction cannot be carned out in anhydrous
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petroleum (b.p. 80°-100° C.] as stationary phase and 50 per
cent ethanol as mobile phase. The corticosteroids pass directly
through the column while the imnterfering lipids are very effi-
ciently extracted by the very large surface of stationary phase
presented. The first 4 ml of column effiuent are collected,
evaporated to dryness in vacuo, dissolved in 0-1 ml. of equili-
brated 25 per cent ethanol and transferred to the first araly-
tical column,

Tswo partition columns have been used for the separation
of the corticosteroids. The column dimensions are 6 mm.
diameter by 8 cm. fength. In each case the supporting phase
is acid-washed Hyflo Supercel. The first column uses 25 per
cent ethanol us stationary phase and toluene as mobile phase,
the two phases bemg thoroughly equilibrated by shaking
before use. The technique of column packing, ete., follows that
described carlier from our lsboratory (Butt, Morris, Morris
and Wilhams, 1951). The second analytical column uses
ethiylene glycol as stationary phase and toluene-20 per cent
bght petroleum (b.p. 80°~100° () as mobile phase. The sepa-
rations possible with these systems are shown in Fig. 2.

In the first system Compounds A and B run practically with
the toluene front and are collected m the first 2 ml. Com-
pounds S, E, and F separate as shown (20 ug. of the pure
steroids wese used for the separations shown in the figure).
Samples (1:0 mL) are coliected automatieally on a fr:\cﬁo.n
callector. The first fraction from the first analytical column is
evaporated to dryness, taken up in 0+1 ml. of ethylene glycal
and transferred fo the second analytical cohumn {toluene-20 -
per cent light petroleum-ethylene glycol), which separates
Compounds A and B as shown, The individual fractions are
freed from solvent in vacuo and are then ready for conversion
into the Girard hydrazones for polarography.

Estimation of ket oids by polarography of the Girard
hydrazones was first developed by Hershberg, Wolfe and,
Fieser (1950). It has been used m our laboratory for sevEm‘l
years, 1t has the particular advantage that it gives a quali-,
tative as well as 8 quantitative analysis. Thus Compounds
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polarography and evaluation of the polarograms has been
described earhier (Butt, Morris, Morris and Williams, 1951).
The method described for the determination of cortico-
steroids in blood appears complex but it 1s possible to carry
out five complete estimations in a week. .
Compounds A, B, E and F, in amounts of 5 and 10 pg.,
added to 20 ml. of plasma can be recovered to better than
80 per cent. The recoveries of mixtures also indicate that
during the processing therc 1s no mterconversion.
* Table 1 contains some normal values obtamned by the
method. Compounds A and E were found, as well as the B
and F reported by other workers. In no case has Compound

Table 1
Broon ComTICOIDS 1N NORMAL SUBJECTS
No. Sex Compound (g 100 m! plarma)
A B E F
1 M 45 85 40 7.0
2 M 3.5 75 35 10-5
B F 50 10 5 10 75
4 F 20 45 25 65
5 F 30 80 45 9.0
Broon Cormicotps 15 NorMaL PREGNANCY
Compound (g {100 ml plasma)
Ns. Term {weeka) |—————
A B E F
1 full 50 18 0 75 16 5
2 3¢ 85 130 .1 90 23 5
3 32 45 125 45 15 5
4 34 25 70 85 85

S'been detected even when much larger quantities of blood
have been worked up. The amounts of B and F are approxi-
mately twice the amounts of A and E. The compounds run-
ning 1n positions A and B show the double wave typical of
8.20-ketosteroids without a 17-hydroxyl group. The com-
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acetic acid only, The criteria for this solvent are very rigorous,

as it must be a good solvent for steroids and also for the very
polar Girard reagent, and should preferably be miscible with
water. Since about 100 mg, are used it must contain less than
1 part per million of polarographically reducible impurity.
After very many unsuccessful trials, a surtable solvent was
found in fert-butanol purified by 10 Successive extractions
with half-saturated KCI solution, drying and distillation. The
final reaction muxture is a 0-2 per cent solution of Girard re-

g ELECTRODE =
N,
ANODE
—SOLUTION —~
. —ty—
Fro. 8. Miero-pol e cell for ion of id

agent T in purified fers-butanol containing 2 per cent poetic
acid. The steroid fraction is heated in a stoppered tube
“with 0-05 ml. of this msxture at 100° C. for two minntes ond
the butanol and acetic acid removed in vacuo. The mixture is
treated with 0-2 ml. of toluene snd ©+2 mi. of the polaro-
graphic base solution (05 ¥ KCI 1 vol,, 0-2 v KOH 2 vol,
water 1 vol., adjusted to pH 5- 6 with glacial acetic acid). The
mixture is shaken, allowed to settle, and the aqueous layer
transferred to the micro polarograplie cell shown in Fig. 3.
The cell is particularly useful for multiple determinations,
as the solutions can be put in the separate tubes and degassed
with nitrogen while the earler ones are being polarographed.
The mercury i the tubes is maintamned at a constant Jevel
during polarography by the overilow tube, The technique of
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muscularly, and a second blood sample taken one-and-a-half
hours later. In cases 1 to 8 the subjects were allowed to move
about during the one-and-a-half hours interval, while cases
4and 5 were resting. In all cases there was a marked increase,
partieularly for Corpounds B and F, but the rise appears to
be more marked 1n the resting cases. However much more
experimental data will be necessary to establish this pomt.

