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PREFACE

ALTHOUGH interest and activity in the steroid ficld has becn main-
tained, and even increased, during the last few years, no book on
the chemistry of the steroids has appeared since the masterly mono-
graph by Louis and Mary Fieser (Natural Products Related to Phenan-
threne, 3rd ed.) in 1949, and the extensive text edited by Sir Robert
Robinson, O.M., and E. H. Rodd (Chemistry of the Carbon Compounds,
Volume IIB) in 1953

This book, therefore, sets out to present as concisely as possxblc
the present state of knowledge. Accordingly, earlier structural in-
vestigations on the sterols and bile acids are giv.n only in brief out-
line, but later structural investigations dealing with the sex hormones,
the adrenocortical hormones, the cardiac glycosides and aglycones,
and the sapogenins, are presented in full; stereochemistry, partial
syntheses, and total syntheses are also described as fully as is consistent
with brevity. An attempt has been made to cover the more import-
ant papers in the literature up to the end of 1955, and to include a
few of the most important papers appearing in 1956.

Some idea of the immense amount of work carried out on steroid
chemistry in a period of five years is conveyed by the number of
references cited for the period 1951- 55; in Chapters I, II, III, IV,
V and VI the percentage of references relating to this period are
16, 35, 26, 57, 32, and 45, respectively; my perpetual problem has
been to decide not what to include, but what to omit.

I wish to take this opportunity to acknowledge my indebtedness
to my former teachers, and present colleagues and friends—C. K.
Ingold, F.R.S., who taught me to appreciate the relation between
structure and mechanism in organic chemistry, and T. Reichstein,
Nobel Laureate, For.Mem.R.S., who guided my first steps in the
field of natural products. I should like to thank my wife for assist-
ance in reading the proofs, Miss P. Sims, my secretary, for help in
checking the references, and the staff of Messrs. Butterworths, the
publishers, for the beautiful drawings of complex formulae and for
their continuous assistance at all stages of the production.

C. W. SHOPPEE
University of Sydney,
Australia.

July, 1957.
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I
INTRODUCTION

THE steroids are a widely occurring group of colourless and, for the
most part, saturated natural products possessing the tetracyclic
carbon skeleton (1). Apart from minor differences due to the
presence of nuclear substituents and sownetimes the degree of un-
saturation, the diverse types of compound comprised by the group
arise mainly from variation in the entities R1, R2, and R3.

oG

R1 may be absent, as when ring 4 and/or ring B is aro.natic, but
R! and R2 are generally methyl groups, although incompletely
reduced residues such as primary alcohol and aldehyde groups are
sometimes encountered [--CH,OH: strophanthidol, isorubijervine;
—CH=0: strophanthidin, aldosterone]. The side chain R3 may
be absent, or may comprise two, four, five, eight, nine, or ten carbon
atoms; in the steroid alkaloids eight carbon atoms are associated
with an atom of nitrogen, as in solanidine and conessine. Substitu-
tion of the two hydrogen atoms at position 4 and of that at position
14 by methyl groups leads to a group of compounds [lanosterol,
cycloartenol, euphadienol], which may be regarded as 4:4: 14¢-
trimethyl-steroids or as triterpenoids.

Some representative of nearly all the types mentioned above has
been converted by dehydrogenation with selenium into 1 : 2-¢yclo-
pentenophenanthrene [(2): R = H] [for syntheses see reference 1]
or 3'-methyl-1: 2-¢yclopentenophenanthrene [(2): R = Me] [for
syntheses se¢ reference 2]; thus (4)-oestrone and isorubijervine
give the former, whilst cholesterol, cholesteryl chloride, ergosterol,
cholic acid, and solanidine give the latter, accompanied by other
products such as fluorene, chrysene (3), and picene [= 3 : 4-benz-
chrysene]. It should, however, be noted that lanosterol yields

1

m (2)
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1:2: 8-trimethylnaphthalene, and so behaves like other tetracyclic
triterpenoids.

NOMENCLATURE
The carbon skeleton of the hydrocarbons cholestane and coprostane
[rings 4 and B of which are related at Cs) as the trans- and cis-
decalins] is given in formula (4), which shows the correct numbering

(4)

of the system and the alphabetical designation of the four rings.
The extra carbon atom in ergostane [Cipg)] is present as a Ciyq)-
methyl group, whilst the two extra carbon atoms in sitostane
[=stigmastane] [C(yg)] form a Cy4)-ethyl group. The convention
adopted for the description and representation of steroids is that
originally proposed by L. F. Fieser [ The Chemistry of Natural Products
Related to Phenanthrene, 2nd ed., New York (1937)], extended by
T. Reichstein and C. W. Shoppee [ Vitamins and Hormones, New York
(1943)], and later modified by L. F. Fieser and Mary Fieser [op.
cit., 3rd ed., New York (1949)] with a view to international adop-
tion. Arbitrary trivial indices are indicated by use of ‘a’ and ‘B°.
At nuclear centres of asymmetry, position is specified by the number
of the carbon atom in question and configuration by the suffixes
a or B. If the orientation of the hydrogen atom or a substituent
corresponds to that of the two angular carbon atoms Cjp) and Cyyg)
lying above the general plane of the ring system, then the atom or
group possesses the B-configuration and this is represented by a
heavy full-line bond. Conversely, an atom or group, lying below the
general plane of the ring system, is said to possess the a-configuration
and this is represented by a broken-line bond. If the configuration
of an atom or group is not known, this may be specified by the
Greek letter ¢ and a wavy-line bond. The Greek letters are
written without parentheses.

The angular methyl group [Cyjq)] attached to C(jg) was assumed
by convention to be S-orientated, and this is now known to be the
correct absolute configuration; it can be shown that the angular
methyl group [C(;3)] attached to C(y3) is also p-orientated. It may
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be noted that any other arrangement raises difficulty from the
crystallographic standpoint in relation to the packing of steroid
molecules into unit cells. Methyl groups are commonly represented
in formulae by strokes.

OH OH
HO’, /V\ : HO’ ::\ jﬁ E ]

3a- Hydroxy 38 -Hydroxy 170¢- Hydroxy 178 -Hydroxy

A substance differing from a natural or typical steroid in the
configuration at a nuclear asymmetry centre other than C(s) and
involving inversion of the orientation of a C—C or C—H linkage is
termed an iso-compound. Configuration at C(s) may be indicated
either by classical names [cholestane, coprostane, a.lopregnane, and
pregnane], or by use of the prefixes a and 8 [coprostane = 58-
cholestane, aetiocholane = 5B-androstane]; the prefix allo is re-
served solely to indicate a-orientation of the hydrogen atom at
C(s)- A substance differing from a natural or typical steroid with
respect to the orientation of a hydroxyl group is described as an
epi-compound.

For asymmetric centres in a side chain, position is specified by the
number of the carbon atom bearing the substituent, but since
stereoisomerism is now no longer geometrical in character but of the
tartaric acid type [‘frec’ rotation], a dcfinite spatial orientation
cannot in general be assigned. In the case of configuration at
Ci20), when this can be related to that at C(j7) and the whole ring
system, the suffixes o and 8 are employed according to the conven-
tion, proposed by Fieser and Fieser [loc. cit.], shown to correspond
to the absolute configuration by PrerLoG and Tsatsas3, and sup-
ported experimentally by KLyNE4 and JEGER et al.5.

All 20-hydroxy-steroids should be capable of description using
the indices 20a and 208; the solution of this problem is mainly due
to SARETTS, who has correlated the four structural types of naturally
occurring 20-hydroxy-steroids:

?H; ?H3 ?HbOH CH,0H

|
HOH CHOH CHOH CHOH
--OH ’ ! f --OH
- H i M

20-Hydroxy-steroids conform to two generalizations: (i) the
acetates of the 208-series are always more dextrorotatory than their

I
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epimerides; (ii) acetylation of a 20a-hydroxyl group decreases the
molecular rotation, whilst acetylation of a 208-hydroxyl group in-
creases it. It has thus been found that the prefixes a and f, which
had previously been assigned independently and arbitrarily? to
20-hydroxy-steroids of different types, are fortuitously in agreement
with the convention of Fieser and Fieser and with the absolute
configuration.

)
—H HO—G—H

i E Gk

170 20 02~ Dihydroxy 178 20e-Dihydroxy 17a:208-Dihydroxy 178 208-Dihydroxy

I
oZxg

All natural steroids containing 24 or more carbon atoms have a
methyl group attached to C(yg); X-ray analysis of cholesteryl iodide
indicates that cholesterol has the 208-configuration (5), which has
been correlated with 20a-hydroxy-steroids by WieLanp and
Miescrer8, Ogxidation of cholesterol (5) affords the bisnor acid,
converted to the 20-normal-ketone, which could be isomerized by
acid to the 20-iso-ketone ; perbenzoic acid oxidation [with temporary
protection of the double bond], and alkaline hydrolysis gave re-
spectively pregn-5-ene-38 : 20a-diol and pregn-5-ene-38 : 208-diol:

(_;GHB COzH (;OMe 90\46
b é CH;— C —H CHggé—H H—C%CH,
H+
(0 f 1 —_—u
H H H H
H
)]
Cholesterol : 208 Blsnor-aad 20-rormal -Ketone  20-1s0-Ketone
- normal

/CH OH CHs

3
CHa-—C H H—CG%OH H—C—CH; HOEC—H

H-pop-h

[}

38+ 200¢-Diol 34:208-Diol
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For configuration at C(yg) non-relative to C(y7), and at Czg), the
suffixes a and b are employed but n and iso have also been used.
These suffixes serve to distinguish stereoisomerides without any
spatial implication, and since suffix assignment is arbitrary, de-
signations applied provisionally in one series imply no correspond-
ence to those in another. Typographically such stereoisomerides
may be distinguished by reversal of position or by use of full-line and
broken-line bonds.

2% 2
CHs CH;
24a-Methyl 24b-Methyl

When the side chain becomes involved in heterocyclic structures
[spirostans, alkaloids], geometrical isomerism may appear at Cig),
Ci22), and Cys).

22a-or 22-soSpirostan 22b-or 22-n-Spirostan
CHy GHa

o H—pr 22
ONH-"H N 2K
H

Solasodine or Solanidine
tomatidine

In principle, it should ultimately be possible to relate configura-
tion at other asymmetry centres in the side chain to configuration
at C(y7); for an attempt to do this, and for proposed rules for steroid
nomenclature, se¢ Chem. & Ind. (1951) 930, and the Appendix
thereto, by Plattner.

In the older literature, cholesterol (5) is described as a 4-hydroxy
compound [cf. (5a)], and deoxycholic acid, properly described
as a 3 : 12-dihydroxycholanic acid (7), is described as 3: 7-dihy-
droxycholanic acid [cf. (7a)]. In the literature of the period
1939-1946 there is much confusion with respect to configuration
at positions 11, 12, and 17; thus deoxycholic acid (7) was succes-
sively assigned the 3a: 128 : 17B-configuration (1939-1943), the
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30.: 128 : 17a-configuration (1943-1946), and the present correct
3a : 12a : 17B-configuration (7).

ABsOLUTE CONFIGURATION

The absolute configuration of the steroid asymmetry centre at C3)
has been determined by PrRELOG ef al.9, by argument based on
asymmetric syntheses; the 3-hydroxyl group in cholestanol (6), as
also the hydroxyl groups in dihydrolanosterol and the triterpene
a-amyrin, possess the same B-configuration which corresponds to
that of p(-4 )-malic acid and of p(+-)-glyceraldehyde. The tenta-
tive and opposite conclusion of REICHSTEIN et al., who degraded
the methyl ether of vitamin D, to a (—)-3-methoxyadipic acid,
appears to be due to assignment of the wrong configuration to the
latter substance, and has been rectified!o,

H ! H\ He
CHO
0‘5CH0 —= CHO
(+)-Citronellal
B
(6)
Cholestanol
H2Cy— (|302H ?HO ('?OzH
He=C(3) =OH He= C =OH He=C=OH NHy=C=H
'm ' CH20H CH,0H
H2Cw) — CH,CO,H 2
Cholestanol p(+)-Malic acid  b(+)-Glyceraldehyde  L(-)-Serine

viewed from the
left 1n the general
plane of the ring
system

Direct correlation of the configuration at Cy) in cholestanol (6),
through the Al4-derivative by the reaction sequence shown above,
with (4)-citronellal of known absolute configuration by Corn-
FORTH et al.ll and by JEGER et al.12, confirms the absolute con-
figuration of the steroid molecule. The conventional formulae of
all steroids are therefore correct and may be correlated with the
usual convention for the representation of the absolute configura-
tions of p(+)-glyceraldehyde and of natural L(—)-serine.

HistoricAL DEVELOPMENT
Early structural investigations were concerned principally with the
nature of the nucleus, and carried out mainly with cholesterol (5)
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and the bile acids cholic, deoxycholic (7), ‘a’-hyodeoxycholic, and
lithocholic acid. Cholesterol, C,7H 460, was shown to be a mono-
hydric secondary alcohol with one double bond and a Cg-side
chain: —CHMe(CH,);-CHMe,. The bile acids were recognized
as hydroxy-derivatives of cholanic acid, C,4H4O,, which con-
tained the same Cjg-skeleton as cholesterol and a Cs-side chain:
—CHMe-(CH,),-CO,H. The empirical formula of cholestane,
Cy7Hyg, the parent hydrocarbon of cholesterol, by comparison
with that of the paraffin, C;Hsg, indicated a tetracyclic structure,
the character of which was determined by systematic oxidative
degradation.

(7)

Deoxycholic acid

X oy
9 CH(CHz)3CHMe CH(CH2)2C0zH
CoH C }CZH4
}us?lsf HO o JoH

(5a) (7a)

In 1928, A. Windaus and H. Wieland surveyed in Nobel Prize
Addresses the results of their respective investigations on cholesterol
and the bile acids. These had followed parallel but independent
paths; a combination of corrcct and [as is now known] mistaken
evidence had led to the structures (5a) for cholesterol and (7a) for
deoxycholic acid, which appeared to be established in all details
except for two carbon atoms [C;s5) and C¢)] assumed to be present
as an ethyl group at C(j). The four rings were indicated by Roman
numerals; their identities in relation to those of the correct formulae
are shown by italic letters. It should be noted that, because of
failure of the Blanc rule [see p. 19], ring II in cholesterol was thought
to be five-membered and identical with ring II in the bile acids,
whereas in fact both rings are six-membered and non-identical
[B and C, respectively].
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In 1930, WieLAND and Vocke!3 proved that there was no ethyl
group at Cyq), and attempts to insert the two carbon atoms as a
>CHMe group into ring III to give a seven-ring were unsatisfac-
tory. In 1932, RosenHEIM and KinGg14 suggested that chrysene (3),
obtained by Diers, GADKE, and KorpinG!5 by dehydrogenation of
cholesterol with palladium-charcoal at 500° is a normal degrada-
tion product; on the basis of this fact, and of x-ray crystallographic
measurements of ergosterol by BERNALIS, which indicated a thin
lath-like molecule [7:2 X 5 X 17-20 A] whereas the Wieland-
Windaus formulae, (5a) and (7a), with three rings meeting at a
point required a rather thick molecule [8:5 x 7 X 18 A], Rosen-
heim and King proposed that the nuclear skeleton of the steroids
was that of chrysene (3). [On this basis ergosterol should measure
7-5 x 4-5 x 20 A.] Subsequently and almost simultaneously,
RosenHEIM and Kingl7 and WiELanp and DANE!8 modified the
nuclear structure from that of chrysene (3) to that of 1 : 2-cyclo-
pentenophenanthrene [(2): R = H]. This structure readily ac-
commodated all the available experimental evidence, and continues
to do so. Final proof of its correctness is supplied by the total
syntheses of equilenin, oestrone, epiandrosterone, cortisone, and
cholesterol.

STRUCTURE AND GEOMETRY
Stereochemistry
TrE NUGLEUS
There are seven asymmetry centres [Cys), C(g), C(o), C10)» C13)»
C4), C17)] giving a total of 128 possible stereoisomerides.

AlB

Fusion of rings 4 and B may be either trans or cis to give two
isomeric [allo and normal] Cyq-hydrocarbons (8) and (9), and, by
progressive shortening of the side chain, three similar pairs of
isomeric hydrocarbons:

Table I
allo-Series A/B : trans (8) normal-Series A/B : cis (9)
m.p.° [a]p® m.p.° [a]p®
Cy7H4s  Cholestane 80 +24 Coprostane 70 +25
Cy4Hyy  alloCholane — — Cholane 90 —_—
Cy1Hjy6  alloPregnane 84 +13 Pregnane 83 +20
CioHj;, Androstane 49 + 1 Aetiocholanc* 78 + 3

! ¢ The Greek prefix aetio signifies complete removal of the side chain. To avoid using the names
aetiocholane and aetiocholanic [or aetioallocholanic] acid for compounds with C,, and Cy,, respectively,
the names etianic acid and aldoetianic acid have been suggested.
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A/B trans A/B cis .
B/C trans B/C trans |
C/D trans C/D trans ( o H

H
(8) (9

allo- Series R = CgHp, CsHy, CaHs,0or H normal-Series

The work of Winpausl? on 3a : 6a-dihydroxycholanic acid [‘a’-
hyodeoxycholic acid] established the steric relationship of rings A/B
in the allocholane and cholane series; he prepared and studied the
pyrolytic behaviour of the four isomeric lithobilianic acids. Litho-
bilianic acid (10) and allolithobilianic acid (11) both yield the same
pyro-acid (14); isolithobilianic acid (12) and alloisolithobilianic
acid [Staden’s acid] (13) give different pyro-acids, (16) and (17).
Clemmensen reduction of pyrolithobilianic acid (14) and pyroiso-
lithobilianic acid (16) give the same deoxypyro-acid (15). The
pyro-acid (14) must have the more easily formed ¢is-configuration?20,
and its formation from allolithobilianic acid involves inversion of
configuration at C(s) [C(s5)—H is a to CO,H]; isolithobilianic acid
(12) and alloisolithobilianic acid (13) are not susceptible to inversion
[C(sy—H is B to CO,H] and yicld stereoisomeric pyro-acids with
retention of configuration at Cgs). Lithobilianic and isolitho-
bilianic acids, being both obtained from the natural bile acid,
lithocholic acid [see p. 82], must possess the same A/B ring-fusion :

C4HgCOH C,HgCO,H C4HgCO,H C,HaCO,H
/ §i i Hog
HO,C Howoe A M Hog .
HO,C M 02€ b M
(10) (1) (12) (13)
Lithobilianic alloLithobiianic  1soLithobilianic allorsoLithobilianic
acid / acid acid acid
«Ha COH C,HsCO,H l C(HgCO,H 1 C4HsCOH
; ' 0, 0,
| | !
H- [ p— H
H H
(14) (15) (16) (17)

Pyrolithobilianic ~ Deoxypyro-acid  Pyroisolithobilianic Pyroalloisolithobilianic
acid, mp 200° m.p.l63° acid; mp.173° acid; m.p.156°
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they are degradation products of cholane [(9): 4/B cis], whilst the
allolithobilianic acids, although prepared from natural 3a: 6a-
dihydroxycholanic acid [‘a’-hyodeoxycholic acid], are derived
from the synthetic 3a-hydroxyallocholanic acid [see p. 80] and are
degradation products of allocholane [(8) : A/B trans].

Similar results have been obtained with the corresponding
dicarboxylic acids from cholestan-38-ol and coprostan-3g-ol 21, and
show that, apart from the A/B ring-junction, the spatial configura-
tion of the nucleus is the same in (8) and (9).

Cholestane has a lower density, higher molecular refraction, and
higher melting point than coprostane?2, which suggests by analogy
with the decalins that cholestane has structure (8) and coprostane
has structure (9). 'There are also chemical dissimilarities; thus
bromination, enolization, and oxidation of 3-ketones of cholestane
type gives respectively 2a-bromoketones, 3-ethoxy-A2-compounds,
and mainly 2 : 3-seco-diacids, whereas 3-ketones of coprostane type
give respectively 4B8-bromoketones, 3-ethoxy-A3-compounds, and,
mainly, 3 : 4-seco-diacids.