We have also studied the blood of the rat after ACTH

dministration and have confirmed Bush’s finding that 1n this
species the steroid formed by the adrenals is almost entirely
Compound B with a very little F.

In conclusion, we hope this techmque will be of value for
studying adrenal physiology and biochemustry both in man
and in experimental animals.
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DISCUSSION

Pincus T would like to ask Dr. Morris about the distnbution of
these substances between the ted ccfls and the plasma. Very prelini-
nary work which we did with beef blood suggested there mught be a
distribution there

Moxris  We have no experience yet with blood,* ’s one of the
things we're proposing to do. I should say that Dr Samuels’s figures
©on blood and ours on plasma agree pretty well, and 1f there were a

& comparsen Hetween cortcostercids . blood and plasma on the same

blood specimen has now shown that the corticosteroids are present solely in
the plasma, )
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pounds in positions E and F, on the contrary, give no 20-keto
wave.

The presence of Compound E was rather surprising as it
does not appear to have been observed before in human blood.
The compound running in this position has a A%8-keto group,
reduces blue tetrazolium salt and gives the fluorescence when
heated with alkali on paper which Bush lias described as diag-
nostic for an ef-unsaturated ketone with at least two rings.

A preliminary expermment on one case using the quantita-
tive blue tetrazolium method of Mader and Buck (1952) indi-
cates that the A%-8-keto and reducing groups are present in
a l:1rtatio. Inaddition, the absence of a 20-keto wave suggests
that the compound 1s a 17-hydroxyketol. We hope to settle
this question of identity later on.

The table also shows the values obtained in pregnancies.
In agreement with earlier findings with urmary reducing and
formaldehydovemc steroids, there is an increase of about 100
per cent in all corticosteroids measured.

Table II illustrates the effect of pituitary udrenocortlco-
trophin on the blood corticosteroids. In all cases a blood
sample was taken as control, 25 i.u. of ACTH injected intra-

Table II
Broon Conncoms ¥ NORMAL AND ACTH.TREATED MALES

Cose Tr;g}nlelm Compound (g /100 ml ploema)
a B J F
B 1 None 20 55 55 50
251u. 30 195 85 205
a None 50 00 45 8-0
251u 90 185 75 20 0
3 None 35 90 340 L 9.0
25iu 105 65 75 16:0
4 None 75 10 0 5.0 12:5
(resting) 251u 14 5 19 0 00 565
5 None 10 75 50 8.0
(resting) 2510 175 27.0 835 425
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\lorris Not of B?

Busne Not of B

Monris: I think we must be very sure that the method 15 effective,
Y'ou see we were reconering of the order of 83 per cent of B We shall
e to be quite sure, interpreting the ciffercnce between 10 and 83
er cent, that the method 1s in fact recos ering quantitatively

Busu: I have deterrned recovery values tor B from a whole gland
\tract, and found that the ratio of I" to B n the glind extract after
hits extraction procedure was the same as 1n the orimnal gland extract.
50 that 1t doesn’t scem that the recovery can be all that much less—it
might be 70 per cent nstead of 85 per cent  This was my sole source of
ompound B until very recently

Morgis I think it’s very hard to s;y unless vou ve donc the actual
evperiment, because I tlink the nature of the extract will have some-
thing to do with it, and of course the actual amnunts vou're dealing
sith These estimations of ours, with these quantities have an error of
Rt worst - 10 per cent—probably much better than that

Bruit. I'm not saying that you don t get B off vour columns, but
I m wondering wlether you've never found a blood 1n which vou got a
ratio of F to B of 5

Mogrrrs No. We have, however had one case withalngh B aneven
lower ratio I/

SaureLs  Could it be that the compound which 15 renning 1n that
region might not be B but some more reduced cempound whose polarity
15 offect by other differences?

Morris But the substanee which runs m the B position1s a A4-3 20-
hetosteroid I may say that the polarographic waves obtained after the
column are almost indisting; from those given by the
pure compound.

SavMuels  We found that after exercise there 15 & sigmheant rise m
the level of these substances i the hlood and also n the urine  Also the
excretion i the unmne 15 twice as lugh dunng the day as at mght In
other words, in the intact individual 1t looks as though there 1s increased
total corticosteroids with exerase, yvet after ACTH, Dr Morris™s exi-
dence would indicate that the output 1s greater when resting "This could
be assoeiated on the basis that n the mdridual who esereises the -
creascal output of ACTII more than compensates for the disappearance
of steraid. There 15 some vther evidence that paints that way m some
of Dr Savers’s uniginal data It raises a very interesting question.