It is only possible to pass from one serics to the 5-epimeric series
by conversion to a 4 : 5- or 5 : 6-unsaturated compound and hydro-
genation, or from the cis-serics to the trans-serics by ‘allomerization’
i.e. enolization, of a 4- or 6-keto group23.

B/C

X-ray crystallographic evidence adduced by BERNAL et al.24,
indicates that this ring-union is a frans-fusion; Bernal states that
‘to keep the molecule flat, the C(jg)-angular methyl group [formerly
by convention and now by absolute configuration B-orientated]
must be trans to the Cig)-hydrogen atom’ as in (8). This determines
that, of the two possible modes of ¢rans-B/C-fusion [cf. (18Aa) and
(18Ba)], that one involving the arrangement 88-H/9a-H is correct,
as is confirmed by the complete x-ray crystallographic analysis of
cholesteryl iodide2s.

The stability to hydroxyl ions of 7- and 11-ketosteroids, regarded
as ‘a’-decalones, also indicates a frans-B/C-fusion. Similar indica-
tions are derived from ionic elimination reactions of 7- and 11-
substituted steroids; thus 118-hydroxy- and 11B-bromo-steroids
[9a-H (axial)/118-OH (Br) (axial): trans] readily undergo ionic
dehydration or dehydrobromination but 1la-hydroxy- and 1la-
bromo-steroids [9a-H (axial)/11a-OH (Br) (equatorial): ¢is] are
resistant; again 7a-hydroxy-steroids, e.g. cholic acid (35) [7a-OH
(axial)/88-H (axial): trans], readily undergo ionic dehydration, but
7B-hydroxy-steroids [78-OH (equatorial)/88-H (axial): cis] are
resistant.

It is very probable that all natural steroids have the B/C-trans
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arrangement; this conclusion is supported, in general by the various
steroid total syntheses, and in particular by the total synthesis of
the four diketones (18) by CornrorTH and RoOBINsSON26,  Starting
from 1 : 6-dihydroxynaphthalene, the two pairs of enantiomorphs,
(18Aa and Ab) and (18Ba and Bb), were obtained, of which (18Ba)
was identical with the diketone obtained from cholesterol27 and
from deoxycholic acid28.

(18Aa) (18Ab) (18Ba) (188D
mplale, @lp£20° mpl4l® @Ipt20° mp 7% ©@p+25° mp 117° @, -25°

Synthetic steroids with both the possible B/C-cis a{rrangements
[8a-H/9a-H and 88-H/9B-H] have been prepared [see pp. 60 and
61].

C/D

The complete x-ray crystallographic analysis of cholesteryl iodide
carried out by CARLISLE and CROWF0oOT25 shows that this ring-union
is trans in the sterols, the bile acids, and related steroids, and con-
firms the earlier chemical evidence. Thus WieLanp and DANE29,
by degradation of deoxycholic acid (7) [see p. 21], obtained the
trans-acid Cy3H,Og (19), which gives no anhydride but by heating
undergoes inversion at C(y4) to afford the cis-anhydride (20) which
is readily hydrolysed to the ¢is-acid (21).

HO C,HgCO,H C(,HoCOzH C/.HQCOQH C4HgCO,H

g als jﬁ jﬁ
HO,Cy %o “HO,C

(7) (19) (20) (21
Deoxycholic acid

Similarly, DiMroTH and Jonsson30 obtained from ergosterol via
vitamin D, [se¢e p. 57] the trans-ketone (22), which with acid or
alkali is converted irreversibly into the cis-ketone (23) [cf. trans-‘a’-
hydrindanones—>cis-‘a ’-hydrindanones].
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CgHny CoHiy CoHy CoHry
CH,
H H ; H ; H1
HO HO'
Ergosterol Vitamin D2 (22) (23)

The C|D-ring fusion is, on the contrary, cis in (i) the cardiac
glycosides and aglycones, and (ii) the toad poisons. In these com-
pounds, formation of 14 : 21-oxides [iso-compounds, see pp. 234 and
235] requires a cis-relationship of the Cy14)-hydroxyl group and the
Ci17)-side chain. The established B-configuration of the side chain
[see p. 28] requires B-orientation of the Cy4)-hydroxyl group; this
is proved for (i) by degradation of digitoxigenin to methyl 36-
acetoxy-14B-hydroxy-14-isoaetiocholanate3’,32, and for (ii) by de-
gradation of bufalin to methyl 3B-acetoxy-148-hydroxy-14-isoaetio-
cholanate, of telocinobufagin to methyl 3B-acetoxy-58: 148-di-
hydroxy-14-isoaetiocholanate, of gamabufotalin to methyl 38: 11a-
diacetoxy-14B8-hydroxy-14-isoaetiocholanate, and of bufotalin to
methyl 38 : 168-diacetoxy-14pB-hydroxy-14-issaetiocholanate33,

THE SipE CHAIN

As already mentioned [p. 5], if the side chain becomes involved
in heterocyclic structures, geometrical isomerism may appear at
Ci20)s C(22), and C(ps5).  Stereoisomerism of the classical tartaric acid
type involving ‘free’ rotation, however, occurs generally at the
asymmetry centre at C(yg), and may occur at C(y4) when substitution
of hydrogen by a methyl or ethyl group leads to asymmetry.

Many natural steroids have a methyl group attached to Cpo);
cholesterol, cholestanol, ergosterol, stigmasterol, campesterol,
campestanol, and the bile acids correspond in configuration at
C(20) and are 208-compounds, whilst stellasterol and stellastanol
appear to belong to the 20a-series. Steroids with other sub-
stituents at Cyy) [e.g. OH, Br, CO,H] are known in two forms,
which arise from stereoisomerism at C(yy).

H. i CeHia

(6)
Cholestanol Campestanol Stellastanol
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Stereoisomerism at C(y4) is encountered among the higher sterols
and the derived stanols. Ergosterol, brassicasterol, ‘B ’-sitosterol,
stigmasterol, and ‘a’-spinasterol all belong to the series described
as 24b, whilst campesterol, stellasterol, and poriferasterol belong to
the 24a series; thus ergostanol by oxidation gives (—) 5: 6-di-
methylheptan-2-one (24)34, whilst campesterol affords (+) 5: 6-
dimethylheptan-2-one (25)35.

CHs CH3
2% m m

CHy — = CHs CHy ——

HO" Ny HO
Ergostanol (24) (25) Campesterol

Molecular Geometry of the Nucleus
The cyclohexane ring can exist theoretically in two strainless con-
formations—the chair, which is rigid, and the boat, which is
mobile36,37,38,  The chair conformation is more thermodynamically
stable than the boat conformation, but can undergo conversion into

(26)

Carbon skeleton of androstane
with rings Aand B as chair-forms

(By Courtesy of The Chemical Society.)

the boat conformation by passage over a small energy barrier3940,41;
the most stable conformation of a fused ¢yclohexane ring system will,
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in general, be that conformation with the maximum number of
chairs. In the steroid nucleus there is present a set of three fused

@27
Carbon skeleton of aetiocholane
(:58-androstane)with rings A and
B as chair-forms
(By Courtesy of The Chemical Society.)

(28)

Carbon skeleton of 148-androstane

with rings AandB as chair-forms,

Cas a boat -form and rings C and
D cis-united

¢yclohexane rings [4, B, C]. When the C/D ring-fusion is trans,
because the C(j3) angular methyl group has the B-configuration,
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ring C is a chair-form, as in (26) or (27), and is completely rigid
due to the double locking by rings B and D. When the C/D ring-
union is ¢is, ring C can be a boat-form with ends at Cgy and Cyyy),
ring D planar, and the molecule L-shaped (28). Rings 4 and B as
chair-forms are capable both of trans- union (26), and of cis-union
leading to the L-shaped structure (27), which has been shown to be
the correct representation for cis-decalin by electron diffraction and
x-ray crystallographic studics42:43. Mixed types arc also possible,
e.g. ring 4 in (26), (27), and (28) can become a hoat-form with ends
at C(3) and C(10)39.

Figure 1. Conformation of androstane:
g = axial bonds
(By Courlesy of The Chemical Society.)

Because of the rigidity of the chair conformation of cyclohexane,
the 12 C—H bonds may be divided into two sets of 6 bonds distin-
guished by horizontality [equatorial] and verticality [axial] to the
three-fold axis of symmetry of the ring system44,45,46,  In the steroid
nucleus: (i) a substituent linked by an equatorial bond is thermo-
dynamically more stable than the same substituent linked to the
same carbon atom by an axial bond; (ii) ionic elimination reactions
involving trans-substituents on adjacent carbon atoms proceed most
readily between axial bonds because the four centres are then in
one plane [e.g. 3a-X: 28-Y in Figure I, 38-X : 2a-Y in Figure 2, or
118-X : 12a-Y in both Figure 1 and Figure 2]; (iii) a substituent
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linked by an equatorial bond is less sterically hindered than the
same substituent linked to the same carbon atom by an axial bond,
and is liable to become involved in pinacolic rearrangement with
ring-decrease because the four participating centres [e.g. 128-X,
C12)s Cu3), Caa) in Figures 1 or 2] are coplanar.

The energies involved in the transformations of different geo-
metrical conformations are small [~ 5-10 kcals] compared with the
activation energies of most chemical reactions; so long as these

3 v

Figure 2 Conformation ot aetiocholane:
The bond at C(5)1s axial (a) to ring A, but
equatorial {e) to ring B8

(By Courtesy of The Chemical Society.)

energy barriers are low, separate conformations cannot be distin-
guished by the classical methods of stereochemistry. There is no
known case of the existence of more than the two epimeric nuclear
substitution products predicted on the basis of formulae (8) and (9).

The various possible geometrical modifications of the nuclei, (26),
(27), and (28), thus appear to make no contribution to steroid
stereochemistry. Such geometrical modifications cannot affect the
character [cis- or trans-] of a ring-fusion already present in a mole-
cule, but may affect reactivity [e.g. equilibria and reaction rates].
Numerous examples have been collected by BaArTON41,46, and are
to be found in recent steroid literature.
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Determination of Structure

THE NUCLEUS

Investigations were carried out almost exclusively with the
sterols and bile acids, and mainly by oxidative degradation. This
work, largely by Windaus and Wieland over a period of 30 years,
is given here in summary only; for a detailed exposition the mono-
graph by Fieser and Fieser [Natural Products Related to Phenanthrene,
3rd ed., Reinhold Publishing Corp., New York (1949)] or the
author’s text edited by Robinson and Rodd [Chemistry of Carbon
Compounds, Vol. IIB, Elsevier Publishing Co., Amsterdam (1953)]
may be consulted.

The Common Nuclear Skeleton
It was suspected [cf., however, (5a) and (7a)] that the nuclear
carbon skeleton is identical in the sterols and bile acids; this was
finally proved by Windaus and confirmed by Wieland.
Cholesterol (5) with phosphorus pentachloride47 or thionyl
chloride48 gives cholesteryl chloride (29), which may be reduced to

L0 = =y =

(29) (30) 31 (32)
C,HgCOzH C4HsCO2H CaHi?
H
(8) (33) (34) (9
HsCO2H F [
; d
HO” 0
H H H
(35) (36) (37) (38)

cholest-5-ene (30) and hydrogenated to cholestane (8); the order
of these operations may be reversed49 59, Addition of hydrogen
chloride to cholest-5-ene gives 5-chlorocholestane (31), dehydro-

chlorinated with potassium acetate to cholest-4-ene [formerly
2
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called pseudocholestene] (32)5!, which by hydrogenation in neutral
solvents gives coprostane [formerly called pseudocholestane] (9)52;
hydrogenation in an acidic medium gives cholestane. Oxidation
of cholestane and coprostane with chromium trioxide affords,
amongst other products, allocholanic acid [(33): R = H] and
cholanic acid (34), respectively53. These two acids can also be
obtained from ‘a’-hy¢d¥oxycholic acid (35) by way of 3 : 6-dioxo-
cholanic acid [= ‘B’-dehydrohyodeoxycholic acid] (36), which
undergoes allomerization and reduction23, 54, and from cholic acid
(38) by way of cholatrienic acid (37)55; finally, cholanic acid as
ethyl ester may be converted by the action of magnesium isopropyl
bromide to a carbinol, oxidized to a ketone which by Clemmensen
reduction affords coprostane (9)56.

A direct proof that the hydroxyl group of cholesterol (5) is at
Cy3) is furnished by its hydrogenation to cholestanol (39 = 6),
oxidized to cholestan-3-one (40); this with methyl magnesium
iodide gives the methylcarbinol (41), dehydrogenated by selenium
to 3’ : 7-dimethyl-1 : 2-¢yclopentenophenanthrene (42)57.

CgHiz
—" QOK} o Ly
Wy H
(39) (40)
Afzb‘% 1
Me

4 .08

()] ®2)

This transformation also proves that the hydroxyl group in litho-
cholic acid [see p. 82] and the bile acids is at C(3) because cholesterol
and lithocholic acid can both be converted into 3a-hydroxyallo-
cholanic acid [(33): R = OH]58,59,

Ring 4. Ring 4 in both the sterol60,6! and bile-acid series!9
was proved to be six-membered by application of the Blanc rule
[dicarboxylic acids, heated with acetic anhydride and distilled, or
simply pyrolysed, give anhydrides when the carboxyl groups are
separated by one, two, or three carbon atoms, but give cyclic
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ketones when the intervening chain is longer]. Thus cholestan-
3B-ol (39) gives a dicarboxylic acid which yields a pyroketone, in
turn oxidized to a nordiacid, which affords an anhydride.

]
Q{} nor. :8;53(} s ﬁ@
HO' : 1 :

H H H

(39) Pyroketone
HO2C Heat
HO,C
H

Ring B. Ring B is six-membered in both series but recognition
of this fact was delayed by failure of the Blanc rule, which applies
only to dicarboxylic acids in which the two carboxyl groups are
attached to the same ring62. The failure was discovered in the case
of thilobilianic acid (44), a derivative of cholic acid (51), which
gave the seven-ring anhydride (43) and not the ketone (45)62.

H
0
Anhydride

C4HgCO2H C¢HgCO2H C4HgCOzH

H
; ; H
COzH
Peon? i o
®3) (44) “5)

Similarly, the 6: 7-secodiacid (47) from cholestan-6-one [see pp. 48 and
69] gave an anhydride (46) and not the ketone (48)63; subsequently
it has been found that pyrolysis of the barium salt affords the ketone
(48)64.

CeHiy CsHnpy

Heat on
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Ring B [and ring 4] in cholesterol (5) is six-membered because
the tricarboxylic acid (49) obtained by successive oxidations with
loss of three carbon atoms gives a pyroketone (50)65.

CsHiy CeHry

HO,C b
HO;vC‘J-| CO2H

Oxidation

(5) (49) (50

Similarly, ring B in deoxycholic acid (7) is six-membered because
progressive oxidation gives the 5 : 6-11 : 12-bissecohexa-acid solan-
nellic acid (51) [solus annellus = one ring], which by pyrolysis affords
the ketone pyrosolannelic acid (52)66,67,

HO C,HsCO2H C4HgCOzH

'_l' Oxidatron

HO"
7 (51) (52)

Ring B in cholic acid (53) is six-membered because progressive
oxidation gives the 3 : 4-secotriacid bilianic acid (54), which with
alkaline permanganate affords, via the 6 : 7 : 12-triketone (55) by

HO C4HgsCO2H 0 CyHgCO2H

Oxidation H
. HO,C
HO M HO2C" H
(53) X (54)
52
O C,HaCO2H 0 C,HgCOH
r‘+ _oWe :
HO,C 0 HO,C OH
HOLL R ;i 2C'H CopH

(55) (56)
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a benzil-benzilic acid change68, cilianic acid (56), which is an
a-hydroxyacid and loses carbon monoxide with warm sulphuric
acid69.

Ring C. Investigation was not possible in the sterol series because
no sterol was available with an oxidizable group in this ring. In
the bile-acid series, deoxycholic acid (7), by mild oxidation to
3 : 12-dioxocholanic acid and Clemmensen reduction, gave 12-oxo-
cholanic acid (57), which by oxidation with nitric acid yielded the
11 : 12-secotriacid (58), affording by pyrolysis an anhydride (59)70.

0 C4HgCOzH
HO,C
HO,C
oo R
H
(57) (58) (59)

This originally was 'interpr'éted to mean that ring C was five-
membered, but the failure of the Blanc rule for ring B [vide supra)
invalidated this evidence, and ring C is six-membered.

Ring D. Direct investigation was not possible because no sterol
or bile acid possessing an oxidizable group in ring D was available.
WIeLAND 7] successfully destroyed rings 4, B, and C of deoxycholic
acid (7) by oxidation and isolated a Cjs-tricarboxylic acid [(19),
see p. 11], but the yield was so small [0-59%,] that he was compelled
to introduce a keto-group into ring D by complete removal of the
side chain. Cholic acid (38) was converted to cholanic acid (34),
which by repeated Barbier-Wieland degradation [see p. 25] gave
the Cjg-ketone (60); this by oxidation afforded the 16 : 17-secodiacid
aetiobilianic acid (61), pyrolysed to an anhydride (62)72.

0
COzH CO,H
CO2H
o — i —

H (60) (61

(34)
(fi\ ©f§] )

(62 (63)

1 \
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Ring D is thus five-membered; dehydrogenation of aetiobilianic
acid (61) with selenium to 1 : 2-dimethylphenanthrene (63) 73 proves
that rings 4, B, and C are six-membered and form a perhydro-
phenanthrene system.

Position and Configuration of the Angular Methyl Groups

C(19): Position.  Cholesterol (5) by oxidation gives successively
cholest-4-en-3-one (64) [see p. 38] and the Windaus keto-acid (65)74;
Clemmensen reduction affords the acid (66), which can be subjected
twice only to Wieland-Barbier degradation [se¢e p. 25] to give
successively the noracid (67) and the bisnoracid (68). The latter
is a tertiary carboxylic acid, difficult to esterify and readily losing
carbon monoxide by treatment with warm concentrated sulphuric
acid75. A methyl group must therefore be attached to Cyg).

(64) /\65 (65)
// \y\&
‘0 N 23N VIS - R 'HO;C
A :'\“’HO;C" ‘f‘o ] ?’_‘__. fo Y
HO2C . " N
(66) (67) (68)

Alternatively, deoxycholic acid (7) by mild oxidation to 3: 12-
dioxocholanic acid and more vigorous oxidation with cleavage of
ring A gives deoxybilianic acid (69); pyrolysis then affords the

H(:) C4HgCO2H 0O C4HsCO2H 0  C4HsCO2H
: [ f HOzC [ f I [
6y (70)
0 CiHeCO,H // C4HgCO2H

(M (72)
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pyro-acid (70), oxidized to the 5: 12-dioxoacid (71)76, which by
drastic oxidation yields 1-methyl-1-carboxyglutaric acid (72) and
a tetracarboxylic acid (73)77.

Ci19): ConFIGURATION. The absolute B-configuration of the
3-hydroxyl group in cholestanol (6) has been proved [see p. 6];
since the 3-hydroxyl group and the C(;g)-angular methyl group have
been shown to possess the same orientation78, the latter must have
the B-configuration.

C1g) : Position.  The tetracarboxylic acid (73) gives the pyro-
acid (74) by interaction of the carboxyl groups, and further oxida-
tive degradation yiclds the C3-tricarboxylic acid (19) [see p. 21179
also obtained more directly by repeated bromination, hydrolysis,
and oxidation of 12-ketocholanic acid?80.

C4HgCO2H 0 C4HgCOzH C4,HgCO2H
HO,C HO,C
HO,C = | -
HO2C  H HO,C7Y
HO,C
(73) (7%) (19)

The Cs-bile-acid side chain [see p. 25], the five-membered ring D,
and the two carboxyl groups account for Cj, in the acid (19);
the thirteenth carbon atom is a methyl group. One of the carboxyl
groups can be esterified with diazomethane, but not by the Fischer-
Speier method, and is tertiary and so adjacent to the methyl group.
The acid (19) is a trans-Cy3)/C14)-diacid [p. 11], and the precursor
(74) is a strained frans-a-hydrindanone, whose rearrangement to a
strainless cis-a-hydrindanone by enolization is prevented by the
angular methyl group at the adjacent Cy3)-bridge-head8l.

The production of 1:2-dimethylphenanthrene (63) and not
l-methyl-phenanthrene from aetiobilianic acid (61) [see p. 22] is
also evidence for an angular methyl group at C3).

C13): CoNFIGURATION. Methyl 3a-acetoxychol-11-enate (75) with
perbenzoic acid gives an 11la : 12a-oxide (78)382, 83, 84, converted by
hydrogen bromide to the 118-bromo-12a-hydrin (79), which by
catalytic hydrogenation gives the methyl ester 3-acetate of deoxy-
cholic acid (7)82,84, and by oxidation gives the 11B8-bromo-12-
ketone (80)83. This is the minor product of the bromination of
methyl 3a-acetoxy-12-oxocholanate (77), and its reactivity to
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dehydrobromination is greater than that of the epimeric 11a-bromo-
12-ketone (76) [compare p. 10]85.

C[,HgCOz Me C4Hs C02 Me 0 Cs HgCOz Me
Bl’\
e oL
AcO’ Ay
(75) (76) (77)L
CLHgCOz Me HO C(,HGCOZ Me 0 CgHQCOzMe
— —
(78) (79) (80)

The oxide, the bromhydrin, and deoxycholic acid thus possess
the same a-configuration at C;5) by reference to the centre of asym-
metry at C(g), the stereochemical relationship of which to the Cq)-
angular methyl group [9a-H/108-Me: trans] is established [see p. 10].
Since it is known that the Cjp)-hydroxyl group in deoxycholic
acid is trans to the C(jj)-angular methyl group86 [see p. 28], the
latter is cis to the C(g)-angular methyl group, and so has the
B-configuration.

THE SipE CHAIN

PosrrioN. The side chain is attached to ring D at Cy); this
follows from degradation of various bile acids [e.g. cholanic acid
(see p. 21)], but the most direct evidence is the conversion of 12-
oxocholanic acid (81) by pyrolysis to dehydronorcholene (82), which
is dehydrogenated with selenium to the carcinogen 20-methyl-
cholanthrene (83)87,88 whose structure has been established by
synthesis89.

CO,H

(8 (82) (83)
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STRUCTURE. The isopropyl group eliminated as acetone in the
oxidation of cholestane and coprostane to allocholanic and cholanic
acid, respectively [see p. 17], forms part of the cholesterol side chain,
the structure of which is disclosed by the vigorous oxidation of
cholesteryl acetate (85) with chromium trioxide to methyl isohexyl
ketone (84)90; enzymic oxidation of cholesterol gives isocaproic
acid%l, Oxidation of cholestan-38-yl acetate (86) with chromium
trioxide gives 3B-acetoxyallocholanic acid [(87): R = Ac] and

aﬁe&z. \ \< ~ | <
PTCRNE)

(84) (85) (86) (87

The Wieland-Barbier degradation72, 93 permits the bile-acid side
chain progressively to be shortened by use of alternate Grignard
reactions and oxidations of the olefins resulting from the tertiary
carbinols:

COH+0=

—

RO

Me Me
(i) R-CHCH,CH,CO,Me %% R . CHCH,CH,CMe,0H =25
20 22 23 24
METHYL CHOLANATE Me
R-CHCH,CO,H
20 22 23
NORCHOLANIC ACID
Me MoMeB Me o Me
(i) R+-CHCH,CO,Me —-2%5 R .GHCH,CMe;0H <23 R - GHCO,H
20 22 23 20 22
BisNORCHOLANIC
ACID
Me PhMeB Me o Me
: . - . )
(i) R-CHCO,Me —— R-CGHCPh;OH —25 R -G=CPhy =23
20 22 (88)
R:COH
20

AETIOCHOLANIG ACID
=ETIANIC ACID

Elimination of a single carbon atom in steps (i) and (i) reveals
two methylene groups adjacent to the carboxyl group; in step (iii)
elimination of two carbon atoms discloses the position of the
branching methyl group. The overall yield varies from 3-79%.
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A variation in step (iii) proceeds from the ethylene (88) through
the 20-ketone (89) to the aetioacid94.

Me Me CH:CHPh  CHO
R-C=CPhy 2> R-CO 2% R0 25 Rr.Co M%R.coH

(88) (89)

Numerous methods for the conversion of 20-ketones (89) to 17-
ketones (91), and so effecting the complete removal of the side chain,
have been described; the best are (i) cleavage with ethyl nitrite—
sodium ethoxide and hydrolysis [without isolation of the isonitroso =
oximino intermediate (90)]95, and (ii) conversion with acetic anhy-
dride in presence of toluene-p-sulphonic acid to the enol-acctate (92)
and ozonolysis96.

h'Ae Me  OAc r\|4e
co N=0 0 o co
AR ST G T
DT & B U R
H W H “H b
(89) (90) QN (92) (89)

The elegant Miescher-Wettstein degradation97 eliminates three
side-chain carbon atoms at one time and permits overall yields of
20-30%; as in the Wieland-Barbier degradation an initial Grignard
reaction gives a tertiary carbinol, which is dehydrated, and the
resulting allylic system brominated at C ) with N-bromsuccinimide ;
dehydrobromination with boiling dimethylaniline gives a 20 : 23-
diene (93), oxidized by chromium trioxide at 0° to the 20-ketone
(89) and diphenylacraldehyde:

Me Me
R - CHCH,CH,CO;Me ——225 R . GHCH,CH,CPh,OH —29
20 22 23 24
METHYL CHOLANATE
Me Me
. NBS . —HBr
R:CHCH,CH=CPh —> R-CHCHBrCH=CPh, ———>
22
Me o Me
. C .
R:C=CH.CH=CPh; =3 R-CO + OCH-CH=CPh,
20 22 23 24 20 2 23 24
(93) (89)
NBS
CH,Br CH,0Ac CH,0Ac

R-G=CH:CH=CPh, 2% R -G=CH-CH=CPh, <25 R - GO
(94) (95) (96)
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The methyl group of the diene (93) forms part of an allylic system,
and may be brominated with N-bromosuccinimide alone98 or 1n the
presence of allyl bromide99 to give a 21-bromodiene (94) yielding
by acetolysis a 21-acetoxydiene (95), oxidized to a 21-acetoxy-20-
ketone (96). These results afford further evidence of the structure
of the bile-acid side chain.

The chief variations from the isooctyl side chain of cholesterol
are unsaturation, generally at the 22 : 23-position, and alkylation
at Cpg). FErgosterol (99) by ozonolysis gives methylisopropylacet-
aldehyde (97)100,101  whilst stigmasterol (100) gives ethylisopropyl-
acetaldehyde (98)102, Hydrogenation of these sterols gives ergo-
stanol (101) and stigmastanol (103), which by oxidation [after
protection of the 38-hydroxyl groups by acetylation] yield by fission
at the tertiary carbon atom Cy4) 3B-hydroxynorallocholanic acid
(102)103; also obtained from cholesterol by the reaction sequence
[(85)—> (86)—> (87) : p. 25] and subsequent Wiel ind-Barbier de-
gradation of the acid (87); other products of these oxidations are
(=) 5 : 6-dimethylheptan-2-onc (24)34 and (4-) 5-cthyl-6-methyl-
heptan-2-one (104)104, which despite their different signs of rotation
have the same configuration!05,

O H O H

)&%

Me 1 Et
] (97) | (99

Q;\
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These results demonstrate the structure of the side chains of
ergosterol and stigmasterol and relate them to that of the bile acids.
The structures of the side chains of the adreno-corticoids, cardiac
aglycones, toad poisons, and sapogenins, are dealt with in the
appropriate chapters.

CONFIGURATION. As originally suggested by Ruzicka et al.106,
and verified by CARLisLE and CrowrooT!07 by complete x-ray
crystallographic analysis of cholesteryl iodide, the Cj7)-side chain
has the B-configuration. Further proof was adduced by Reichstein
and M. Sorkin®6, who prepared the four aetiodeoxycholic acids
[(105), (106), (107), (108)] differing in configuration at Cy5) and

Cuy:

leO COgH HO  CO.H HO  COzH HO  COz2H
NN Y
/ TH H / \l/ﬁ
(105) (106) (107) (l(‘JB)
no lactone Q*”‘?O no lactone no lactone
e
H
(109)

Three of these acids cannot be lactonized under drastic conditions,
but the fourth acid gives a y-lactone (109) with great ease. This
acid is 17-isoaetiodeoxycholic acid (106); it corresponds in con-
figuration at C(5) with natural deoxycholic acid but is inverted at
C(17)- Natural deoxycholic acid is therefore 3a: 12a-dihydroxy-
(17n)-cholanic acid (7), a configuration which has also been
established by Gallagher and Long83, and by KENDALL et al.108,
by reference the asymmetry centre Cyg). The steroid side chain is
therefore B-orientated, and the previously designated 178-hydroxy-
steroids [e.g. 17-hydroxyprogesterone, 17-hydroxycorticosterone
(see p. 169)] are actually 17a-hydroxy-compounds. Apart from very
numerous synthetic 17-iso-steroids, the only naturally occurring
steroids in which the side chain is known to possess the a-configura-
tion are the so-called ‘allo’ cardiac glycosides and aglycones;
these 17-is0-compounds are derived from the natural 17-n-epimerides
by the action of enzymes which cause inversion of configuration at
C(7). The 22 : 23-double bond in ergosterol (99) and stigmasterol
(100) has been shown by infra-red spectroscopy to have the trans-
configuration!09,
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It should be noted that optical rotation!10, ultra-violet!!l, and
infra-red spectroscopy!12, 113 furnish valuable and detailed informa-
tion about structure and configuration for which the appropriate
literature should be ronsulted.

Biogenesis

Theories of steroid biogenesis have been advanced by ReicusTEINI14,
Rosinson!15, MiescHER!!16, and WoopwARrD and Brocull7. By use
of tracer techniques BLocH ¢t al.118 have shown that cholesterol is
derived biologically, at least in part, from acetic acid units, and
undergoes degradation in the organism to cholic acid and pro-
gesterone. The theories of Robinson (A) and of Woodward and
Bloch (B) involve two sesquiterpene units [each consisting of three
head-to-tail isoprene units] joined head-to-tail at C5~C(7) (A) or
Cu1~-Cqg) (B) to give the triterpene squalene (110):

L
(0] é/ \)'</ )?/ \)‘(O 00 ')'z/();\(') 9/ \Q 0-C from Me
e % Q/(!))&o’ o’ x \5'()0\ g‘o’x Q’X X=C from COzH
\g/ ’é/); O/X\o z>x\0\x’ ° 0”0
(A) (8)

CORNFORTH et al.119 have shown that Cg) of cholesterol is derived
from the carboxyl group of acetic acid, which is consistent with both
schemes; DAUBEN and TAKEMURAI20 have, however, shown that
C(7) of cholesterol is derived from the methyl group of acetic acid,
which disproves scheme (A) for direct implication of squalene in
the biosynthesis of cholesterol. Scheme (B) has now been proved
by BLocH!21 by (i) synthesis from labelled acetic acid of the 4 : 4 : 14-
trimethyl-steroid lanosterol (111), and (ii) transformation of squalene
(110) to lanosterol (111) and demethylation of this to cholesterol (5)
by enzyme systems present in rat-liver homogenates.
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STEROLS, BILE ACIDS, AND RELATED
COMPOUNDS

IT

THE sterols [Gr. stereos, solid] are steroid alcohols containing an
aliphatic side chain; they are crystalline, widely distributed in
nature, occurring both fice and as esters of higher aliphatic acids,
and may be classificd on the basis of occurrence as zoosterols
[animals], phytosterols [plants], mycosterols [yeast and fungi], and

marine sterols [sponges].

All possess AS-unsaturation and are often

referred to as stenols whilst their saturated derivatives are called
stanols [see Tuble I1].

Table 11

THE COMMONER STEROLS AND RELATED STANOLS

Name

Cholesterol

epiCholesterol

3 : 5-gpcloCholestanol

Cholestanol
efnCholestanol
loprostanol*
epiCoprostanol

Ergosterol
Dehydroergosterol

Ergostanol
epiErgostanol .

Stigmasterol

Stigmastanol .

epiStigmastanol

Structure

Cholest-5-en-3g-ol
Cholest-5-en-3a-ol

3 : 5-¢yeloCholestan-68-ol
Cholestan-3g-ol
Cholestan-3a-ol
Coprostan-3g-ol
Coprostan-3a-ol

24b-Methylcholesta-5 : 7 : 22-
trien-38-0l

24b-Methylcholesta-5:7:9(11)
22-tetraen-3g-ol

24b-Methy Icholestan-38-ol
24b-Methy lcholestan-3a-ol

24b-Ethylcholesta-5 : 22-dien-
3B-ol

24b-Fthylcholestan-3g-ol
24b-Lthylcholestan-3a-ol

Formula

Carlle0)
Ci7H 460
Cr7H 460
CarllggO
C27H30
(y7HO
C7H,g0
Cp8H44O

128H420

C18Hs500
CagHs00
CagHy430

C29Hs50
Ca9Hs,0

m.p.°

149
141

75
142
182
101
118
165

146

150
207
170

138
200

[a]o®
-39
—25
+24
+24
+28
+28
+32

-~ 130

+-149

+16
+ 14
—49

+25
+25

* Formerly called coprosterol
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Sterols are isolated from the unsaponifiable fraction of neutral
fats, and whilst the product may crystallize readily it is liable to be
a mixture of closely related compounds. The sterols are notable
for their ability to form «nolecular compounds and mixed crystals.
3p-Hydroxysteroids, but not 3a-hydroxysteroids, usually give in-
soluble complexes with digitonin, whilst compound formation occurs
between cholestanol [38-OH] and egpicoprostanol [3a-OIH], copro-
stanol [38-OH] and epicholestanol [3a-OH], cholestanol [38-OH])
and epicholest-4-enol [3a-OH], and cholest-4-enol [38-OH} and
epicholest-4-enol [3a-OH]; the configuration of the hydroxyl groups
appears to be determinant since acetylation prevents compound for-
mation, and one component of a compound may be replaced by a
stereochemically similar substance, e.g. cholestanol may be replaced
by ergostanol. Mixed crystals are formed by sterols and 5:6-
dihydrosterols, e.g. by cholesterol and cholestanol or by ergosterol
and 5 : 6-dihydroergosterol; acetylation, or methylatioi, does not
interfere with mixed crystal formation, but elimination of the
hydroxyl group prevents it. Occurrence of molecular compounds
and mixed crystals often renders purification by fractional crystalliza-
tion impracticable or impossible, and m.p. is an unreliable guide to
purity ; differential solubilities of derivatives, e.g. acetates, benzoates,
digitonides, or chromatography, are gencrally used for separation,
and optical rotations, ultra-violet and infra-red absorption spectra
are employed to supplement m.p. in checking purity.

Tue CoMMONER STEROLS AND RELATED COMPOUNDS

Cholesterol (1)

Cholesterol, Cy7H 460, [Gr. chole, bilc] is the characteristic sterol of
higher animals, and is present [0:05-59,] in all tissues; free chole-
sterol forms 179 of the solid matter of the human brain and is the
chief constituent of gall-stones. Commercial cholesterol is obtained
from spinal chord of cattle by solvent extraction with or without
saponification; purification!,2 is achieved by recrystallization of the
5 : 6-dibromide which is debrominated with zinc-acetic acid or
with sodium iodide—ethanol. Cholesterol preparations derived
from tissues contain 1-29, of cholestanol3; traces of ergosterol and
of cholest-7-en-3B-ol [lathosterol]4 are also present. No specific
biological function can be assigned to cholesterol. Its biosynthesis
and metabolism have been investigated using deuterium as a tracer;
it appears to arise, at least in part, from acetic acid units, and to
undergo degradation in the organism to cholic acid and the steroid
hormones.

The structural relationship of cholesterol [(1): R = H)] to the
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parent hydrocarbons cholestane and coprostane, has been discussed
[p- 17], and proofs of the position, structure, and configuration of the
side chain given [pp. 24-28]. The position at C3) of the hydroxyl
group has been established [p. 18]; its S-configuration has been
proved by SHOPPEES as follows. Cholesteryl acetate [(1): R = Ac]
can be converted via (2) and (3) by the oxidation and reduction
procedures indicated into 6-oxocholestanyl acetate (4) and 7-oxo-
cholestanyl acetate (6); thesc by monobromination6,7.8,9 and
subsequent oxidative hydrolysis give the same 6 : 7-dioxocholestanyl
acetate (5). Alkaline hydrolysis and oxidation with hydrogen
peroxide affords the 6 : 7-secoacid (8), which readily gives a -
lactonic acid (7); since the 5-carboxyl group is S-orientated, the
3-hydroxyl group must possess the B-configuration. The 3a-
epimeride of (8), in which the hydroxyl and carboxyl group lie on
opposite sides of ring A4, does not form a y-lactone but yields an
unsaturated anhydride (9). This proof is valid for all 3-hydroxy
compounds which have been correlated with cholesterol.

(7 @® (9)

Cholesterol contains one double bond which is situated in
ring B adjacent to the hydroxylated ring 4. 6-Oxocholestan-
3B-ol (4) by oxidation with chromium trioxide at 20° gives
3 : 6-dioxocholestane (10), cleaved by more vigorous oxidation to
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6-0x0-2 : 3-secocholestane-2 : 3-dioic acid (11) and 2:3-6 : 7-seco-
cholestane-2 : 3 : 6 : 7-tetroic acid (12)10,

CeHry

- ,Ofkc(m m /@C/f}m
cl’ i "CO2H  HO H CO;H COzH
H
(8)

(15)

(14)

Alternatively, the ketol (4) with phosphorous pentachloride yields
3a-chlorocholestan-6-one (13), oxidized to the 3a-chloro-6 : 7-seco-
diacid (14); alkaline hydrolysis affords the 38-hydroxy-6 : 7-seco-
diacid (8)5, 11, successively oxidized by chromium trioxide to
3-0x0-6 : 7-secocholestane-6 : 7-dioic acid (15) and the tetracarboxylic
acid (12)12.

Cholesterol (1) with alkaline permanganate!3 or osmium tetr-
oxidel4 gives cholestane-38 : 5a : 6a-triol (16), whilst use of hydrogen
peroxidels yields cholestane-38: 5a : 68-triol (20); these triols are
both oxidized to 3 : 6-dioxocholestan-5-0l (17)16, dehydrated to
3 : 6-dioxocholest-4-ene (18), which by reduction with zinc-acetic
acid gives 3 : 6-dioxocholestane (10). Dehydration of the triol (20)

I
@O—-—--w Xy
A 0

HO o
(16) (17) (18)

—— —_—

Ho2
HO,C HO

OH
(20) (21) (22)
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gives cholest-4-ene-38 : 68-diol (21), which by catalytic reduction
to coprostanc-3f : 68-diol (22)16 provides one of the few good routes
to the coprostane scries.