Morris  With respect to the difference in ACTH effect on resting and,
mohile subjects, we don’t feel very confident about it yet because we

contt N 19
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Tetention of steroids on any elements in the blood this would not be
the case; there obviously isn’t a great deal, allowimg for the hematoent, ~
Busi: Dr. Bibile, working with Dr, Marthe Vogt, investigated this
question of cell/plasma dwistribution in adrenal venous blood, and
found that if he separated the cells and plasma immediately there was
no detectable eosinopenic activity in the red cells; it was all in the
plasma. But he found that if you left the blood standing before centri-
fuging, for a matter of five hours I think the figure was, you could get

something hike a 50:50 distribution between the cells and the plasma.
Hecuter: This work of Dr. Bibile seems very important. One might
assume that in adrenal venous samples, where the corticosteroid pre-
sumably enters the plasma compartment first, practically all of the
corticosterond might be expected n the plasma. The adrenal venous
blood then mixes with the systemic circulation and then, if Dr. Bibile
is right, in time corticosteroid could enter the red cells This raises the
possibility that one might get entirely different results with respect to
corticosteroid distribution between red blood cells and plasma, depend-
g on whether one uses adrenal venous or perpheral blood samples.
Samuris: Ithink, however, that Dr, Nelson and lus group did chegk
the same sample of blood, whole blood and plasma, and within the Limits
of the method {remembenng that ttus is the Porter-Silber reaction)
found no significant amount i cells And for this reason they used
plasma after that because it eliminated the question of the large amount
of protein from the cells
Morrnis  Yes, that was our main reason. L
Busu: I would hke to comment on the large amounts of cortico-
sterone that Dr. Morns has found We've done a small series of deter-
minattons (using just the paper method, putting the extracts through
a much simpler process) on the blood_ of women in normal png:mnﬂ’

be roughly 1:1 with the two compounds. The only case we have in
which corti was very ¥ d was 1n a case of pregnancy
toxemia which was very mteresting. About 12 hours before delivery
she had a total content of A4.3-hetosteroids of 80 ug per 100 ml of
blood, and with a completely reversed ratio—} part of 17-hydroxy- ,

# bevtionctarana  Anmmaysmotahs 90 hours

¢ througiu
W‘l’lcs;l: \L"e'w only carried out recoveries of F ond E on blood?
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kidney, muscle, and other tissues to yield sizeable amounts of
metabolites, Used 1n this fashion the perfusion technique
serves two functions: 1t is a biochemieal tool for the evaluation
of the enzymatic capacities of the perfused organ; and a manu-
Sacturing plant for the productton of transformation products.
> It is not necessarily a system for studymng organ function as
it exists in sitn under physwological conditions.

Inview of the dominant role of the lrver in diverse metabolte
processes, including the metabolism of steroids, studies were
undertaken some two years ago to mnvestigate the fluence
of perfused hepatic tissue upon corticosteroid transformations.
In this report, I should like to present some of our prelminary
findings.

In the imtial stages of this work, search was made for a con-
venient perfusion system adequate to demonstrate hepatic
enzymatic activity upon corticosteroids  Using deoxycortico-
sterone (DOC) as a model, we were soon able to demonstrate
that upon perfusing DPOC m a vanety of media (homologous
blood, heterologous beef blood, or Ringer’s solution contaimng
6 per cent polyvinyl pyrollidone or gelatin) through rat or
rabbit liver, that the added steroid disappeared from the sys-
tem when the perfusate was recycled 100-125 times through
the organ. Simular results were obtamed whether the hvers
were perfused through the portal vein, or backwards through
the hepatic vemn, reversing the normal course of hiver cireu-
Iation. While the qualitative picture of “corticosteroid utih-
zation” under these diverse conditions was smmilar, these
results should not be taken to indicate that there may not
be qualitative or quantitative differences 1n the course of corti-
costeroid metabolism between rat and rabbit liver, or between
different perfusion conditions.

Having demonstrated that perfused rat and rabbt liver
under a wide variety of conditions are active biochermcal
preparations with respect to DOC, we decided to adopt an
arbitrary set of conditions and study the metabolism of corti-
costeroids systematically. Having obtained basic information
for one set of conditions, 1t would be possible to study the

contt 100
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WinLE there 1s no crucial evidence for or against the view,
some endocrinologists concerned with hormone action at a
molecular level have privately speculated whether the hor-
mones, particularly the adrenocorticosteroids, may not act m
themselves, but require metabolic conversion to an “active
intermediary” before they exert effects upon target organs.
With the dramatic and unexpected demonstration that cor-
tisone, 1n large doses, exhibits a multiplicity of effects 1 2
variety of physwological and pathological processes, it seemed
to us that in cortisone we mght have a tool for testing this
hypothesis. Rejecting indirect experimentation, we felt that
a long-term project should be undertaken to systematically
chart the course of cortisone metabolism m various organs,
and, as metabolites were 1solated and chemically charac-
terized, to assess their brological activity in a variety of tests
(not only the glycogenic and electrolyte bioassays usually
employed for evaluating corticosteroid activity), first m,
animals and then in man. .