Cholesterol (1) is oxidized by hypobromite to the unsaturated
3 : 4-secodiacid [Diels’ acid] (19)17; oxidation of free cholesterol
with chromium trioxide gives gpicholesterol!8, but use of cholesterol
dibromide gives, after debromination with zinc -acetic acid, cholest-
4-en-3-one (25)19,20, which can be obtained directly from chole-
sterol by oxidation with aluminium fert.-butoxide and acetone2l.
The initial product is cholest-5-en-3-one (23), which can be isolated
by debiromination with zinc-methanol22,23, and is converted by acid22
or alkali22 or by alkaline, but not neutral, aluminium oxide24 to the
conjugated isomeride (25). For peroxidation of cholesterol, see
pp- 37 and 40.  Cholesterol with molccular oxygen at 20° affords 7a-
aud 7B-hydroxycholesterol together with 7-oxocholesterol (3)25,26;

: j Cl(Br
m

(31

=LY
23) (e) HO H Cl@®n /(3'-;)
l L / 90/ /0/ /)\/
(26) C& X \Ejﬂ
(@) HO" N, cl( i

@) @7) (33)
o @i\/
(@ Ho” NN cien
P (29) (34)
70‘/

H
(28) (jy
(e) HO" Cl(Bn)

(35)
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irradiation with X-rays in an aqueous medium gives cholestane-38 :
5a : 6B-triol (20) and 7-oxocholesterol27.  Cholesterol with selenium
dioxide-acetic acid at 90° yiclds cholest-5-cne-38 : 48-diol, which at
higher temperatures rearranges to cholest-4-ene-38 : 68-diol (21)28,
29,30,31; alkaline permanganate gives, as stated, cholestane-38: 5a :
6a-triol (16), but acid permanganate appears initially to yield the
5a : Ga-epoxide [see p. 40], converted to cholestane-38 : 5a : 68-triol
(20) and further oxidized to 3 :6-dioxocholestan-5-0l (17)32,33,
Cholesteryl acetate [(1): R = Ac] by oxidation with chromium
trioxide~acetic acid or permanganate-acetic acid gives mainly
7-oxocholesteryl acetate (3)34,35,36,

Cholesterol [(1) : R == H] by catalytic hydrogenation with
platinum-acetic acid and a trace of perchloric acid gives chole-
stanol (24) [with 3-59, of coprostanol (29)]37,38, oxidized to chole-
stan-3-one (26). Cholesterol, by conversion to cholest-4-en-3-one
(25) and partial hydrogenation with platinum in acid soiution, gives
mainly cholestan-3-onc20, but partial hydrogenation with palladium
in neutral solution gives mainly coprostan-3-one (28)39. Clatalytic
hydrogenation of cholestan-3-onc (26) and of coprostan-3-one (28)
in neutral solvents gives respectively cholestanol (24)40 and epi-
coprostanol (30)20, but in acidic media yields respectively epichole-
stanol (27)41 and coprostanol (29)42, The cholestanols (24) and
(27) and the coprostanols (29) and (30) yield equilibrium mixtures
with sodium ethoxide at 180°43 or with aluminium isopropoxide44;
the proportions of the alcohols at equilibrium and the rates of
alkaline hydrolysis of their acctates4S [(24) >~ (27); (30) > (29)]
are consistent with the equatorial character of the hydroxyl group
in cholestanol (24) and epicoprostanol (30), and the axial character
of the hydroxyl group in ¢picholestanol (27) and coprostanol (29)46.

Cholesterol [(1): R = H] with phosphorus pentachloride4? or
thionyl chloride48,49, or as the chloroformate by pyrolysisS0 gives
cholesteryl chloride (31). Cholesteryl bromide (31) is obtained by
use of phosphorus tribromide in benzenes!;52; or thionyl bromide53;
cholesteryl iodide [as (31)] is obtained from cholesteryl methane-
or toluene-p-sulphonate with sodium iodide in acetones4, or hy
rearrangement with hydrogen iodide in acetic acid at 15° of 68-
methoxy-3 : 5-¢yclocholestane [see p. 48]55. Cholesteryl chloride (31)
or bromide by catalytic hydrogenation yields 3B-chlorocholestane
(33)56 or 3B-bromocholestanes?, also obtained from epicholestanol
(27) with phosphorus pentachlorides8 or phosphorus tribromides7,
and from cholestanol (24) with thionyl chloride or bromidesS;
3a-chlorocholestane (32) and 3a-bromocholestane are obtained
from cholestanol (24) with phosphorus pentachloridess,s9,60 or
phosphorus tribromide57,6!, and from epicholestanol (27) with
thionyl chloride or bromideS6. Cholesteryl chloride by acetolysis
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and alkaline hydrolysis gives only cholesterol with retention of con-
figuration62, whilst 3a-chlorocholestane (32) and 3B-chlorochole-
stane (33) give mainly cholestanol (24) and epicholestanol (27),
respectively, with inversion of configuration, and much cholest-2-ene
by elimination83. Coprostanol (29) and epicoprostanol (30) with,
phosphorus pentachloride or bromide yield 3a-chloro- and 30~
bromocoprostane (34) and 38-chloro- and 3B8-bromocoprostane (35),
respectively, which by acetolysis and alkaline hydrolysis undergo
inversion to regenerate coprostanol (29) and epicoprostanol (30)
accompanied by coprost-2-ene64.

CI(B( Cl(Br) HLI Br"<j};\}

(31) (33) (32)

>/ e
HOC@ )bm Ho-Cﬁf

2C
(36) (37) (?8) (39)

Cholesteryl chloride or bromide (31) with magnesium yields a
Grignard complex giving with oxygen approximately equal propor-
tions of cholesterol (1) and epicholesterol (36)65,66, but with carbon
dioxide a single acid [Marker’s acid] (37)57,65,67. 38-Bromochole-
stane (33) and 3a-bromocholestane (32) with magnesium and then
oxygen yield approximately equal proportions of cholestanol (24)
and epicholestanol (27)66, but by carbonation afford a single acid
(38), also prepared by hydrogenation of the acid (37)57,68, Epi-
merization of the acid (38) with sodium-dicthylene glycol at 235°
gives 59, of cholest-5-ene-3a-carboxylic acid (39)57.

Cholesterol with perbenzoic acid?3,69 gives mainly the 5a : 6a-
epoxide (41), m.p. 142°, [a], — 46°, accompanied by some of the
58 : 6B-epoxide (42), m.p. 132°, [a]p, + 10°; the substances formerly
regarded as the 58 : 68-epoxide and its acetate are molecular [af]-
compounds of the epoxides or their acetates?0,7!, and can be
separated into their components by repeated fractional crystalliza-
tion?! or by chromatography?2. Cholesteryl acetate with perben-
zoic acid gives the af-epoxide acetate?3 and cholesteryl benzoate
with monoperphthalic acid yields the af-epoxide benzoate?. The
Sa : 6a-epoxide (41) with hydrogen chloride gives the 68-chloro-38 :
Sa-diol (40) which forms a monoacetate and is easily dehydrated’,
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whilst the 58 : 68-epoxide (42) gives the 5a-chloro-38 : 68-diol (43),
which forms a diacetate; the chlorodiols with potassium hydroxide
yield the respective epoxides, this method being used70 to prepare
the pure 58 : 6B-epoxide for the first time.

At 0

(41) 42)

Hy H0 H,0 l Hy
fﬁif o 1
HO™ Mo HOW HOW

OH OH
(44) (20) (45)

The 5a : 6a-epoxide (41) as the acetate is hydrogenated with
platinum-acetic acid to give after hydrolysis cholestane-38 : 5a-
diol (44) which by oxidation with chromium trioxide yields the
3-keto-5a-0l, dehydrated with characteristic case to cholest-4-en-3-
one (25), and which affords a diacetate only under forcing condi-
tions’5, Hydrogenation of the 58 : 68-epoxide (42) as the acetate
gives, after hydrolysis, cholestane-38 : 68-diol (45)75, also obtained
together with the 38:6a-diol by reduction of 6-oxocholestanyl
acetate (4) and hydrolysis28,75,76,77,78. Hydrolysis of either
epoxide, (41) or (42), in dioxan at 160° gives, after hydrolysis,
cholestane-38 : 5a : 68-triol (20)75.

Cholesteryl chloride and toluene-p-sulphonate [(31): X == Cl,
TsO] react with ammonia?9 80,81, benzylamine30,82,83, and di-
methylamine8!, 84 to give 3B-aminocholest-5-ene (46) and its sub-
stitution products, accompanied by the appropriate 3a-amino-
cholest-5-ene (47)83, 84 and 68-amino-3 : 5-¢pclocholestane (48)80, 83, 84,

SN R 500 )

(3n %6) (&7) (48)

Cholesteryl bromide, iodide, and toluene-p-sulphonate [(31): X =
Br, I, TsO] react with pyridine to give, by substitution, the quatern-
arysalt [(31): X = CsHsN+} p-TsO~] and 219, of cholesta-3 : 5-diene
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by elimination of HX. The epimeric cholestan-3-yl halides (32)
and (33) and toluene-p-sulphonates8!, 83, 86, 87 and the epimeric
coprostan-3-yl halides (34) and (35) and tolucne-p-sulphonates88
react with ammonia, pyridine, and piperidine with inversion of
configuration.

Cholesterol [(1): OH, equatorial] is dchydrated only with
difficulty to cholesta-3 : 5-diene, e.g. by anhydrous copper sulphate
at 140-200° 89,90, concentrated phosphoric acid at 137° 91, aqueous
perchloric acid at 100° 92, potassium hydrogen sulphatc at 215° 93,94
copper sulphide or chloride or silver chloride at 250° 95, Cholesta-
3:5-diene is also formed by pyrolysis of cholesteryl acetate96,
methylxanthate97, 98, oleate99, phenylcarbamate!00, or of potassium
cholesteryl sulphate with sodium octyloxide!0l.  Similarly, chole-
steryl chloride [(31): Cl, equatorial] yields cholesta-3 : 5-diene with
quinoline only at 230° 102, by distillation with lime!02, with zinc
oxide at 135-200° 103, with hot ethanolic sodium ethoxide89,102,104,
with hot ethanolic ammonial®4, or with sodium iodide in acetone
at 180°105; cholesteryl bromide gives cholesta-3 : 5-diene with
sodium iodide in acctone at 100° 106, and by acetolysis gives chole-
steryl acetate with first order kineticsl07.

The oxidation of the side chain of cholesterol has been discussed
in Chapter I [p. 25]; the numerous products isolated from oxidation
of cholesteryl acetate dibromide with chromium trioxide have been
summarized108,

The structure of cholesterol receives final confirmation by two
total syntheses reported simultaneously from the Oxford and
Harvard Laboratories; the following brief accounts cannot do
justice to the elegance and ingenuity of the work.

The A<-BC— D synthesis (see Figure on p. 43) by CoRNFORTH
and RoBinsoN109 starts from 1 : 6-dihydroxynaphthalene (49) which
as the dimethyl ether (50) was converted into 5-methoxy-1-methyl-8-
tetralone (52), transformed by the Robinson-Mannich base methio-
dide method into the unsaturated ketone (53), demethylated to (54)
which was hydrogenated through (55) to the diol (56), which was
shown to possess A/B-cis-fusion and was transformed by standard
methods into two tricyclic hydroxy-ketones [as (59)]; since these are
a-decalones and have been subjected to treatment with OH—, they
represent the two possible modes of B/C-trans-fusion. They were
resolved and the four enantiomorphs separately transformed by
successive formylation, methylation, hydrolysis, and oxidation to
four diketones, one of which (63) was identical with the compound
previously obtained from deoxycholic acid and cholesterol. The
derived af-unsatured diketone (64), as the enol-acetate (65) with
potassium amide gave the By-unsaturated diketone (66), reduced
with lithium aluminium hydride to the 1 : 7-diol (67). This was
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oxidized as the 7-trityl ether to the hydroxy ketone (69), which was
carbonated as the benzoate (70) to give after esterification with
diazomethane a mixture of two isomeric esters. One of these (71)
by the Reformatsky reaction sequence gave the diester (75), which
as the half-ester by the Arndt-Eistert reaction gave the homologue
(76), cyclized by the Dieckmann reaction to furnish after decarboxy-
lation the male sex hormone epiandrosterone (77); this is convertible
by known reactions into methyl 3-oxoaetioallocholanate (78).

The second synthesis, of 4 <-B<«C->D type (see Figure on p. 44),
is due to R. B. Woobwarp!10, 4-Methoxy-2 : 5-toluquinone (79),
which eventually formed ring C, was converted by the Diels-Alder
reaction with butadiene to the cis-a-hexalone (80), readily isomerized
to the frans-compound (81). Reduction with lithium aluminium
hydride gave the diol (82), hydrolysed by mineral acid to a g-
hydroxy-ketone spontaneously dehydrated to give (83), from which
the remaining hydroxyl group was eliminated by a new reduction
procedure using zinc-acetic anhydride to furnish the trans-bicyclic
ketone (84). Formylation, addition of ethyl vinyl ketone catalysed by
tert.-butoxide ion, and dehydration gave a single B/C-anti-C|D-trans-
tricyclic ketone (87). Preparations to modify ring D were made by
hydroxylation with osmium tetroxide to two isomeric cis-diols [as
(88)], and conversion to the isomeric acetonides represented by (89),
one of which by dehydrogenation with palladium in a non-polar
medium gave the ketone (90). This was converted through the
hydroxymethylene derivative (91) to the methylanilinomethylene
ketone (92), which was condensed with acrylonitrile to give after
hydrolysis two isomeric keto-acids, one of which (93) was converted
by standard procedures into the af-unsaturated ketone (96). After
hydrolysis of the acetonide, fission of the D-homo-ring with periodic
acid to the dialdehyde (97), cyclization to the aldehyde (98),
oxidation, and esterification gave (4-)-methyl 3-oxoaetiochola-4 :
9(11) : 16-trienate (99); this was resolved by reduction with sodium
borohydride to a mixture of (4-)-3a-hydroxy- and (+)-38-hydroxy-
A4:9(11) :16-esters, from which the (+)-form of the 3B-alcohol
was precipitated preferentially by digitonin. Oppenauer oxidation
regenerated the (+-)-3-oxo-ester (99), identical with that prepared
from cortisol [see p. 212] by J. voN Euw and T. ReicusTEINI1L, and
hydrogenated to a mixture of 5-epimerides from which methyl
3-oxoaetioallocholanate (78) was isolated.

Both groups of workers converted the ester (78) by standard
methods into 3B-acetoxyallopregnan-20-one (100), which by the
Grignard reaction with ischexylmagnesium bromide, dehydration,
hydrogenation, and hydrolysis gave cholestanol (24); the route from
this via cholestan-3-one (26), cholest-4-en-3-one (25), and cholest-
5-en-3-one (23) to cholesterol is established [see p. 76].
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The ester (78) can also be converted by known stages into anaro-
sterone [see p. 184], testosterone [p. 141], progesterone [p. 1277,
deoxycorticosterone [p. 183], and cortisone [p. 177], so that the total
syntheses outlined above are also total syntheses of these hormones.

Cholesterol dichloride from cholesterol and chlorine is 5a : 68-
dichlorocholestan-38-0l, m.p. 144°, [a]p, — 27°, whilst the iso-
meride obtained by use of iodobenzenc dichloride is 5a : 6a-dichloro-
cholestan-3-0l, m.p. 172°, [a], + 2°112,113,  Cholesterol di-
bromide is 5a : 68-dibromocholestan-3-ol, m.p. 114°, [a], — 44°

CeHpy

(78) (100) (24) (1)

and changes slowly in chloroform solution into 58 : 6a-dibromo-
coprostan-38-ol, m.p. 143° [a], 4 47° 113,114,115, Cholesterol
hydrochloride, m.p. 158°95, is 5a-chlorocholestan-38-ol. Chole-
steryl acetate has m.p. 115° [a]p + 43° [5a : 68-dibromide, m.p.
112°, [a]p — 46°], cholesteryl benzoate has m.p. 145°, [a], — 14°
[5a : 6B-dibromide, m.p. 135°, [a], — 33°; 58 : 6a-dibromide, m.p.
163°, [a]p + 82°]; cholesteryl toluene-p-sulphonate has m.p. 131°,
[alp — 39°; the urethane and phenylurethane of cholesterol have
m.p. 217° and 168°, respectively.  Cholesterol digitonide, Cy7Hyq
OH - Cs5¢Hyy049, has no m.p. and is soluble to the extent of only
0-14 mg/cc. in 959, ethanol at 18°. Radiocholesterol [4-14C] has
been prepared!16,117,

Cholestanyl acetate has m.p. 110°, [a], + 14°, + 16° and epi-
cholestanyl acetate has m.p. 95° [a], + 30°; coprostanyl acetate
has m.p. 91°, [a]p + 14° and ¢picoprostanyl acetate has m.p. 89°,
[a]o + 42°.

epiCHOLESTEROL (36)

A mixture of cholesterol (1) and epicholesterol (36) is produced by
epimerization of cholesterol44, by oxygenation of cholesteryl mag-
nesium chloride [see p. 40765 66, by hydrogenation with nickel in a
neutral medium!!8 or reduction with lithium aluminium hy-
dridel19,120 of cholest-5-en-3-one (23)118, and by reduction with
lithium aluminium hydride!2l or sodium borohydride!22,123 of the
enol-acetate of cholest-4-en-3-one (25). The mixture may be
separated with digitonin, which does not form an insoluble
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digitonide with epicholesterol, or by successive fractional crystalliza-
tion of the mixed acetates and benzoates65. The only satisfactory
preparative methods are from cholestane-38:5a-diol (44) [p. 41],
which as the 3-toluene -(or methane)-sulphonate-5-acetate (44) by
treatment with boiling pyridine gives, via the intermediate cation
(101), epicholesteryl acetate, m.p. 85°, [a]p — 10° (36)75,124,

o 0 Ho0 6 AcO
e N/
CMe “CMe

(%4) (o) (36)

or from cholesterol (1) which, by oxidation in warm benzene with a
hot solution in acetic acid of two oxygen equivalents of dichromate
by way of the chromic ester (102) and the 3a : Sa-cyclic ester (103),
affords a molecular compound of 6-oxocholest-4-cn-38-0l and epi-
cholesterol, from which the latter is readily separated by chromato-
graphy125:

- — —_——
H HCr0470? i Hm H(j%/
Hi 0
ng Yl'Oz

M (102) (103) (36)

Oxidation of epicholesteryl acetate with chromium trioxide gives
3 : 6-dioxocholestan-5-yl acetate!26. Catalytic hydrogenation of
epicholesterol gives both epicholestanol (27) and epicoprostanol (30),
but epicholesteryl acetate and methyl ether yicld only the appro-
priate coprostane derivativel27. ¢piCholesteryl toluene-p-sulphon-
ate by reduction with lithium aluminium hydride gives cholest-5-ene
and cholesta-3 : 5-dienel28,129; methanolysis!28,129,130 gives chol-
esta-3 : 5-dicne, 4B-methoxycholest-5-ene, and 68-methoxycholest-
4-ene, whilst acetolysisl3! gives cholesta-3 : 5-diene, 4f-acetoxy-
cholest-5-ene, and 6B-acetoxycholest-4-ene, and shows first order
kinetics132,

epiCholesteryl chloride and bromide cannot be prepared from
epicholesterol, but are obtained, analogously to the 38-halides [(31):
X =F, Cl, Br, I, by dehydration of 3a-chloro [bromo] cholestan-
6B-ol133,
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3 : 5-¢ycloCHOLESTAN-GB-0L (109)

3 : 5-cyeloCholestan-68-ol [= “i-cholesterol’].  Cholesteryl chloride
and toluene-p-sulphonate [(31): X = Cl or TsO] undergo normal
methanolysis to give 3B8-methoxycholest-5-ene48,134 [(104): Y =
OMe], m.p. 84° [a]p, — 42° but in presence of potassium acetate
undergo molecular rearrangement to afford 68-methoxy-3 : 5-¢yclo-
cholestane!34 [(105): Y = OMe], m.p. 79°, [a]p + 52°.