To obtamn the large amount of transformation products

' necessary for this type of work, 1t appeared hkely that the
perfusion technique (Hechter et al., 1951), which had already
proved useful in evaluating corticosteroidogenesis in perfused .
bovine glands, when applied to other organs, using cortisone
as the substrate, would provide a profitable approach to this
problem. Once conditions of reaction had been established,
gram quantities of cortisone could be reacted with liver,

+Aided in part by a U.S. Pubhc Ifealth Service Grant, RG 2832
k reported was done in collaboration with Dr, M. M. Solomon,
1, E. Caspi and M _Femnstem
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“Table L
HRECOVERY OF RADIOACTIVITY FROM Liver PERFUSATES
{CnarcOaL METHOD)

Total Counts
Per cent
Sample wl

Introduced Found Recorered

Control 50 10,400 9,021 | 96

1 qcle perfusion | 50 " 6,146 30

" 50 “ 4,884 47

50 ”» " 50 - 5,018 43

Total Counts lost from perfusate — 31,064
Counts 1n Liver Fractions

70 per cent EtOH 2,000
Pentane 0
Counts 1n Pump Washings 800

R 2,890

§CTabelled DOC of aeiviy 2,080 counts per g per min. pertused at concentration of
10 mg per 100 m! blood

no case were significant counts obtained by these treatments.

Using the chloroform-ether method of Nelson (1952} or
the ethyl acetate procedure developed by Andre Meyer at
the Worcester Foundation, we have been able to recover the
missing activity, not 1solated by the charcoal procedure.
Table II presents data on another Liver perfusion experniment
with C-labelled DOC, where samples were removed after
1, 5 and 10 eycles of the perfusion media through the liver.

B Table IT

TY FROY LivER PERFUSATES WITH
B THE C:IAI!(OAL AND SoLVENT EXTRAcCTION METHODS

Per cent Recovery
sSameie Charcoal Ether chlatofotm
G6n
Control . . 2 96
Teyae pertusion N 61 100
- " . - . 59 96
10 " ” - - 61 kil
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influence of variables such as species, perfusion media, ete., in
terms of a standard. The conditions selected were convenient
but not necessarily physiological. Rat livers were chosen, and
they were perfused through the hepatic vein with citrated
bovine blood contaimng 10 mg. corticosteroid per 100 ml. .

Our evaluation of “corticosteroid utilization™ had involved
our previously deseribed charcoal extraction procedure
{Hechter et al., 1950) for the extraction of corticosteroids from
lLiver perfusates. While this method leads to good recovery of
added corticosteroid hormones {such as DOC, corticosterone,
Kendall’s F, Reichstein’s S) from blood, we had no mfor-
mation whether the transformation products formed by
hepatic enzymatic systems would also be extractable from
blood by charcoal, and eluted from 1t without modificatron.
Accordmgly, to check our extraction procedure, 40 mg. ¥C-
labelled DOC {equally labelled at C-3 and C-21; radicactivity
of 2,080 counts per minute per mg.) was added to 400 ml. of
blood and perfused through a rat hver for 1, 10 and 30 cycles.
At each time nterval a 100 ml, sample was removed. The
perfusates, as well as a control sample, were treated with
charcoal, the sterowds eluted by soxhlet treatment with methy-
lene chlorde, and the residues counted. The perfused hiver
was extracted for lipids by acetone and chloroform treat-
ment, and the lipid residue partitioned between pentane and
70 per cent aqueous ethanol. The results of the recovery of
radioactivity are lustrated m Table L. It will be seen: (1)
that there 1s a complete recovery of the added radioactivity
in the control sample, demonstrating that the charcoal method
employed is adequate for added DOC; (2) starting with 1 cyele
perfusion and continuing through 50 cycles perfusion, a loss
of 40-50 per cent of the radioactivity 1s observed. Only a
small percentage of the counts lost can be accounted for m
terms of liver accumulation or adsorption on the walls of the
apparatus. To test the possibility that in liver-perfused
samples, products were adsorbed on charcoal but not eluted
by methylene chloride, the charcoal was exhaustively ex-
tracted with methanol, ether, pentane and pyridine, but in

7
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The experimental design in most cases was as follows: 600
ml. of eitrated bovine blood was prepared containing 60 mg.
steroid (added as an ethanolic solution dropwise to rapudly
swirling blood to give a final concentration of 1 per cent
ethanol), After approximately thirty minutes (for complete
mixing) 50 ml. was removed as a control sample (No. 1), and
400 ml. was added to the perfusion apparatus A freshly
prepared rat liver was mserted and perfusion mtiated. The
Temaimng 150 ml. of blood was transferred to another pump,
not containing & lhiver, and cireulated for the entire duration
of the liver perfusion experiment to determine the influence
of blood incubation alone upon the added sterod (Control
No. 2). Knowmng the volume, and measuring the blood
flow, it is possible to ecaleulate the number of circulations
of perfusate through the organ. At 1, 5 and 10 cyeles.
50 ml. samples were removed from the venous outflow of
liver,

These perfusate samples, as well as the two control samples,
were then extracted with cther-chloroform (4 1) and a vanety
of tests were carnied out upon the residues. Fifty per cent of
the material was subjected to paper chromatography (Zaffa-
rom etal , 1950) to determine the absolute disappearance of the
added corticosterord and the appearance of new compounds
as evidenced by spot tests. The remaining material without
further punification was utihzed to measure changes m various
funetional groups 1n the corticosterord molecule, For the ketol
side chain, we employed the blue-tetrazol {B.T ) method
of Chen and Tewell (1851); for the detection of possible glycols
aswell as ketols, the formaldehydogeme steroids (FS) (Dangh-
aday et al., 1918) were measured. To evaluate changes in the

ed 8-ketone g we measured UV absorp-
tmn at 240 my,, and fmally to check the production of possible
17'ketostermds arising from the degradation of the cortico-
steroid side chan, we measured the Zimmermann chromogen
(Z) at 515 mp, on the basts that 1f true 17-ketosteroids were
ta be formed one should expect a mise 1n the titre. In all of
the latter determinations, the values obtained were corrected




276 Oscar HecuTer .

In this case, one portion of the ﬁer{usate was extracted with
ether-CHCl, (4:1), while another was extracted by our char-
coal method. It will be seen that although only 60 per cent
of the radioactivity 15 isolated by our charcoal method after
1 cyele through the liver, 1t is possible to quantitatively ex-
tract all of the radioactivity from 1 and 5 eycle liver perfusates
with ether-chloroform. At 10 cycles, ether-chloroform recovers
only 79 per cent of the added counts. Time does not permit a
detailed description of expeniments designed to elucidate the
differences hetween the charcoal method and the solvent ex-
traction procedures. Suflice 1t to say that, wlnle all DOC
transformation products appear to be adsorbed upon the char-
coal (since subsequent solvent extraction with ether-chloro-
form does not yield radioactivity), it seems likely that some
transformation products undergo modification on charcoal, 50
that the labelled carbon at C-21 or C-8 1s lost.

Fiactionation of perfusates obtained with MC-labelled
DOC, indicates that the radioactivity is not extractable to
any significant extent from chloroform by either 0-1 ¥ H,S0,
or by 4 per cent NaHCOQ,. It would thus appear that the bulk
of the products derived from DOC perfusion represent neutral
matenals.

Having suitable methods for the extraction of DOC trans-
formation products from lver perfusates, and knowng that
this corticosterord does not accumulate in any significant
degree m the perfused liver, we have perfused four cortico-
steroid hormones under the same arbitranly fixed conditions.
In addition to DOC and cortisone, we have perfused 17-
hydroxy-11-deoxycorticosterone (Rerchste’s S) and 17-
hydroxycorticosterone (Kendall’s F), at a level of 10 mg.
steroid per 100 ml blood at non-pulsatile perfusion pressures
ranging from 40-48 mm. Hg. Large rats were employed in
these studies, and their ivers weighed 10-8 to 23-2 g. at the
end of the experiment. The degree of edema in these perfused
Jivers is not large (less than 5 per cent of the total weight),
and the hepatic blood flow under our conditions ranged from
24 to 4-5 ml, per min. per g. liver,
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for hepatlc transformation of all of these corticosteroid hor-
mones is “utilized” to approxmately the same degree.
Further experi would be y to determune whether
the differences noted betw een individual steroids n this small
series are really significant,

The degree of transformation achieved can best be appre-
ciated if we Were to extrapolate these values to human hvers,
not-as an evample of what one should expect under physio-
logical conditions, but only for illustrative purposes. Assum-
mg a liver weight of 1,500 g., this would represent the con-
version of about 150 mg. of cortisone (or related sterowd) per
minute of circulation. This 1s truly an extraordinary capacity
for the conyersion of corticosteraids. It is only fair to add
that this very high rate may be dependent upon the artificially
high levels of corticosterord added to the blood. Lower levels
of ‘“corticosteroid utihzation” may be expected 1if the con-
centration of sterord substrate 1s lowered toward levels which
exisg under physiological conditions.

Nature of the Transformation Products Produced

Table V 1llustrates the results of a typical experiment with
cortisone, but the general pieture holds for the other steroids
tested as well. For each determination, the particular fune-

‘Table V

Disarrearance of Various FUNCTIONAL GRourS (RELATIVE TO TRE ADDED
CoRTISONE) INDUCED BY RAT LIVER PERFUSION

Per cent recovery of added steroud ax -
Sample e
Cortusone BT FS v KS
ControlNo 1| 95 96 92 88 86
ControlNo 2 | 93 o1 88 85 85
Cyele 1 6 87 89 75 75 |-
3 34 68 2 a7 2
5 u 66 ™ 18 a6
10 20 ot 66 a1 23
° BT =bue tetrazolium test UV = abarption at 260 my,

F S =formaldehydogense stermds K S w17 ketosteroids
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from a blank obtained by extracting a sample of blood to.
which no corticosteroid had been added.