(104) @3n (105) Y
Similarly, acetolysis135 of (31) [X = T'sO] with acetic anhydride in
presence or absence of potassium acetate gives cholesteryl acetate
[(104): Y = AcO] and 3 : 5-¢yclocholestan-68-yl acetate [(105): Y
= OAc], m.p. 73° [a]p + 48°, converted by alkaline hydrolysis to
3 : 5-¢yclocholestan-6B-ol [(104): Y = OH]. Hydrolysisi36 of (31)
[X = TsO] with aqueous acetone in presence or absence of potas-
sium acetate affords cholesterol [(104) : Y = HO] accompanied by
3 : 5-cpclocholestan-68-ol [(105): Y = OH], m.p. 74°, [a]p + 50°.
Reduction of (31) [X = TsO] with lithium aluminium hydride!37
gives cholest-5-ene and 3 : 5-¢yclocholestanel?® (106), m.p. 78,
[a]p + 80° also preparcd by Wolff-Kishner reduction!38 of 3 : 5-
¢yclocholestan-6-one (107), which is readily obtained from and
reconverted to BB chlorocholestan-6-one (108) by elimination or

-~a
Cl

(0 / a7 ° (108)

l
H - o E CO:

OH
(109) (110) (m) (112) (113)

addition of hydrogen chloride!35,136, Hydrogenation of 3: 5-
¢yclocholestan-6-one (107) with palladium in acetic acid139 gives
cholestan-6-one (111), but reduction with aluminium isepropoxide-
isopropanol!36 yields 3 : 5-¢yclocholestan-68-ol (109) accompanied
by 3 : 5-cyclocholestan-6a-ol (113), whilst use of lithium aluminium
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hydride138,140  or sodium-ethanol!38 affords mainly 3 : 5-¢yclo-
cholestan-6a-ol [ = ‘epi-i-cholesterol’] (113). Hydrogenation of the
epimeric 3 : 5-¢yclo-6-ols (109) and (113) with palladium in dioxan138
gives respectively cholestan-6B8-ol (110) and cholestan-6a-0l (112),
both converted by oxidation to cholestan-6-one (111), which is
hydrogenated138 to cholestan-68-ol (110) and reduced by sodium-
ethanol138,141 to cholestan-6a-ol (112).

3 : 5-¢ycloCholestane derivatives are sensitive to acids!42; thus with
dilute sulphuric acid both the 3 : 5-¢pclo-6-ols, (109) and (113),
rearrange to cholesterol!3s, 138,140, and with the halogen acids in
acetic acid at 15° afford cholesteryl fluoride!43, chloride, bromide,
and iodide136 [(31): X =F, Cl, Br, I]. 3 : 5-¢pcloCholestane deriva-
tives are indifferent to perbenzoic acid and ozone, but react readily
with brominel36,144; they are optically transparent in the 200 mpu.
region, and give faint yellow colours with tetranitromethane-
chloroform138, 145,

CHoLEsT-4-EN-3-0Ls (114) and (116)

The name ‘allocholesterol”’ for cholest-4-en-38-0l (114), m.p. 132°,
[a]p + 44°, is misleading and should disappear; a mixture of this
compound and cholesterol is produced when 5a-chlorocholestan-
3B-ol [= ‘cholesterol hydrochloride’] is dehydrochlorinated with
potassium acetate!46, A molecular compound of the two cholest-
4-en-3-ols, (114) and (116), is obtained from cholest-4-en-3-one (25)
by Meerwein-Poundorf reduction!4?, or with lithium aluminium
hydride!48,149,150, and is resolved by treatment with digitonin with
which cholest-4-en-3a-0l (116), m.p. 84°, [a]p -+ 121° does not
form an insoluble digitonide; reduction of cholest-4-en-3-one with
sodium-ethanol gives a molecular compound of cholestanol (24)
and cholest-4-en-3a-ol (116)59,151,

HO” ; \/l: ; i HO”

(M4) (115) (116)

Both epimerides are rapidly dehydrated by N/30 ethanolic
hydrogen chloride to cholesta-3 : 5-diene (115) [see p. 68]. Cata-
lytic hydrogenation!47 of the 3B-ol (114) gives coprostanol (29),
whereas the 3a-ol (116) yields epicholestanol (27) and epicoprostanol
(30). Oxidation of the 3B-ol (114) with chromium trioxide!52
furnishes cholest-4-en-3-one (25) and cholest-4-en-3 : 6-dione (18),

4
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whilst use of manganese dioxidel53 in benzene, chloroform, or ethy-
lene dichloride at 20° affords successively cholest-4-en-3-one (25)
and cholesta-4 : 6-dien-3-onc.

CHOLESTA-5 : 7-DIEN-38-0L, 7-DEHYDROCHOLESTEROL (118)

This substance has been identified as the precursor of cholecalci-
ferol [= natural vitamin D3] [see p. 59]. 7-Oxocholesteryl acetate
(3) Lsee p. 36] by Mcerwein-Poundorf reduction!54 gives a mixture of
7a- and 7B-hydroxycholesterols [as (117): R = H]; use of lithium
aluminium hydride!SS gives mainly the 7B-ol, whilst cholesteryl
hydrogen phthalate by oxidation with permanganatel56 gives the
7a-ol. Pyrolysis of the benzoates [as (117): R = Bz], or, better,
heating with dimethylaniline!55.157,158,159 yields 7-dehydrochole-
steryl esters hydrolysed to 7-dehydrocholesterol (118), m.p. 145~
147°, [a]p, —120°.

. w + —_
AcO Y0 HO bR HO

OR HO
(3) m7) (ne)

Alternatively, cholesterol (1) by bromination as the acetate or
benzoate with N-bromosuccinimides3, 160,161,162 gives 7a- or 78-
bromocholesteryl acetate or benzoate [(119) or (120): R = Ac or
Bz], dehydrobrominated with tertiary bases or alkaline reagents to

7-dehydrocholesterol acetate or benzoate [(118): R = Ac or
Bz]53, 160,161,162, 163,164, 165,

R 2 I K2 OO
HO RO “Br RO Br RO
()]

(19) (120) (118)

Stigmasterol (121)
Stigmasterol, CaoHyg0, is widely distributed in plants, but only
calabar bean and soya bean containsufficient to serve assources. The
sterol isreadily isolated as the sparingly soluble acetate tetrabromide,
m.p. 211°, [a]p —40°. Stigmasterol [(121): R = H] contains two
carbon atoms more than cholesterol166,167, and ozonolysis!68 to give
ethylisopropylacetaldehyde proves the presence of a Cp4)-ethyl group,
provisionally described as possessing the b-configuration (Chapter
I, pp. 13 and 27), and A22-unsaturation. Stigmasteryl acetate
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[(121): R = Ac] reacts with one molecule of bromine to give the
5 : 6-dibromide, m.p. 132°; this by ozonolysis and debromination
gives 3B-hydroxybisnorchol-5-enic acid (122), converted by hydro-
genation, oxidation to the saturated 3-keto acid, and Clemmensen
reduction to bisnorallocholanic acid (123)169. The position and
configuration of the hydroxyl group are established by hydrogena-
tion to stigmastanol (124), which by oxidation as the acctate with
chromium trioxide yields 3B8-hydroxynorallocholanic acid169. The
position of the nuclear double bond follows from the conversion of
stigmasterol to a 3 : 6-diketone analogous to 3 : 6-dioxocholestanel,
and to 3-oxostigmasta-4 : 22-diene (125)!71. Reduction of (125)

COH CO;H

CqHn

(124) (125) (126)

yields a molecular compound of 5 : 6-dihydrostigmasterol (126),
m.p. 159°, [a]p + 2° and the 3a-cis-A/B-isomeride!71,172; the
isomeric 22 : 23-dihydrostigmasterol is identical with ‘B8’-sitosterol.
Stigmasterol [(121): R = H] undergoes the 3 : 5-cyclosteroid re-
arrangement to give 3 :5-cyclostigmastan-6g-ol, whilst 3 : 5-cyclo-
stigmastan-6a-ol has been prepared!73. A7-Stigmasterol, the higher
homologue of crgosterol, has been isolated from rye-germ oill74.

Stigmasteryl acetate has m.p. 144°, [a], — 56°; benzoate, m.p.
160°; p-nitrobenzoate, m.p. 203°, [a]p, — 13°.

Ergosterol (127)
Ergosterol, Cy3H440, (127), the commonest of the mycosterols,
occurs in yeast together with 5 :6-dihydroergosterol, and was
isolated by TANRET!75, Ergosterol possesses one more carbon atom
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than cholesterol176; ozonolysis gives methylisopropylacetaldehyde168,
which proves the presence of a 24b-methyl group [Chapter I, pp. 13
and 27], and A22-unsaturation. The nuclear skeleton is disclosed by
oxidation of the parent saturated hydrocarbon ergostane to norallo-
cholanic acid!7?, whilst the position and configuration of the
hydroxyl group follow from the oxidation of ergostanol (128), m.p.
150°, [a]p + 16°, as the acetate to 38-hydroxynorallocholanic acid
(129)169; this confirmed views based on study of dicarboxylic acids
obtained by fission of ring 4178, For partial hydrogenation of
ergosterol, see p. 67; complete hydrogenation gives ergostanol (128).

(127) (128) (129)

Ergosterol reacts with 1 mol. perbenzoic acid!?® (or monoper-
phthalic acid!80) to give a doubly unsaturated 38 : 5a : 6a-triol
monobenzoate (130), hydrolysed by alkali to ergosta-7 : 22-diene-
3B : 5a.: 6a-triol (131), which forms only a diacetate, hydrogenated

CgHy CoHn CgHyg

(130) y (132)
CoHuy CsHig

9

(133) (134) (135)

and hydrolysed to ergostane-38 : 5a : 6a-triol (132)181, This, with
chromium trioxide, affords 3 : 6-dioxoergostan-5a-0l (133), dehy-
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drated by hydrogen chloride in chloroform to 3:6-dioxoergost-4-ene
(134), reduced by zinc-acetic acid to 3 : 6-dioxoergostane (135)182,
This sequence is analogous to that [(1)— (16)— (17)— (18)—(10):
p. 37] for cholesterol and proves the presence of AS-unsaturation.

The ultra-violet absorption spectrum!83,184 of ergosterol indi-
cates that the two nuclear double bonds are conjugated, and with
maleic anhydride an adduct is formed!85, which by ozonolysis gives
methylisopropylacetaldehyde and by partial reduction affords a
dihydro-derivativel86; this by vacuum sublimation gives 22 :23-
dihydroergosterol. Further, ergosterol by oxidation with alumin-
ium tert.-butoxide-cyclohexanone gives 3-oxoergosta-4 : 7 : 22-triene
[‘ergosterone’] (136)187,188, rearranged by hydrogen chloride in
chloroform to the conjugated 3-oxoergosta-4 : 6 : 22-triene
[¢isoergosterone’] (137)187,188,189, partially hydrogenated with
palladium to 3-oxoergosta-4 : 22-diene (138)188,

CoHyr CoHyr CoHyp

(136) (137 (138)

Ergosterol by oxidation with chromium trioxide gives 3 : 6-dioxo-
ergosta-7 : 22-dien-5a-ol [cf. (133)]190, also obtained by oxidation
of the triol (131)191. Use of nitric acid gives toluene-2:3:5: 6-
tetracarboxylic acid by rearrangement of the steroid phenanthrene
skeleton to that of anthracene during oxidation192,193,194,195,
Ergosterol by oxidation with permanganate yields ergosta-7:14:
22-triene-38 : 5a : 6a-triol and an unidentified Os-compound!96.

Dehydration of ergosterol with phosphorus oxychloride or toluene-
p-sulphonyl chloride in pyridine furnishes 3 : 5-¢ycloergosta-6 : 8(14):
22-trienel97,198, and ergosta-4 : 6 : 8 (14) : 22-tetraene!97,198,199,

Ergosterol by irradiation with visible light in the presence of a
sensitizing dye, e.g. eosin, and in absence of oxygen gives a bisergo-
stadienol (‘ergopinacol’), Cs¢HgeO2, (139)200, which by pyrolysis
yields methane and neoergosterol, CycH4qO (140)201. Neoergo-
sterol gives no sterol colour reactions but contains four double bonds;
only one is reactive and is in the side chain since ozonolysis affords
methylisopropylacetaldehyde. This suggests that by loss of methane,
the AS‘7-diene system becomes aromatic, which is proved by
oxidation with fuming nitric acid to benzene-1:2 : 3 : 4-tetracar-
boxylic acid202 and by catalytic dehydrogenation with platinum
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black to dehydroneoergosterol (141), which is a naphthol 203, and is
reduced by sodium-amyl alcohol to ¢pineoergosterol (142)204,

CoHyy

HO

(139)

/ (140)

(147) (142)

Irradiation with visible light in presence of eosin and oxygen
yields ergosterol peroxide (143)205,206; reduction with zinc—
potassium hydroxide gives ergosta-6 : 22-diene-38 : 5a : 8a-triol
(144)207, which forms only a monoacetate and readily rearranges
to the 3B:5a: 6a-triol (131); both triols (131) and (144) by

CoHy;

CoHyy
! 7/
H R —— ‘02" —
HO HO o
(145) (146) (148)

oxidation with chromium trioxide give 3 : 6-dioxoergosta-7 : 22-
dien-5a-01181,208. The 38 : 5a : 8a-triol (144) by pyrolysis elimin-
ates the two tertiary hydroxyl groups to give dehydroergosterol
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(145)209, m.p. 146°, [a]p + 149°, also obtained from ergosteryl
acetate by oxidation with mercuric acetate210,211,212, Dehydro-
ergosterol forms a peroxide (146)209, which by partial hydrogena-
tion213 with palladium or nickel yields ergosta-9(11) : 22-diene-38 :
Sa : 8a-triol (147)214, readily dehydrated by acid to the cortisone
intermediate, ergosta-7 : 9(11) : 22-triene-38 : 5a-diol (148)213,214,

Dehydroergosterol (145) by treatment with toluene-p-sulphonyl
chloride in pyridine gives 3: 5-cycloergosta-6: 8(14) : 9(11) : 22-
tetraene?15; dehydroergosteryl toluene-p-sulphonate by methanolysis
in the presence of potassium acetate gives 68-methoxy-3 : 5-cyclo-
ergosta-7 : 9(11) : 22-triene216; buffered hydrolysis affords 3:5-
cycloergosta-7 : 9(11) : 22-trien-68-0l [= ‘i-dehydroergosterol’] and
a hydrocarbon regarded as 3 : 5-¢ycloergosta-6 : 8(14) : 9(11) : 22-
tetraene216, but different from that prepared from dehydroergo-
sterol2!5,

Ergosterol by irradiation with ultra-violet light affords various
isomerides regarded by Winpaus2l7 as forming a lincar series:

ergosterol (127) 2 lumisterol (150) Ltachystcrol (152) —iv—>ergo-
calciferol [ =vitamin D;] ( 151) et pyroergocalciferol (154) and iso-
pyroergocalciferol (157) photopyroergocalmfcrol and isophoto-

pyroergocalciferol. Rccently, another isomeride preergocalciferol
(149) has been isolated by VELLUZ218 and shown to be reversibly
related photochemically to ergosterol (127), lumisterol (150), and
tachysterol (152), and reversibly isomerized by gentle thermal treat-
ment, but not ultra-violet light, to ergocalciferol [ = vitamin D,]
(151); this has been confirmed by INHOFFEN219,

HO hy
\
(127) h:/hf (150
Heat (149
w s
HO
(15)

(152)

All the foregoing isomerides by ozonolysisl68 give methylisopropyl-
acetaldehyde and so possess the same side chain as ergosterol.
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PREERGOCALCIFEROL (149)

Preergocalciferol is a 9: 10-seco-5(10) : 6 : 8: 22-ergostatetraen-35-
ol taking up four mols. of hydrogen by catalytic hydrogenation and
four atoms of oxygen with perbenzoic acid; ozonolysis gives little
or no formaldehyde2!18. Treatment with monoperphthalic acid at
20° gives a monoepoxide hydrolysed by acid with anionotropic re-
arrangement to a 5: 7 : 22-triene-38: 9¢ : 10¢-triol218. The ultra-
violet absorption spectrum suggests that preergocalciferol has the
cis-cis-cis-triene structure (149), but it does not react with maleic
anhydride at 20°218,

LumisteroL [= 10a-ErcosTEROL] (150)

Lumisterol contains the same system of conjugated double bonds
as ergosterol and the ultra-violet absorption spectrum is similar;
although lumisterol affords no ‘pinacol”’ [cf. (139)], it is converted
through a peroxide into two lumistadientriols220,221 [cf. (143)—>
(144)— (131)], oxidized to the same 3 : 6-dioxolumista-7 : 22-dien-

o1
HO : f HO : f
(153) (154)
CoHy
(155) (156) (151)
Cf 9Hp
(127) (144) 157

5a-01222, Dehydrogenation with selenium gives the Diels hydro-
carbon?23,224, Oxidation with nitric acid gives toluene-2:3:5:
6-tetracarboxylic acid193, whilst oxidation with mercuric acetate
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yields dehydrolumisterol [= 10a-dehydroergosterol] (153)220, Hy-
drogenation of lumisterol (150) gives lumistanol (155)222,225 whilst
hydrogenation of dehydrolumisterol (153) gives perhydropyroergo-
calciferol [= 98-lumistanol] (156)22!, also obtained from ergocalci-
ferol [= vitamin D,] (151) by pyrolysis at 180° to pyroergocalci-
ferol [= 9B-lumisterol = 9B : 10a-ergosterol] (154) and -catalytic
hydrogenation226, isoPyroergocalciferol [= 9B-ergosterol] (157) is
also formed by pyrolysis of ergocalciferol (151), and by oxidation
with mercuric acetate gives dehydroergosterol (145)227, whilst pyro-
ergocalciferol (154) similarly affords dehydrolumisterol (153)227,

The infra-red spectrum of lumistanol has been examined and its
conformation inferred228,

TacaysTEROL (152)

Tachysterol has not been obtained in crystalline form, although
pure samples have becn prepared??9. The ultra-violet absorption
spectrum shows the presence of three conjugated double bonds; two
of these react so readily [Gr. tachys, swift] with maleic anhydride
that ALDER?230 assigns a cis-frans-cis-arrangement [(152), p. 55], and
various model substances have been prepared for comparison23!,
Ozonolysis232 gives no formaldehyde, whilst reduction [as the 3-ester]
with sodium-propanol233 affords dihydrotachysterol [1 : 6-addition]
(158) and dihydroergocalciferol [1 : 4-addition] (159)234, also ob-
tained from ergocalciferol (151) by reduction with sodium-propanol.
The ultra-violet absorption spectrum?35,236 of dihydrotachysterol
(158) indicates the presence of two conjugated double bonds although
no adduct is formed with maleic anhydride ; oxidation with chromium
trioxide gives the Cjg-ketone (163) [see p. 58] and locates a double
bond at the A7-position. An isotachysterol has been obtained from
ergocalciferol with boron trifluoride237.

CH,
—_— + —-—
HO HO HO HO!

(152) (158) (159) (151)

ErGocaLcIFEROL, ViTAMIN D, (151)

In 1924 it was observed that ultra-violet irradiation of foodstuffs
produced antirachitic properties; fats were later studied and it was
also found that irradiation of sterols gave very potent preparations.
At first cholesterol was regarded as the provitamin D, but in 1926
it was shown238,239,240 that the biological activity of the irradiated
product depended upon the content in the cholesterol of an impurity
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possessing the absorption spectrum of ergosterol. Ergosterol thus
appeared to be the provitamin D, and in 1930-1931 potent cry-
stalline preparations, called vitamin D;241 and ‘calciferol *242, were
isolated from the irradiation products of ergosterol. The pure
vitamin was fully described in 1932 as vitamin D,234,243, or calci-
ferol244; the earlier preparation, vitamin D, is a molecular compound
of vitamin D, and lumisterol245.