Rate of Disappearance of Corticosteroids
By measuring the added corticosteroid present in the blood
before and after the first hepanc cu'culahon (the corhcostermd

[EPURE DUONIVE NN I e ot

a level of 10 my. corticosteroid per 100 ml. blood. In Table
II1, the results of three experiments with cortisone are
presented. It will be seen that 1 g. rat liver perfused under

‘Table II1
Rarc oF C U BY PERFysen Rar Liver*
Expt Cortrsone lost Laver wt Perfunon time Ratet
mg £ mn
1 3-76 17 1 80 123
2 3 42 20 1 86 92
3 2:90 23 166" 78

*Perfused at a cortisone coneentration of 10 mg per cent
tug lost per g hver (wet Wt } per mun_ perfusion

thiese conditions can transform about 100 pg. of cortisone per
minute. Similar results arc shown for DOC, Reichstemn’s S,
and Kendall’s ¥ in Table IV. It will be seen that the capaaty

Table IV
Rate oF UriLizaTioN o Vartous CORTICOSTEROID HoRMONES BY PERFUSED
Rat Liver N

Cortwasterord No. Expt, Rate

o Do 3 123
ot cmtcmne - e e 2

17 Oll (\n 1 terer . . : 3 1
\7 OH RiTe P B 8 130

‘per minte of perfusion,

oug Tostper g hiver
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the starting material. The loss of the ketol side chain in the
remaming products by eonversion to glycols 1s excluded, since
the .S, values, which measure glycols as well, are similar to
the B.T. values. No evidence for a significant conversion of
cortisone (or any of the corticosteroids tested) to 17-keto-
steroids, was obtained, asindicated both by the steady decrease
in Zimmermann chromogen at 515 my, and by carrying out
the Zimmermann reaction on paper chromatograms Accord-
ingly, the loss of ketol side chain cannot be explained in terms
of this mechanism.

"(c) Disappearance of the Conjugated Unsaturated
- System

In all the corticosteroids tested, the Ad-3-Ketosteroid
grouping seems to be more rapidly removed than the ketol
side chain, under our conditions of hiver perfusion. The U V.
values shown in Table V for the experiment with cortisone
maost probably overestimate the actual values, for our paper
chromatograms reveal that practically none of the major
(ransformahon products formed gives an orange spot with the
dlmtmphenyhydrazme reagent, which 15 sensitive to and

1stie for A-3-1 ids. This hyd reagent
reacts with 3-ketosteroids to give yellow spots, and wlule
our paper chromatograms teveal a few spots of this type, 1t
seems probable that the bulk of the transformation products
1o longer retain the 8-ketone grouping.

Having this basic information, we have undertaken large
scale perfusion of DOC and cortisone to attempt to identify
the metabolic products formed. At the present time we are
engaged in fractionating 3 g. of cortisone transformation
produets by a combination of silica gel and paper chroma-
tography. To date, the wmost striking feature of our vesults
with DOC and cortisone 1s that a galaxy of products is
formed, a conservative estimate would be a mumumum of 20
metabolic products, most of which contain neither 3-ketone
nor the Ad-3-ketosteroid groupmg, In confirmation of
Schneider and Horstmann (1951) we find allopregnane-38:




280 Oscan Hecnrer

tional groups, measured in terms of cortisone equivalents, are
expressed as percentage recovery of the added steroid.

(2) Infl of Blood Incubation, in the Absence
of Liver

Followmg incubation of cortisone (as well as the other cor-
ticosteroids tested) in blood at 38° for 90-120 minutes (by
circulating the mixture through the apparatus) the bulk of
the added steroid s recovered unchanged. In each case, how-
ever, there is evidence by paper chromatography for thedevel-
opment of trace amounts of new steroid ketols, more polar
than the corticosteroid substrate, ‘This, however, should not
necessarily be interpreted to indicate the presence of specific
factors mn blood, for sumilar results were obtained when BOC
(the only substance so tested) was incubated at 88° with
Ringer’s-polyvinylpyrolidone,  Remembering that Winter-
stemer and Bergstrom (1941) found that cholesterol in col-
lardal solution in the presence of oxygen, undergoes auto-
oxidation at €-7 (to form 7-hydroxy- and 7-keto-cholesterel),
presumably because that position 1s activated by the double
hond at the 5:6 position, one wonders whether the products
formed by circulating corticosteroids in oxygenated blood may
not give rise to 6-hydroxy or 6-keto- corticosteroid derivatives.
In passmg, 1t may be of mterest to mention that one of the
products formed from DOC under these meubation conditions
without liver gaves a cortisonc-like, blue coloration with iodine,
m contrast to the yellow brown spots usually produced by
A%-3-ketosterods {Zaflarom ef al., 1950).

(b) Disappearance of the Ketol Side Chain §
Although the added cortisone disappears from the medium
as liver perfusion is continued, the perfusate still contains
steroid ketol, as measured by B.T., to the extent of 40-50
per cent of the onigmal value. Thisindication that some of the
transformation products formed retam the ketol side cham is
fully confirmed by papes chromatography, which reveals 2
variety of new ketol spats, mast of s fuch are smore polar than
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m livers, not only of therat but of a variety of species, before
it will be possible to speak with any real understanding of the
pathways of corticosterord metabolism in liver. By this time
next year we hope to be 1n a position where we can speak
definitely about the entire spectrum of hepatic transformation
products derived from cortisone, and perhaps some estimate
of their biological activity.

When this work was begun, the local effecttveness of cor-
tisone in certain conditions (notably in certain skin and eye
conditions) led some to extrapolate to a point where all cor-
tisone action was explicable on a “local” basis, rendering un-
necessary the postulation of an active metabolite formed i a
distant organ such as Itver  During this period our faith in
the “active metabolite” view was mamtamed by our finding
that deoxycorticosterone and cortisone perfused in a variety
of media, through either rabbit or rat livers, rapidly disap-
peared from the system, m agreement with studies by others
using liver shees (Schneider and Horstman, 1951, Paschkis
et al, 1951; Louchart and Jailer, 1952) that hepatic tissue
possesses active systems for the transformation of added cor-
tisone. These tn vutro findings assumed for us major signifi-
cance when 1t was reported that cortisone was only shghtly
less active by mouth than by parenteral mjection, 1 terms
of anti-arthritic activity m man and thymolytic activity in
mice (Freyberg et al., 1950, Boland and Headley, 1951; Pat-
terson et al., 1951, deAndino ef al., 1951) Since oral admmnis-
tration of steroids, which 15 generally believed to involve direct
Ppassage of the steroid through the liver, did not lead to marked
loss of cortisone activity as evaluated by these tests, these
findings seemed to us to be strongly suggestive that one or
more of the cortisone transformation products formed in Liver
mght be an eflective anti-arthritic agent.

1 am aware that upon mcubating cortisone for many hours
with liver shees there 1s a loss of glycogenic activity (Paschkis
et al., 1951; Louchart and Jailer, 1952). I am also aware that
the work of Schnerder and Horstmann (1951), as well as our
own, pomts to a rapid reduction of the conjugated unsaturated

CoRT 20
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21-diol-20-one as a metabolite of DOC, but in addition we
find several DOC metabolites which give a positive blue-
tetrazolium test and a cortisone-like blue coloration with
todine, One of these, of polarity somefihat similar to corti-
sone, has been punfied and subjected to infra-red analysss,
winch has clearly revealed that it 1s not cortisone. Although
the structure of tlus compound 1s still unknown, one wonders
whether this iver metabolite of BOC may not explain the
conversion of DOC to cortisone by liver shees desenibed by
Seneca and co-workers (1930).

What is the nature of these metabolites of cortisone which
retain the ketol side chain? Theoretically, + tetrahydro deri-
satives are possible from cortisone, and to date we have
evidence for one; allopregnane-3a-17a:21-triol-11:20-dione
appears to be a major metabolie prodnet. Two dihydro dert-
vatives of cortisone sceru Iikely, and we have evidence for both
as nunor products, If the hver possesses a system for the
reduction of the 11-heto group to 118-hydroxyl, as seems
possible, we may expect corresponding tetrahydro and dihiydro
derivatives of Kendall's F. ’ -

Wiile we have some notions s to the character of the meta-
hohites retamming the hetol «ide cham, we have no information
as vet about the metabolic products m which the ketol side
chiain has been lost. Sinee both DOC and 11-dehydrocortico-
sterone have been reported i humans to be metabolized to
pregnanediol (Hoffman e al, 1943) and 11-ketopregnanediol
(Mason, 1950) respectively, 1t 1s possible that products with
the C-21 carbmol reduced to a €21 methyl andfor the C-20
ketone reduced to a (-20 hydroxyl may be present m our
misture. On the other hand, 1t 15 equally possible that the
cortisone side cham 1s degraded to form 17-ketosteroids, which
then in turn are rapidly comerted to other products by hver
enzymes, at a rate sullicient to prevent the accumulation of
17-ketosteroids such as 11-keto- or 118-hydroxy-androsterone
or -ctiocholanolone. In either event, speeulation is not profit-
able. Further work is necessary, systematit isofation and
characterization of the produets of corticosteroid metabolisn
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DISCUSSION
M n yous hat you might get
comcostermd metabohth of tlus type and m thst cunnechon, T think

c,
CHOH

N LE0H

1t would be rather interesting for you to try out on your perfusates a

ey i B oL Y O ST RO

sterords.
Hrenren: T should ike to show another siide (Table VI) Let us

the rate of disappearance of steroid s shices tends to approach the
perfusion data as the period of slice incubation 15 decreased The last
part of the table represents data from Cherpick and Chaikoff from
expenments m which hiver slices were mcubated with uniformly labelled
glucose, and the rate of glucose oxidation caleulated by measurng
radiactive CQ, One can caleslate the amount of hydmgen trans-
ferred from g to form the wate: me o“dan t
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§ystem in corticosteroids, regarded as essential for activity in
the corticosteroid series. But I would remind you of recent
demonstrations by Grundy, Sumpson and Tait (1952) which
strongly suggest that the mineralocorticoid activity of beef
adrenal extract is largely accounted for by a steroid ketol
many times more active than DOC, which does not appear to
possess the Ad¢-8-ketosteroid grouping. This findmg, if -
established definitively, would liberate us from the dietum
that biological activity in the corticosteroid series requires the
ef-unsaturated ketone grouping in Ring 4.