Vitamin 1, has antirachitic potency of 40,000 international units
(I.U.) per mg; the pure vitamin is stable for months at 37°, but
oil solutions in contact with air deteriorate and the ‘half-life’ of an
olive-oil solution under these conditions is about three years246,
Vitamin D, and its analogues regulate phosphate and calcium
metabolism in the organism by some unknown mechanism.

The structure of vitamin D, (151) rests on the following
evidence247,248,.249, Microcatalytic hydrogenation discloses four
double bonds, three of which react with perbenzoic acid, whilst
reduction with sodium-propanol gives dihydroergocalciferol (159),
shown to have three double bonds by titration with perbenzoic

CoHiz CoHig
CH,
}."‘ Malek anhydride. I cg)o H
hydrogena tion (2H) co
HO HO CH
(151) (160)
Vitamin D, 22:23 -Dihydrovitamin Dy~
Ergocalciferol maleic anhydride

COZH/]\ /\
CoHyy CgHp gHig
Me
. ; ' + Me
' B W YH
oM 0 0

OCH
(161) (162) (163) (64) (165)

acid234; of these, two are in the nucleus and are not conjugated?233,
Ozonolysis of vitamin D, gave a keto-acid, Cj3H,0O3 (161), and
formaldehyde, isolated as the dimedon derivative, in 309, of the
yield expected; careful oxidation with cold chromium trioxide or
permanganate gave the aldehyde, C;H340 (162), shown to be
af-unsaturated by the absorption spectrum of its semicarbazone;
a ketone, CjoH3,0 (163), was also isolated.
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These products locate the positions of the three nuclear double
bonds, whilst the irreversible conversion of the trans-‘a’-hydrinda-
none (163) by hydroxyl ions into the cis-isomeride shows the trans
character of the C/D-ring-union250. Vitamin D, readily gives two
isomeric maleic anhydride adducts, from which dihydro-derivatives
[represented by (160)] are obtained by reduction of the side-chain
double bond; ozonolysis of the dihydro-adducts gave a saturated
ketone, Cy9H340 (164), also obtained by hydrogenation of (163)248,
Selenium dehydrogenation of (160) gave 2 : 3-dimethylnaphthalene
(165) and palladium dehydrogenation gave B-naphthoic acid and
naphthalene; these products originate from the ring system produced
by adduct-formation and show that this occurs at Cg) and Cyyg).
Analogies for the reduction of anhydride carbonyl groups to the
methyl groups in 2 : 3-dimethylnaphthalene have been found2s!,
X-ray analysis252 of the 4-iodo-5-nitrobenzoate of vitamin D, con-
firms formula (151) showing that the moleculc has an extended
trans-orientation (151a), whilst the C/D-ring-union is a trans-fusion
and the 3-hydroxyl group and the C(;7)-side chain have the B-con-
figuration, although the ultra-violet absorption spectrum suggests
that in solution the molecule has the completely cis-orientation

(151b)253,
CoHyy

CH,
CoHp HO
(151a) (151b)
CHOLECALCIFEROL, ViTAMIN D3 (166)

This, the natural vitamin D of fish liver-oils, is closely similar to
ergocalciferol (151), and is derived from 7-dehydrocholesterol

ves
e to
CH, ‘esteryl
¥y Y Is cam-
ol and is
HO
(166) (167)

(118)254,255, TIrradiation with ultra-violet lig! been isolated from
calciferol218 converted by gentle heating into
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m.p. 82-85°, [a], + 83°, potency/mg = 40,000 I.U., identical with
the product isolated from concentrates of tuna liver-oil and halibut
liver-oil by chromatography and subsequent fractional crystalliza-
tion and chromatography of the crude 3 : 5-dinitrobenzoate256,

22 : 23-DiHYDROERGOCALCIFEROL, VITAMIN Dy (167)

Ultra-violet irradiation of 22 : 23-dihydroergosterol leads to 22 :
23-dihydroergocalciferol (167), m.p. 107°, [a], + 89°, potency/mg
= 30,000 1.U.257,258, The product (168) from 7-dehydrositosterol
has some antirachitic activity259 but that from 7-dehydrostigma-
sterol is inactive260,

ErcosTeroL-By, By, B3, and D

Ergosterol (127) as the acetate with dry hydrogen chloride gives
successively ergosterol-B, (169), m.p. 126°, [a], — 88°, ergosterol-B;
(170), m.p. 148°, [a], — 40°, and ergosterol-B; (171)198,261,262,263,
m.p. 136°, [a], — 207°.

CoHpr CgHi

HO' i HO

(169) (17G)
CoHp

HO i
H

a7m (172)

The important cortisone intermediate ergosterol D (172), m.p.
*°, [alp + 25°% is obtained from 5 :6-dihydroergosterol by
(r tion with mercuric acetate264,265, perbenzoic acid!79, selenium

266, and bromine267; hydrogenation with nickel in ethyl
acid23s -f ergosteryl-D acetate gives ergost-7-en-38-yl acetate268,
Ozonoly.
formaldehya ¥ STEREOISOMERIC ERGOSTANES
yield expectea> lumisterol [= 10a-ergosterol] (150), isopyroergo-
permanganate gcvosterol] (157), and pyroergocalciferol [= 10a :
af-unsaturated by there have recently been described numerous
a ketone, CjoH3,0 (1 m ergostanes in which one or more of the
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natural bridge-head configurations 9a, 88, and 14a is inverted, with
resultant alteration of molecular conformation. These compounds
may result from reduction of carbonyl-activated 8 : 9-double bonds,
whereby chemical reduction [Li-liquid NH;] affords the natural
8B : 9a-epimer whilst catalytic hydrogenation by cis-addition yields
the unnatural 8a : 9a-epimer269; under appropriate conditions a
carbonyl group at C(y) or Cy) facilitates inversion 98— 94270 and
8a — 88271 to furnish a trans-B/C-fusion. Among such compounds
are 9B-ergostanols270,272,273, 8q-ergostanols270,271,274,275 14B-ergo-
stanols272,276, 98 : 14B-ergostanols?77, and 8a : 14B-ergostanols272,

Less ComMoN STEROLS

Phytosterols
BrassicasteroL (173)

Brassicasterol, Cy5H460 (173), m.p. 148°, [a]p, — 64°, occurs in
rape-seed oil, and is isolated as the acetate-tetrabromide278; ozonoly-
sis gives methylisopropylacetaldehyde and 3B-hydroxybisnorchol-5-
enic acid, whilst hydrogenation gives ergostanol (128)279. Brassica-
sterol is thus 24b-methylcholesta-5 : 22-dien-38-0l (173).

HO

a7 (174)

CampesTEROL (174)

Campesterol, CygH430, m.p. 158°, [a]p, — 33°, has been obtained
from rape-seed oil, soya-bean oil, wheat-germ 0il280, and from
molluscs28l.  Perbenzoic acid titration indicates one double bond,
which is at the 5 : 6-position since rearrangement affords derivatives
of 3:5-¢yclocampestane282, Hydrogenation of the acetate gives
campestanyl acetate [see p. 12]282, oxidized by chromium trioxide to
3B-hydroxynorallocholanic acid282, Similar oxidation of campesteryl
acetate gives (4)-5 : 6-dimethylheptan-2-one282 [sez p. 13]; cam-
pesterol is a 24-isomeride of 22 : 23-dihydrobrassicasterol and is
24a-methylcholest-5-en-38-ol (174)284,

SPINASTEROLS

Four isomeric spinasterols, CyoH430, have been isolated from
spinach or alfalfa.
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‘a.’-Spinasterol (177), m.p. 172°, [a]p —4° is a 7: 22-diene285;
ozonolysis286 gives ethylisopropylacetaldchyde, whilst hydrogena-
tion286,287 with palladium in ether or platinum in acetic acid
saturates the side chain but causes migration of the nuclear double
bond to give stigmast-8(14)-enol (178); this resists hydrogenation,
but is isomerized by hydrogen chloride to stigmast-14-enol (179),
readily hydrogenated to stigmastanol (124). ‘a.’-Spinasterol (177)
by hydrogenation with platinum in ether gives stigmast-7-enol (176)
rearranged by platinum in acetic acid in presence of hydrogen to
stigmast-8(14)-enol (178)288. ‘qa’-Spinasterol (177) has been
synthesized from 7-dehydrostigmasterol (175) by partial hydrogena-
tion under non-isomerizing conditions using platinum in ether36.

(177) (178) (179)

‘B’-, ‘y’-, and ‘8’-Spinasterol all give stigmast-8(14)-enol (178)
by hydrogenation under isomerizing conditions; they are probably

A7-compounds differing in the position of the side-chain double
bond?285.

SrTOSsTEROLS

The five sitosterols (Gr. sito, grain) are the most widely distributed
plant sterols; they occur as mixtures with stigmastanol [= 22 : 23-
dihydro-‘B’-sitosterol] (124) and are unusually difficult to purify
and identify289,

‘a’;-, ‘a’y, and ‘a’3-Sitosterol. Crystallization of the m-dinitro-
benzoates of the ‘a’-sitosterol fraction gives ‘a’y-, ‘a’s-, and ‘a’3-
sitosterol, CygH50O; all are precipitated by digitonin, appear to
contain two non-conjugated double bonds, and are claimed to be
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homogeneous. A new sterol, ergosta-7 : 22-dien-38-ol, which is the
lower homologue of ‘a’-spinasterol, has been obtained from the
‘a.’3-sitosterol fraction290,

<

Et HMe

HO
(180) (181) (182)

¢ B*-Sitosterol [= Cinchol] (180), CyoHsoO, m.p. 140°, [a], — 36° is
the principal sterol of cottonseed oil, calycanthus oil, and soya-bean
oil; it has been obtained from wheat-germ oil, corn oil, rye-germ oil,
cinchona wax, and crepe rubber.

Oxidation (as the acetate) with chromium trioxide gives 38-
hydroxynorallscholanic acid (129), dehydroepiandrosterone?9!, and
(+)-5-ethyl-6-methylheptan-2-one292. Hydrogenation gives stig-
mastanol (124)293,294; conversely, selective side-chain hydrogenation
of stigmasterol [(121): R = H] gives ‘B’-sitosterol which is thus
22 : 23-dihydrostigmasterol295 or 24b-cthylcholest-5-en-38-0l (180).

‘g *-Sitosterol (181), C29H 500, m.p. 148°, [a],, — 43° occurs in soya-
bean 0il293,296, It has the nuclear structure of ‘B’-sitosterol (180)
because oxidation (as the acetate) with chromium trioxide gives
dehydroepiandrosterone29?7 and  (—)-5-ethyl-6-methylheptan-2-
one292, so that “y’-sitosterol is the 24-epimer of B’-sitosterol, viz.
24a-ethyl-cholest-5-en-3B-01284 (181) and identical with clionasterol
[see p. 66].

FucosteroL (182)

Freshwater green algae” furnish the usual phytosterol mixture
of higher plants, but marine brown algae yield fucosterol (182),
m.p. 124°, [a], — 38°298, which contains two isolated double
bonds. Oppenauer oxidation gives an af-unsaturated ketone fuco-
stadienone299, whilst ozonolysis gives acetaldehyde300. Complete
hydrogenation gives stigmastanol (124), whilst partial hydrogena-
tion affords ‘B’-sitosterol [= 22 : 23-dihydrostigmasterol] (180)298.
Fucosterol, CpgHygO, is thus 24-ethylidenecholest-5-en-3B-ol (182).

Mpycosterols
ZymosTEROL (183)
Zymosterol, Cy7;H440, m.p. 110° [a]p + 49°, occurs in yeast301,
302, and is shown by perbenzoic acid titration to possess two double
bonds303, but forms only a dibromide304. One double bond is
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readily hydrogenated303 and is part of an isopropylidene group since
ozonolysis yields acetone304,305, The nuclear double bond resists
hydrogenation303 and was originally placed at the 8 : 14-position304
and the 9:1l-position305, but is actually at the 8 :9-position
(183)306, Hydrogenation with platinum in ethyl acetate gives
cholest-8-enol (184)305, isomerized by platinum and hydrogen in
acetic acid or by hydrogen chloride to cholest-8(14)-enol (187),
which with hydrogen chloride gives cholest-14-enol (185)307, readily

Ho? Ho? N,
(186) (187) (24)

reduced to cholestanol (24). Hydrogenation with platinum in acetic
acid reduces the side chain and isomerizes the nuclear double bond
to give cholest-8(14)-enol (187)304, Zymosterol is cholesta-8 : 24-
dien-38-ol (183) and is isomerized by hydrogen chloride to cholesta-
8(14) : 24-dien-3B-ol [= ‘B’-zymosterol] (186)305,

AscosTEROL (188) and FecosteErOL (189)

Ascosterol,' m.p. 142°, ¥a], + 45°, and fecosterol, m.p. 162°, [a],
+ 42°, are minor sterols, C,3H,60, from yeast containing two double
bonds299,302,308,309,  Ascosterol (188) when shaken with platinum

CH2
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in acetic acid and nitrogen gives fecosterol (189), whilst both by
hydrogenation with platinum in acetic acid yield ergost-8(14)-
enol309. Both sterols appear to have the nuclear double bond at
the 8 : 9-position306, and the formulae (188) and (189) have been
suggested310,

EristEROL (190)

Episterol, CpgH460, m.p. 151°, [a], — 5° from yeast3!l, gives by
hydrogenation ergost-8(14)-enol, but is unchanged by platinum in
nitrogen in ethyl acctate309; it affords formaldehyde by ozonolysis309,
whilst the nuclear double bond is at the 7 : 8-position (190)285. A
new ergosta-5 : 7 : 22 : 24(28)-tctracn-3B-ol has been isolated from
yeast312,

Marine Sterols

Whilst the principal sterol of gastropods is cholesterol, pelecypods
[bivalves] furnish a complex mixture of Cpg- and Cpg-sterols, which
is very difficult to separate.

CHALINASTEROL (191)

Chalinasterol [= Ostreasterol], CogHyO, m.p. 144°, [a], — 42°,
from sponge, oyster, and clams282,313, is 24a-methylcholesta-5 : 22-
dien-3B-ol since partial hydrogenation gives campesterol (174)284.

StELLASTEROL (192)

Stellasterol, CpgH460, and its 22 : 23-dihydro-derivative, stella-
stenol, from starfish, have not been completely separated ; ozonolysis
of the mixture gives (4)-methylisopropylacetaldehyde, whilst hydro-
genation of the 22 : 23-double bond is accompanied by migration of
the nuclear double bond to give homogeneous a ’-stellastenol, which
is an 8(14)-stenol, isomerized by hydrogen chloride to ‘B’-stella-
stenol, a 14-stenol, readily hydrogenated to stellastanol, which differs
from campestanol owing to stereoisomerism at Cyq) [see p. 12]314.

NEOSPONGOSTEROL (193) -

Neospongosterol, CygH0, m.p. 153°, [a]p + 10°, by ozonolysis
gives (+)-methylisopropylacctaldehyde and 3B-hydroxybisnorallo-
cholanic acid and by hydrogenation yields campestanol3!5.

I—

HO

(191)
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PoriFerRASTEROL (194) and CrLioNAsTEROL (181)

Poriferasterol, CygH430, m.p. 156°, [a], — 49°, and clionasterol
[= ‘y’-sitosterol] (181) have been isolated from sponges; porifera-
sterol by hydrogenation gives ‘y’-sitostanol [= 24a-ethylchole-
stanol] (195), and by ozonolysis affords (-)-ethylisopropylacetalde-
hyde and 38-hydroxybisnorchol-5-enic acid. Poriferasterol (194)
is thus the 24a-epimer of stigmasterol (121)316,317,318,319,

CHONDRILLASTEROL (196)
Chondrillasterol, CygH4gO, m.p. 169° [a], — 1°, is the 24a-
epimer of ‘a’-spinasterol (177)320,

HO

(194) (195) (196)

ReLATED CoMPOUNDS AND GENERAL REACGTIONS
Cholestenes, Cholesten-3B-ols, Ergosten-3B-ols, and Stigmasten-3B-ols
A nearly complete set of cholestenes is known; their properties
are given in Table 111, but for their methods of preparation and
literature references, and those of cholestenols, ergostenols, and

stigmastenols, Elsevier’s Encyclopaedia, Vol. 14 and Supplements should
be consulted.

Table III
Structure m.p.” la])? Hydiogenation product
Cholest-2-cne* 75 1 67 Cholestane
Cholest-3-cne 72 +57 Cholestane
Cholest-4-cne** 83 +76 Cholestane (acid)
Coprostane (neutral)
Cholest-5-ene 91 —56 Cholestane
Cholest-6-cne 86 —88 Cholestane
Cholest-7-ene 86 +11 Cholest-8(14)-cne
Cholest-8-ene 93 =+ 56 Cholest-8(14)-ene
Cholest-8(14)-ene 53 421 unchanged
Cholest-14-ene 73 +27 Cholestane

* Formerly neocholestene. ** Formerly pseudocholestene.
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Cholest-7-ene [(197): X = H] resists hydrogenation but like
cholest-8-ene [(199): X = H] is isomerized by platinum saturated
with hydrogen in acetic acid or by palladium saturated with
hydrogen in either ethyl acetate or acetic acid to cholest-8(14)-ene
[(198): X = H], which resists hydrogenation but is isomerized by
hydrogen chloride to cholest-14-ene [(201): X = H].

CaHiy

(197) (198) (199)
Cat? CsHiy
HO : ‘[‘ : f
(200) (201) (202)
Similar relationships exist between cholest-7-enol [= ‘y’-

cholestenol], [(197): X —= OH]; cholest-8-enol [= & ’-cholestenol]
[(184) and (199): X = OH]; cholest-8(14)-enol [= ‘a’-cholestenol]
[(187) and (198): X = OH]; and cholest-14-enol [= ‘B’-chole-
stenol] [(185) and (201): X = OH]. Cholest-1-enol (200)32t,
cholest-9(11)-enol (202)322, and cholest-20(22)-enol have recently
been prepared3?2. Ergost-7-enol [= ‘y’-ergostenol], ergost-8-enol
[= ‘8 -ergostenol], ergost-8(14)-enol [= ‘a’-ergostenol], and
ergost-14-enol [= ‘B’-ergostenol] are similarly related; hydrogena-
tion of ergosterol (127) or of 22 : 23-dihydroergosterol with platinum
in ether or nickel in ethyl acetate or reduction with sodium in
ethanol, gives ergost-7-enol [(197): X = OH], but hydrogenation
with palladium in ethyl acetate or platinum in acetic acid affords
ergost-8(14)-enol [(198): X = OH]. Again, stigmast-7-enol [(176)
and (197): X = OH], stigma-8(14)-enol [(178) and (198): X =
OH], and stigmast-14-enol [(179) and (201): X = OH] exhibit
similar relationships.

Cholestadienes
Homoannular dienes [conjugated system in one ring only] have
ultra-violet absorption maxima in the region 260-280 mgu, form
peroxides, are reduced by sodium in amyl alcohol, add maleic
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anhydride, and are isomerized by heat or mineral acid to hetero-
annular dicnes [conjugated system distributed between two rings],
which absorb in the region 235-250 my, are not reduced by sodium-
amyl alcohol, and with the exception of cholesta-7 : 14-diene do not
add maleic anhydride. The properties of the various cholestadi-
enes arc given in Zable IV.