In the light of these new developments, all compounds im-
plicated 1n the metabolism of cortisone and related compounds
deserve full investigation of their biological activity, notin a
single bioassay procedure, but over the full spectrum of the
biological activity which corticosteroids exhibit. :
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the levels rise, the amount removed increases (as one might anticipate
from the mass action effect) so that at hugh levels the removals are about
30 per cent on one circulatton, This sounds Like an extremely rapid re-
moval, but remov als of testosterone and progesterone are higher, so this
really 1sn’t out of order. And of course one of the effects of oral admini-

imore marhed effect than if you had a lower level over a longer period
of time, because once i the cells the hormone becomes bound with the
enzymes and its effect 13 prolonged The fact that cortisone 15 not
diréctly active leads to the conclusion that 1t 15 probably reduced to
Compound ', But I don’t bclieve that we have to assume that some of
the other compounds are activated to get the effects which we note It
certamnly should be investigated, but I don’t think wt’s an essential
assumption

Djcrasst I want to mention one brief point  The two compounds
that Dr Hechter suspects were formed n his hver perfuston were
Reichstemn’s Compound €, which 1s an allo {54) steroid, and dihydro-
allscortisone, not the usual dihydro E - As I mentioned n the discussion
after Dr Pincus’s paper, the corticoids you isolate from urine are

N

necessanily hold true.

find ;n humans and monkeys.
Hecnrer. 1 feel that our hiver perfusion studies need

fiantinn in mane dimantiane (s fantura af
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BTN
. . A
TFable VI
ConticosTeroIDs AS IIYDROGEN ACCEPTORS
Corticosterord + 2H, ~—-> reduced products
: : No/q
Reference Conditeons Perod Rate of Hyuptake

Disappearante

mn g fhr.fg w3 |edribr s

perfused rat liver

glcose-itrate

Thus report cortisone 1-2 6600 183 370
0 27 @M per mi.

Schineider rat hiver shees
and glucase 15 2672 890 160 1~
Horstmann* | DOC 60 o708 30 60
(1951) 1 5uMperml | 180 a4 12 26
CeH,0, + 60, ——> 6CO, + GH,O
—
Reference Condutrons Period | Rafe ¥C glucose, “C0x |y 4|
Min g jhr jg bt |udirie

Chermick rat ner shees
and MC-plucose 180 267
Chaskofff | no steraid

1-4 8.4
(1951) ‘-_____J
L

7 biol Chem ,1951, 191, 827
+J biol Chem , 1951, 188, 389

* eetanding |

Ler N . . ein-
' . vof
. e won,

. Y
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€VILENCE LIAL CHUIESLEIUL CONLALL 4 LULLPAILUL SULSEILL, PILSUliL Ly
the extent of about 0 5 per cent, which from the analytical data we
have at the present time scems to be related, not to cholesterol, but
more toa D-type vitamn. It may be what one can call a seco-cholesteral,
having all the structural features of cholesterol itself, but opened up
between rings A and B, If g hike this can chol-
esterol and ean remamn undetected for many years, you can see the
possibility that for every hormone there 1s a seco hormone (for example,
sgeco-cortisone) and that such a thing is the active biological agent Now

this 15 rather attractive because you'd only have to postulate that such
a substance 1s present 1 very munute amount and that it 1s formed
only in_contact with an enzyme system. If you look for this thing,

- biological cwdation at C-11 may take the path of formation of a seco
denvative, allylic oxadation at C-11, and ring closure

el

!

e
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s1zeable fraction of metabolites from the admini steroid is unrecog-
nized. Although, at the present time, most of the products from the
liver perfusion are unknown, I think that we have an opportumty to
pick up the missing metabolites using this technique,

‘Whether this ruxture will represent a mixture of biologically active
and inactive substances, T~ *° |
varnety of tn vilro systems '
action might be expected
would very much like to N -
mixture p g high brologieal activity. However, I agree with D
Samuels that at tlns time my view js just speculation. I'm hopeful,
however, that there nught be something to this notion, i which case

marked effect. 8
Samyuers: In both perfusion and tissue studies, I think there’s
one thing that we have to recogmze as different from what happens

m the normal intact animal, and that 15 that we do not necessanly |

supply the components of the conjugating systems which normally
play such an important réle  We certainly see that in our testosterone-
hyer studies, where sse get conversions to compounds more reduced
than androsterone, and these are free; but in the intact animal a much
larger proportion stops at the androsterone-mtiocholanolone stage,
Jargely because conjugation can take place more readily and all the
components for formation of glucurome acid are there.

Pincus: In liver clearance studres, would you not be deabng with

- ~a

.

1€re.
. " in the disappearance of

Samucis: It could well be. I think conjugation influences the
- stage to which the conversion goes. I don’t think you get conjugates
of I or E; thesc are first reduced in Ruing 4, Apparently the 3a-hydroxy
compounds, and perhaps the 33 also, are very readily conjugated, and,
ag such draned off in the kidney .
Hreprer: 1 might add that we have searched, especially in the

i s of our work, for conjugated steroids. We have not sue-
initial stage: »w n ug: s K BV o nte

ceeded 1n ai N
that conjugated sterowds are important 1n species other than man is
y-t ~ysemeswe | know of no uncomvocal evidence that steroids are
Car f . * evidence 1sn’t by any means

- « tamly 1t excretes most of it via

' . er had some evidence that ‘lhf

.
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