Table IN"
Struc ture m p.° [a]yp? Amaxmpu | fir()d"f(t of
1ydrogenation
Cholesta-2 : 4-diene 68 -+ 168 275 Coprostane
Cholesta-2 : 5-diene 73 — 25
Cholesta-3 : 5-dienc* 80 - 123 234 Cholestane |- Cloprostane
Cholesta-4 : 6-diene 91 + 4 238 Cholestane+4 Coprostane
Cholesta-5: 7-diene 89 —127 | 273,280
Cholesta-7 : 9(11)-diene 84 i 32 213
Cholesta-7 : 14-ciiene 83 — 93 | 242,250
Cholesta-8 : 14-diene 81 23 245 | Cholest-8(14)-ene
i

* Formetly called cholesterylene

The products of the direct dehydration of cholesterol (1) are
cholesta-2 : 5-diene and cholesta-3 : 5-diene [see p. 42], but refluxing
with activated aluminium oxide in xylene at 140° 90 or vacuum
distillation with aluminium oxide gives cholesta-2 : 4-dicne323,324,
converted by heat or acid to cholesta-3 : 5-diene (115) [see p. 49].
Dehydration of cholest-5-en-7a-0l with acetic anhydride gives
cholesta-4 : 6-diene, whilst pyrolysis of the benzoate at 125° yields
cholesta-5 : 7-diene!84,323; at higher tempcratures this is converted
to cholesta-4 : 6-dienc which is isomerized by dry hydrogen chloride
in chloroform to cholesta-3 : 5-diene325. Cholesta-7 : 9(11)-dicne
is obtained from cholest-7-ene by oxidation with mercuric acetate
or bromine, whilst use of perbenzoic acid affords cholesta-7 : 14-
diene; similarly, oxidation of cholest-8(14)-ene gives cholesta-8 :
14-diene, hydrogenated to regenerate cholest-8(14)-ene326. Various
nuclear dienes derived from ergost-22-ene, ergostane, stigmast-22-
ene, and stigmastane have Leen described.

Ketones and Alcohols
A nearly complete sct of cholestanones is known; in the other 4/B-
trans series [allocholane, allopregnane, androstane] and in the 4/B-
cis series [coprostane, cholane, pregnane, aetiocholane] generally
only the 3- and 6-ketones are known [see Table V1.
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Reduction of a ketone with sodium and an alcohol affords the
epimeric alcohols in their cquilibrium proportions, the more
thermodynamically stable equatorial epimer exceeding the less
stable axial epimer. Reduction products given by other reagents
depend on the degree of steric hindrance of the ketone grouping,
which in the cholestane series follows the order: 3 <2 <7 <4, 6
<1, 12 < 11337, Lithium aluminium hydride and sodium boro-
hydride afford the equatorial alcohol if the keto-group is not hin-
dered, the axial alcohol if the keto-group is strongly hindered;
reduction with isopropoxide ions present affords both epimers al-
though use of ethoxide ions gives the axial alcohol338, whilst rapid
catalytic hydrogenation [acid media] generally gives the axial
alcohol whereas slow hydrogenation [neutral media] yields the
equatorial alcohol if the keto-group is not hindered, and the axial
alcohol if the keto-group is strongly hindered.

Equatorial alcohol groups are less hindered than their axial
epimers, and arc more readily acylated and their esters more readily
hydrolysed, e.g. cholestan-2a-yl acetate > cholestan-2B-yl acetate330;
cholestan-38-yl acetate > cholestan-3a-yl acetate45; cholestan-4a-yl
benzoate > cholestan-48-yl benzoate333; cholestan-7B8-yl benzoate >
cholestan-7a-yl benzoate336; coprostan-3a-yl acetate> coprostan-38-
yl acetate4s. In chromium trioxide oxidation, the situation is
reversed because the rate determining step is not formation of the
chromate ester but attack on the oppositely orientated carbon—
hydrogen bond, and cholestan-3a-ol is more rapidly oxidized than
cholestan-3B-ol to give cholestan-3-one4l. Axial alcohols are more
rapidly dehydrated than their cquatorial epimers, e.g. epicholesterol >
cholesterol, because of the geometric condition that the four centres
of importance in the reaction should be coplanar for rcady elimina-
tion; this condition is satisfied by 1 : 2-trans-groups when both
are axial, but not by 1 : 2-trans-groups when both are equatorial,
or by 1 : 2-cis-groups since then one is axial and the other equatorial.
The axial and equatorial character of steroid alcoholic groups has
been related to the frequency of the C-O stretching vibration in
their infra-red absorption spectra [axial OH: 1000-1010 cm-1;
equatorial OH : 1030-1040 cm—1] and to the complexity of the band
at 1240 cm~1 in their acetates339,340,341, In adsorption chromato-
graphy, the axial alcohols are generally eluted more easily than the
equatorial alcohols; this also applies to their esters.

The reactions of steroid ketones often depend on the direction of
enolization, which appears to be controlled by the stereochemical
configuration of the nearest bridge-head342. Thus cholestan-3-one
(26) enolizes to give 3-ethoxy- and 3-acetoxy-cholest-2-ene, but
coprostan-3-one (28) enolizes to give 3-ethoxy- and 3-acetoxy-
coprost-3-ene343,344, whilst A/B-trans-3-ketones by oxidation yield
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mainly 2 : 3-seco-2 : 3-dioic acids and 4/B-cis-3-ketones yield mainly
3 : 4-seco-3 : 4-dioic acids345, but peroxidation affords lactones in
both stereochemical serics346,347,

A|B-trans-3-Ketones by bromination with bromine or N-bromo-
succinimide give 2a-bromo- and 2 : 2-dibromoketones. Cholestan-
3-one (26) gives 2a-bromocholestan-3-one (203)348 converted by hot
pyridine into a salt348 pyrolysed with rearrangement to give cholest-
4-en-3-onc (25)349. Dehydrobromination of (203) with hot colli-
dine3’0 or by brief treatment with hydrazines3s1,352 yields cholest-
1-en-3-one (205), whilst use of sodium iodide in acetone regenerates
(26)353; potassium acetate in acetic acid at 200° causes rearrange-
ment of (203) to cholest-5-en-4-one (206)348,354. The first product
of dibromination of cholestan-3-one (26) or of bromination of the
2a-bromoketone (203) is 2 :2-dibromocholestan-3-one (204)355,
which rearranges in the presence of dry hydrogen bromide to 2a :
4a-dibromocholestan-3-one (207)356,357; the rearrangement is in-
hibited by traces of water3s8, A/B-trans-Stan-3-ols with fert. butyl
hypochlorite give 2a-chloro-3-ketoncs [as (203)] chlorinated to 2 : 2-
dichloro-3-ketones [as (204)]359, which do not rearrange to 2: 4-
dichloroketones360. Brieftreatment of the 2a:4a-dibromoketone (207)
with sodium iodide in acetone gives the 2¢-iodo-4a-bromo-ketone
(209), whilst extended treatment affords the 2¢-iodo-A4-ketone (208)

(cusr

oo L -0y

(203) (205) (208) (25)

H

Br
(26) (206) (209) (21)

/ / R
Cl,)B Br, -
-l
0 !-II 0 A o HO
Br

(204) (207) (210 (212)
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readily reduced with chromous chloride to cholest-4-en-3-one (25)353.
Dchydrobromination of 2a : 4a-dibromoketones [as (207)] with hot
collidine affords dienones [as (210)], transformed by treatment with
acctic anhydride-sulphuric acid into phenols, and by pyrolysis with
loss of methane into oestrogens; thus cholesta-1 : 4-dien-3-one (210)
gives sterophenol [(211): R = CgH;7]361,362, whose structure has
been proved by conversion to 3 : 8-dimethyleyelopentenophenan-
threne363, and by pyrolysis gives 3-hydroxy-19-nor-cholesta-1: 3 :
5(10)-triene [(212): R = CgH;7]. 17-Oxo- and 17B-hydroxyan-
drosta-1 : 4-dien-3-onc [as (210)] yield the phenols [(211): R = O
and R - OH]3356,364 and (- )-ocstrone-b and oestradiol-178 [(212):
R = O and R -= OH].

A|B-cis-3-Ketones by bromination with bromine or N-bromo-
succinimide give 48-bromo-348 and 4 : 4-dihromoketones365, which
do not react with sodium iodide in acetone3S3. Thus coprostan-3-
one (28) gives 4B-bromocoprostan-3-one (213), also obtained by
bromination of 3-acetoxy-366 and 3-mecthoxycoprost-3-enc367, and
directly from the c¢is-4/B-stan-3a-ol by trcatment with N-bromo-
acctamide, N-bromosuccinimide, hypochlorous acid, or fert.-hutyl
hypochlorite308,  4B8-Bromoketones are dehydrobrominated in poor
yield by hot pyridine to A4-3-ketones; thus 48-bromocoprostan-3-
one (213) gives cholest-4-en-3-one (25). Improved procedures in-
clude treatment with lithium chloride in dimethylformamide369,
and with hydrazines which give 48-bromo-3-ketone hydrazones
[as (214)], rapidly dehydrobrominated in 90Y, yield to A4-3-ketone
hydrazones [as (215)], cleaved by exchange with pyruvic acid to
A4-3-ketones [as (25)]351,352. 4 :4-Dibromoketones rearrange to
2B : 4B-dibromoketones365; 4 : 4-dichloroketones do not rearrange.

H 0 NHR-NW
Br Br

(28) (213) / (214)

X — S

(215) (25)

Recent work on the infra-red absorption spectra of cyclic a-
halogeno-ketones has enabled prediction of the configuration of the
halogen atom. The effects of vicinal bromination on the carbonyl
stretching vibration in the spectra of keto-steroids indicate that a
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coplanar arrangement of the C-Br and C=0O bonds is associated
with an increase of 15-20 cm~! in the fiequency of the carbonyl
band, but that when the C—Br and C==O bonds are mutually
perpendicular bromination does not change the frequency of the
carbonyl band370, This hypothesis has been confirmed, rationalized,
and gencralized37!; the most thermodynamically stable conforma-
tion of 2-hromocyclohexanone is that chair-form in which the brom-
ine atom is axial [dipole-dipole interaction > steric interaction],
whereas the most thermodynamically stable conformation of 2-
bromo-4 : 4-dimethyl¢yclohexanone is that chair-form in which the
bromine atom is equatorial [steric interaction > dipole interaction].
From the preferred conformations of a-bromocyelohexanones the
relative stabilities of the epimeric bromination products of any keto-
steroid with a ketonic function in ring 4, B, or € can be deduced.
When bromination of a ¢yclohexanone is kinetically controlled the
axial epimer is produced because it is formed faster; the energy of
the transition statc for cnolization is minimized by the maximum
overlap between the p orbital made available by the departing
axial [as opposed to cquatorial] proton, and it follows from the
principle of microscopic reversibility that in ketonization of the
enol the incoming group [Brt or H*| adopts the axial orientation

H(a) Br(a)

—r—

| |
—CH-C=0 == —CH-C-0 &= —CH-C=0

When bromination of a cyclohexanonc is thermodynamically con-
trolled, thc more stable epimer predominates [see Table VI].

These predictions have been verified by infra-red spectroscopy or
by chemical methods for A4/B-trans-3-ones372,373,374, _6-ones371,375,
and -7-oncs9, and for A/B-cis-3-ones3’0, -7-ones371, -11-onces377,378,
and -12-ones371,379,  Epimerization of the less stable to the more
stable a-bromoketone in presence of hydiogen bromide may occur,
not by acid-catalysed enolization, but by reduction of the a-bromo-
ketone and rebrominations.

The effect of equatorial and axial a-halogen substitution on the
ultra-violet absorption spectra of ketones enables an assignment of
configuration to the halogen atom in a-halogeno-ketones to be
made. The change in the position and intensity of Amax of a ketone
produced by a-halogen substitution is a function of the angle between
the C—Hal bond and the C =0 bond; the change (AA.) in position
of Apax. produced by introduction of an equatorial a-halogen atom
is of average value —5 mp, whereas the corresponding change (AX,)
for axial substitution is of average value +28 my; the change (A loge)
in intensity for an equatorial a-halogen atom is 0 to 40-3, but
about 4-0+6 for an axial a-halogen atoms3.
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a-Bromoketones of either stereochemical series give vic.-brom-
hydrins by reduction with lithium aluminium hydride or sodium
borohydride380, Thus 2a-bromocholestan-3-one (203) gives 2a-
bromocholestan-3a-ol (216) and -3B-ol (217), which are converted
with equal ease by zinc in acetic acid or in cthanol into cholest-2-ene
(220)372,373, The 2a-bromo-3a-hydrin (216) with potassium hydr-
oxide by frans-elimination of hydrogen bromide affords cholestan-
3-one (26), whilst the 2a—brom0-3ﬂ hydrin (217) loses hydrogen
bromide to give, with inversion of configuration, the 28 : 38-epoxide
(221). The 28:3g- epoxnde (221), by fission with hydrogen
bromide, gives with inversion at C3) the 3a-bromo-28-hydrin
[(222): X == Br]. The 2a : 3a-epoxide is obtained from cholest-2-
ene (220) with perbenzoic acid, and by fission with hydrogen
bromide yields, with inversion at Cy), the isomeric 28-bromo-
3a-hydrin  [(218): X — Br]38l. Similar relationships hold for
A|B-trans-6-ones375,381 and 7-ones?, for A/B-cis-3-ones37%376 and
11-0nes382,383 and for A/B-trans-3a : 4a-, -38 : 48-, -5a : 6a-, -6a. : 7a-,
-6B: 7B-, -8a : 9a-, -16a : 17a~epoxides, and A/B-cis-3a : 4a-, -38 : 48-,
-5B:68-, -1la : 12a-, -118 : 128-cpoxides337.

Br. - )\ s Broo A /l\ s Bro 'S/
002y ORIG ¢ RIG ¢
0 ' HO NG 0 H\’ HO™ VN

H
(26) (216) (203) (217)
I s /
{a)X
“v— o< -—
faJHO”
(218) (219) (220)
:/\ l :: / (a)‘*om
o
) ~—— ’ i
H (@)X’ Y
(221) (222)

When a ¢yclohexene epoxide, (219) and (221), is cleaved, the C—OH
bond and the newly-formed inverted C—X bond in the adducts,
(218) and (222), are always both axial384, In reductions with
lithium aluminium hydride, to give [(218) and (222): X = H], the
nucleophilic reagent H-, the displaced group —O~, and the
appropriate carbon atom [C(z) or C(3)] form an approxnmatcly linear
transition state of minimum energy when the entering group and
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the displaced group are becoming axial, and similar considerations
apply to other fission reactions.

Steroid A4-3-ketones, e.g. cholest-4-en-3-one (25), show a char-
acteristic absorption band in the ultra-violet at Amax 240 my, log €
4.2-4-3. Oxidation of A4-3-ketones leads to fission of ring 4;
thus cholest-4-en-3-one (25) with permanganate affords a 4 : 5-seco-
5-0x0-4-oic acid. Catalytic hydrogenation of A4-3-ketones gener-
ally affords mixtures of the saturated A/B-trans- and A/!}:cis-
ketones385; the proportion of the products varies with the conditions
and with the structure of remote parts of the molecule, and 118-
hydroxyl groups lead to exclusive production of the saturated A/B-
trans-ketones385, 386, whilst 1la-hydroxyl groups lead to formation
of saturated A/B-cis-ketones387.  The catalytic reduction of cholest-
4-en-3-one has been discussed [see p. 39]. In the presence of acidic
or alkaline catalysts, A4-3-ketones [as (25)] are in equilibrium with
the corresponding AS-3-ketones [as (23)], but the cquilibrium is
greatly in favour of the former.

0 RO 0"

(25) (223) (23

I'reatment of cholest-4-cn-3-one (25) as the cnol-acetate [(223):
R == Ac] with potassium amide in liquid ammonia followed by
water gives cholest-5-en-3-one (23)388, reduced by lithium alumin-
ium hydride to cholesterol (1)24; reduction of the enol-acetate (223)
with lithium aluminium hydride or sodium borohydride gives a
mixturc of cholesterol (1) and epicholesterol (36) [see p. 46].
Bromination of A4-3-ketones may take place by addition or sub-
stitution; ordinary bromination requires the presence of hydrogen
bromide since it is prevented by presence of potassium acetate, and
takes place through an enol which has the A3:S-structure389, The
result is bromination at an unexpected position; thus cholest-4-en-
3-one (25) via the enol [(223): R = H] finally gives 4 : 6-dibromo-
cholest-4-en-3-one (224) or (225)3%. This substance can be
obtained from 5a : 68-dibromocholestan-3-one (230), the oxidation
product of cholesterol dibromide. Bromination in acetic acid or
in ether or with N-bromosuccinimide gives first 6-bromo-A4-3-
ketones359,391 and then probably 2 :6-dibromo-A4-3-ketones392,
whilst further bromination appears to be preceded by migration of
bromine from Cy) to C(4) and to give 4-cpimeric tribromocholestan-
3-ones, m.p. 106° and 138°, of which the latter (226) is converted
by potassium acetate into (224) or (225). Further action of
potassium acetate on (224) = (225) leads with rearrangement to
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an enol acetate (229) hydrolysed to diosterol-II (228), also obtained
by oxidation and subsequent debromination of the dibromide of
cholest-5-en-38 : 4B-diol393. 'The name diosterol is applied to the
two enolic forms of cholest-5-ene-3 : 4-dione; the diosterols have
reducing properties [cf. diosphenol], and diosterol-II (228) is iso-
merized by acid to diosterol-I (227), which is also obtained by various
processes that probably all proceed through (224) = (225)390.394,
The above structures, which modify those originally assigned, are
based on spectrographic evidence39s.

Rogb m@(%—w«—
Br Br 0 Br
Br

=

Br Br
(223 (224) (225) (226)
99 Sape
HO T A0 .
M 0 efJ
0 0 Br
(227) (228) (229) (230)

Removal of carbonyl groups from saturated ketones may be
achieved by WolfI-Kishner reduction396,397,398,399 or by conver-
sion to the ethylene thioketal and desulphurization with nickel400,
Removal of the carbonyl group from cholest-4-en-3-one (25) by
Wolfl-Kishner reduction affords cholest-3-enc, this method leading
to migration of the double bond to the adjacent position401,
This may be avoided by reduction with nickel of the ethylene
thioketal (231)400,402; hcmithioketals (232)403 and ketals [ = di-
oxolanes] (233)404,405,406,407 with nickel regenerate the parent
A4-3-ketones, whilst pyrrolidine derivatives (234)408 also form useful
protective devices.

S QU 5 QU

(231 (232) (234)

Steroid A4:6-diene-3-ketones (235) are obtained from A4-3-
ketones by oxidation with manganese dioxide!S3, or by oxida-
tion with monoperphthalic acid to 6-hydroxy-A4-3-ketones and
dehydration409,
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Steroid Al :4:6-trienc-3-ketones (236) arc prepared by brom-
ination of A4-3-ketones or of Al:4-diene-3-ketones (210) with
N-bromosuccinimide and treatment with hot collidine; by pyrolysis
at 600° they lose methane to give A6-oestrogens (237)392,409,

HO
0
(235) (236) (237)
H
MeO O/ .
(238) (239) (240)

Steroid phenols, as the methyl ethers, by reduction with sodium?388
or lithium410 in liquid ammonia give enol-ethers (238), which by
hydrolysis give the 19-nor-A5(10)-3-ketones (239) rearranged to the
19-nor-A4-3-ketones (240).

CoLourR REACTIONS

Colourless sterols by treatment with strong acids under dehydrating
conditions give numerous colour reactions, which are useful for
preliminary identification and for quantitative analysis although
not completely specific.

The Licbermann-Burchard reaction4!l is carried out by treating
the sterol, dissolved in chloroform, with sulphuric acid-acetic
anhydride; the test is positive with stenols, negative with stanols,
and a mechanism involving bicholestadiene has been suggested412,
The Salkowski reaction4!3 is similar but omits the use of acetic
anhydride. The Rosenheim test414 involves treatment of a chloro-
form solution of a sterol with 909, trichloroacetic acid; a blue or
pink colour indicates an actual or potential [dehydration] diene
system. In the Tschugaev reaction4!5 a glacial acetic acid solution
of the sterol is heated with zinc chloride and acetyl chloride. In
the Lifschiitz test the sterol and perbenzoic acid are heated together
in glacial acetic acid and sulphuric acid added416. The Tortelli-
Jaffe test417 is carried out by layering a 29, bromine-chloroform
solution with an acetic acid solution of a sterol; a green coloration
produced at the interface indicates the presence or potential
presence [isomerization] of a ditertiary double bond between

bridge-heads.
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The Zimmermann reaction4!8 depends on the presence of the
group —CO—CH,—, and is carried out by trcatment of an alcoholic
solution of a keto-steroid with m-dinitrobenzene and potassium
hydroxide; it is used for quantitative estimation of 17-ketosteroids,
and, because the absorption maximum of the coloured complex
varies with the position of the keto group, has diagnostic value.

By underlayering an alcoholic solution of a steroid with sulphuric
acid alone4!? or in the presence of benzaldehyde420 or furfuralde-
hyde#19 characteristic colours are produced which may indicate the
stereochemical configuration of a hydroxyl group. A diazo-
coupling test 421 may be used to characterize non-ketonic steroids
containing a conjugated system of double bonds in one ring or
distributed betwcen two rings.

Tue BiLE AcIps

The natural bile acids are generally hydroxy-derivatives of cholanic
acid (241). They are produced in the liver, either synthetically or
by degradation of cholesterol, and occur in bile as water-soluble
sodium salts of peptide conjugates with glycine or taurine. These
conjugates promote the resorption of fats and water-insoluble
substances, e.g. B-carotene and vitamin K;, in the intestinal tract
by acting as emulsifying agents and by facilitation of enzymatic
hydrolysis and re-esterification. The conjugates may be syn-
thesized by coupling the azide of a bile acid422 with the appropriate
amino-acid in an alkaline medium. ‘I'he nature of the conjugation
varies with the species; human and ox bile contain more glyco-acids
than tauro-acids whilst hog bile contains mainly glyco-acids and
codfish bile is rich in tauro-acids. Hydrolysis affords the free bile
acids; thus ox bile furnishes cholic and deoxycholic acid with traces
of chenodeoxycholic and lithocholic acid, whereas pig bile readily
furnishes ‘a’-hyodeoxycholic acid.

N\ AN
COH 0,H COpH
H H
H
(241) (242) (243)

The bile acids obtained by degradation of steroids are generally
derivatives of cholanic acid (241) or allocholanic acid (242). The
names, structures, properties, and sources of natural and synthetic
bile acids are listed in Table VII; the methyl ester-acetates are
useful for characterization.
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Table VII
NATURAL AND DERIVED BILE ACIDS

Name }'L);’((i)ruoriyl m.p.° [a]y® Source
Monohydrovy-acids Cagl14003

Lithocholic acid . . 3a 184-1806 | 32 Man, ox, rabbit
3B-Hydroxycholanic acid . 38 176 -177 -1 26 —
3a-Hydrovyallocholanic acid 3a 208-210 |29 -
3B-Hydroxyallocholanic acid 3B 218 +17 -—
Ga-Hydiroxycholanic aad . 6a 221-222 +4- 8 -
7a-Hydioxycholanic acid . Ta 96-102 - - -
118-Hydroxycholanic acid

(methyl ester) 118 85-86 +50 -
12a-Hydroxycholanic acid . 12a 90-95 +-13 —
128-Hydroxycholamc aad . 128 110-116 | +4-38

Dihydrovy-acids Ca3Hy0O4
a’-ITyodcoxycholic acid . 3a:6a 196-197 | + 8 ;i Pig (G), boar
3a : 68-Dihydroxycholame

acdd . . 3a: 68 205 +37 —
‘B’-Hy odt‘oxychohc amd . 38:6a 189-190 + 5 | Hog
88: 8- l)lhydro‘(ycholam(
aad . . 38:63 258 +15 —
Man, ox, bear,
Chenodeoxycholic acid 3a:7a 110 J-11 {h(’n, guinea pig,
goose (1)
Ursodeoxycholic aad . . 3a: 78 203 +57 | Bear (1)
3a: lla-I)xhydxo\ych()lamL
acid . . 3a:1la 147 +22 -
3a:118- Dlhydrox)(holdmc
acid . . 3a: 118 201 | 55 —

38:118- Dlh)dtox) chuhmc
acid (methyl ester 3-ace-
tate) . . . . 38: 118 140 +50 -

Man (G, T), ox

(G), decr, dog,

Deoxycholic acid . . 3a:12a| 176-177 | +53 sheep, goat (G,

T), antelope,

rabbit (G)

12-¢p1Dcoxycholic acid . 32:128 186 +-38 —
isoDeoxycholic . . 7a: 12a | 210-211 +-27 —

7 : 12-Dihydroxycholanic aud 7?: 122 | 226-227 - -—

1la : 12a-Dihydroxycholanic | 1la: 12a | 211-214 - —

118: IZB-Dnhydroxy( holanic
acid . 118: 128 | 170-174 — —

C;x;];éa{e aad: G=glycine, S==sulphun.c:1c1d, T=taurine.
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Name

Bufodeoxycholic acid .
‘o ’-Lagodeoxyc holic acid
‘B -Lagodeoxycholic acid

Cholic acid

3 : 11 : 12-Trihydroxy-

cholanic acids
¢B’-Phocaccholic acid

Pythocholie acid

‘B’-Trihydroxybisnorstero-
cholanic aad CpygHy60s
Trihydroxycoprostanoic acid
Cy7l1460s5 [formerly ‘a’-
‘I'mhydroxybisnorstero-
cholanic aad]
Varanic acid [hydrate]
Cy7114606 .
Tetrahydroxynoisterocholanic
acid 027] I4606
Acid Cy7-28H46-4806
Tetrahydroxysterocholanic
acid Cy7.28t46-4806
Tetrahydroxysesterocholanic
acid Cp7-28H46-4806
Sterocholic acid CygHyeQ4 .
Trihydroxybufosterocholenic
acid CygHy60s5
Trihydroxyisosterocholenic
acid (723H4605

Hg);(ci::;)xsyl m.p.° [a]p® Source
Dihydroxy-acids CpyHggOs—cont.
3:x — — Toad (T)
— 156-157 | -1-80 | Rabbit ()
- 213 +37 | Rabbit (G)
Trihydroay-acids Cy411400s
Man (G, T), ox
(G, T), sheep,
3a:7a:12a 196-198 | +37 |<dog (T), goat,
stake (T), fish
(M
3a:1la:12a 173-175 | +31 —
3a:1la: 128 161-166 | +45 —
3a:118:12a 145-147 | +54 —
3a:118: 128 177 +43 —
3:7:23 222-223 | 427 | Walrus (T), seal
¢y)
30:12a: 16a — — | African python
Acuds containing more than twenty-four carbon atoms
30a:7a:12a:25 L] 194-196 — | Frog (S)
Frog, alligator,
3a:7a:124:25 D) 180-182 | 427 |{ cayman, croco-
dile
— 120 — Lizard
3a:6a:12:24 217 — Teleost fish
— 255 -— Shark
3a:7a:12a:? 150 - - Turtle, tortoise
Japanese
— 205 -- turtle
- 256 -- Ox, turtle
3a:7a:12a 160 — | Japanese toad
3a:7a:12a 227 — | Japanese toad

Eon]tx_g;te_a_cn:d: G=glycine, S=sulphuric acid, Tt t;urme.«
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3 : 4-seco-3 : 4-Dioic acids are bilianic acids, whilst 2 : 3-seco-2 : 3-
dioic acids are isobilianic acids; 6 : 7-seco-6 : 7-dioic acids obtained
by fission of ring B are thilobilianic acids, and 16 : 17-seco-16 : 17-
dioic acids obtained by fission of ring D after complete removal of
the C( 7)-side chain are aetiobilianic acids [cf. pp. 9, 19-21].

Hydroxycholanic Acids

Natural bile acids may possess hydroxyl groups at Cg3), Cg), C(p),
C2), and C(3); nearly all have been dehydrated and subsequently
hydrogenated to saturated acids; cholic, dcoxycholic, chenodeoxy-
cholic, ursodeoxycholic, and lithocholic acids all give cholanic acid,
Ca4H4O, (241), m.p. 164°, [a]p + 22°; ‘a’-hyodeoxycholic acid
undergoes allomerization during degradation and gives allocholanic
acid, Cy4HyO;, (242), m.p. 170° [a]p + 22°. Bufodeoxycholic
acid gives by oxidation a dehydro-acid which also undergoes allo-
merization, but Clemmensen-reduction of the dchydro-acid gives
bufocholanic acid, Cy4H490;, m.p. 236° [a], — 20°; the toad
poison bufotalin [see p. 263] by degradation gives isobufocholanic
acid, m.p. 179°, [a]p + 50°, now known to be 14-iso-17-isocholanic
acid (243).

With the exception of ‘B’-hyodeoxycholic acid the 3-hydroxyl
group always has the a-configuration. Thus lithocholic acid (244)
[as the acetate] is oxidized by chromium trioxide to 3a-hydroxy-
aetiocholan-17-one (245)423, which is also obtained from epicopro-
stanol (30) by oxidation [as the acetate] with chromium trioxide20.

C4HgCO2H 0 CgHp
/’\
Pil — ":‘ - 'j'l
HO’ % -’
N Ho " NV )
(244) (245) (30)

Deoxycholic acid (246) can be converted into methyl 3a-hydroxy-
12a-chloro(bromo)chol-9(11)-enate (247), which by washing with
water at 20° is rapidly transformed into the 3a : 9a-epoxide (248)424.
The structure (248) is strainless only if ring 4 is a boat-form with
ends at C(3) and Cyjq) and rings 4/B are cis-fused.

HO C,HsCOzH (CI)B:r C,HgC0;Me C,HgCO,Me

vea
(ﬁﬁ Lol

(246)
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The 7-hydroxyl group in cholic acid (252) is a-orientated.
Cholic acid can be converted into chenodeoxycholic acid (249)425,
oxidized by hypobromite to the 3 :4-seco-3 : 4-dioic acid (250),
which gives the 5a — 7a-lactonic acid (251)426. Since chenodeoxy-
cholic acid is a coprostane derivative427, the 5-carboxyl group in
(250) must be a-orientated, from which it follows that the 7-hydroxyl
must also be a-orientated. Ursodeoxycholic acid (253) by oxida-
tion with hypobromite gives the 7B-hydroxy acid (254) which does
not yield a lactonic acid428. The relationship 7a-OH (axial)/88-H
(axial): trans in (252) is consistent with the ready ionic dehydration
of cholic acid derivatives to chol-7-enes429,

C4HaCOH
" HO;C HO c/w
" A\ 2 / N, 2 | '
HO" VAN oH HO,C"\3 ™ OH H' 2o
(69 - (250) (251)
HO C,HgCO,H «HgCOH
Ho" Ho,c N oH
(252) (253) (254)

Hydroxycholanic acids are smoothly oxidized to keto-acids by
chromium trioxide in acetic acid; cholic acid (252) gives 3 : 7 : 12-
trioxocholanic acid [dehydrocholic acid] (255). The rate determin-
ing step is attack on the C—H bonds, and the order of reactivity is
Ci7) > Ca) > Cg), whilst Cg) > Cz). Thus 7a : 12a-dihydroxy-
cholanic acid gives the 7-oxo-12a-hydroxy acid, chenodeoxycholic
acid (249) and ursodeoxycholic acid (253) give the 3a-hydroxy-7-
oxo acid, and deoxycholic acid (246) affords the 3a-hydroxy-12-oxo

HQ  C,HaCOoH 0  C4HsCO,H

—= 7.12-Dioxocholanic acid
| ——.3“-Hydroxy-7 12-

H - H dioxocholanic acid

N ~ 3uo:7a-D..1ydroxy -12 -
OH oxocholanic acid

HO"”

(252) (255)
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acid, whilst ‘a’-hyodeoxycholic acid furnishes the 3a-hydroxy-6-oxo
acid. For reduction, hydrogenation, acylation, and hydrolysis the
order of reactivity is: C(3) > C(7) > C(12). Thus dehydrocholic acid
(255) by mild Clemmensen reduction, by use of sodium amalgam,
and by partial hydrogenation respectively gives 7 : 12-dioxocholanic
acid, m.p. 176°, and 3a-hydroxy-7 : 12-dioxocholanic acid, m.p.
186°, reduced by the Wolfl-Kishner method to lithocholic acid, and
3a : 7a-di-hydroxy-12-oxocholanic acid, m.p. 219°% [a], + 74°.

HO  C,HsCOH HO  C,HaCOH 0 CiHsCOM
e T Cb .
AcO’ AcO” N\ r “OAc
(252) (257)
0 CuHsCOZH C.HgCOH

(258) (259) (260)

Again, cholic acid (252) by partial acetylation gives first the 3a-
monoacetate and then the 3a : 7a-diacetate (256), m.p. 257°,
oxidized to the 12-oxo-acid (257), m.p. 221°; partial hydrolysis

HO  C.HgsCO2H HO  C4HaCOH

(252) (261)

l 0 QH;COzH CI‘ HgCOzH l 0 CAHQCOZH

C&*ﬁ — OO
RO’ 0 HO”’ RO’

H H H
(262) (264) (263)
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furnishes the 3a-hydroxy-7a-acetoxy-12-oxo-acid (258), m.p. 239°,
oxidized to the 3 : 12-dioxo-7a-acetoxy acid (259), m.p. 190°, which
by Wolff-Kishner reduction affords 7a-hydroxycholanic acid (260).

"T'he above transformations provide routes from cholic acid to the
3-, 7-, 12-hydroxy or -oxocholanic acids; cholic acid (252) may
also be converted in 889 yield via the 3-succinate to lithocholic
acid (244) by oxidation to the 7 : 12-dioxo-3-succinate (263} and
Wolff-Kishner reduction of the latter430. Deoxycholic acid (246)
may be converted to lithocholic acid (244) in 819, yield via the
3-succinatc by an analogous process#29431; similarly, deoxycholic
acid affords 849, of the 3a-tosyloxy-12a-hydroxycholanic acid,
which with pyridine gives 12a-hydroxychol-2(or 3)-enic acid hydro-
genated smoothly to 12a-hydioxycholanic acid432.

By sclective oxidation of cholic acid (252) with N-bromosuccin-
imide to 3a : 12a-dihydroxy-7-oxocholanic acid (261), m.p. 199°,
[a]p + 1°, followed by WolfI-Kishner reduction, deoxycholic acid
(246) is obtained in 709, yield433; other procedures also involving
selective oxidation at C(7) have been described.

Oxidation of ‘a’-hyodeoxycholic acid (264) with cold chromium

CHyCOH C,HgCO,H C,HgCOH
06\%4 - W, i
- HO,C HO,C
HO 2 2
H i HO,C H\:( H02C/H
OH OH
(264) (265) (266)

J C4HgCO2H

C,HgCO,H
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trioxide gives 3 : 6-dioxocholanic acid [‘a’-dehydrohyodeoxycholic
acid] (267), allomerized by warming with acid or alkali to 3 : 6-
dioxoallocholanic acid [‘B’-dehydrohyodeoxycholic acid] (270)434.
By use of hypobromite, ‘a’-hyodeoxycholic acid gives the 6a-
hydroxy-3 : 4-seco-3 : 4 : 24-trioic acid (265), reduced by hydriodic
acid to lithobilianic acid (266). Dehydration of the hydroxy-acid
(265) with sodium cthoxide at 195° affords lithobilienic acid (268),
hydrogenated to allolithobilianic acid (269)434. The isomeric allo-
isolithobilianic acid (272) is obtained from the dioxo acid (270) by
oxidation with permanganate or hypobromite to the 6-oxo-2 : 3-
seco-2 : 3 : 24-trioic acid (271), and Clemmensen reduction434. The
isomeric bilianic acids played an important part in the elucidation
of the steric relationship of rings A/B [see p. 9]; the fourth isomeride,
isolithobilianic acid, is obtained together with (266) by oxidation
of lithocholic acid (244), and together with (272) by Wolfl-Kishner
reduction of (271)434,

Hydrogenation of 3-oxocholanic acid [= dehydrolithocholic
acid] gives mainly the 3a-hydroxy acid in presence of sodium
hydroxide, and the 3B-hydroxy acid in acidic media435; sodium
borohydride gives mainly the 3a-hydroxy acid. Hydrogenation of
7-oxocholanic acid in acetic acid gives the 7a-hydroxy acid436,
whilst use of sodium borohydride affords both epimers437. Hydro-
genation of 1l-oxocholanic acids with platinum or nickel under
pressure gives the 118-hydroxy acids438, also obtained almost
exclusively by use of lithium aluminium hydride439, sodium boro-
hydride440, or lithium borohydride44!; reduction with sodium in
propanol442,443_ or lithium in liquid ammonia and ethanol furnishes
the 1la-hydroxy acids#44. Hydrogenation of 12-oxocholanic acids
with platinum in acetic acid gives mainly the 12a-hydroxy acids,
but use of nickel in presence of sodium hydroxide affords preferen-
tially the 128-hydroxy acids#45. The enol acetates derived from 3-
oxo-, 7-0x0-, and 11-oxocholanic acids have the double bond in the
3:4-,6:7-, and 9 : 11-positions, respectively446,

Deoxycholic acid (246) as the ethyl ester-12-acetate has been
converted into the 19-nor-1-hydroxy-4-methyl aromatic compound
analogous to (211), and into the 19-nor-l1-methyl-4-hydroxy
isomeride 409,

Unsaturated Bile Acids
ArocHoLIC AcID

Dehydration of bile acids by heating in a vacuum leads to un-
saturated acids. Lithocholic acid (244) gives a mixture in the
ratio of 1:9 of ‘a’-lithochol-2(?)-enic and ‘B’-lithochol-3(?)-enic
acids, separated through the dibromides447; cholic acid (252) gives



THE BILE ACIDS 87

chola-2 : 6 : 11-trienic acid448,449. With mild dchydrating agents,
e.g. zinc chloride, cholic acid (246) loses the 7a-hydroxyl group to
give mixtures of 3a : 12a-dihydroxychol-8(14)-enic acid [apocholic
acid] (273), CgH3304, m.p. 176°, [a], + 50°, 3a : 12a-dihydroxy-
chol-14-enic acid (274), and an unidentified isodihydroxy-acid.
The acid (274) can be hydrogenated to deoxycholic acid (246), but
apocholic acid (273) is completely resistant429,450,451,

HO  C,HeCOpH HO  C HgCOH HO  C,HeCOH

(252) (273)

l HQ C4H5C02Me [ HQ C‘H5C02H HQ CL HgmzH

v

(276) (246)

Dehydration of methyl cholate 3-acetate (275), m.p. 149°, [a],
-+ 48°, with phosphorus oxychloride—pyridine gives [after hydrolysis]
3a : 12a-dihydroxychol-7-enic acid (276), which is isomerized by
shaking with platinum in hydrogen to apocholic acid429; the
relationship of the acids (276), (273), and (274) is analogous to that
of the y-, a-, and B-stenols [see p. 67].

Dehydrogenation of apocholic acid with perbenzoic acid or
selenium dioxide affords two isomerides, C,gH3604, of uncertain
structure; ‘a’-dihydroxycholadienic acid, m.p. 248°, [a], — 60°,
regenerates apocholic acid by hydrogenation, whilst ‘g8°-dihydroxy-
choladicnic acid, m.p. 251°, [a], 4- 71°, furnishes ‘B’-apocholic
acid, m.p. 165°, [a]p, + 79°, which may differ from apocholic acid
(273) in configuration at C9)450,451,452,

7-Dehydro-bile acids [analogues of 7-dehydrosterols, e.g. 3p-
hydroxychola-5 : 7-dienic acid, by irradiation give products with
only feeble antirachitic activity453,454, Numerous ¢hol-9(11)-cnic
acids and chola-7 : 9(11)-dienic acids455 have been prepared for use
in the synthesis of cortisone [see p. 194]. 3B-H ;droxychol-5-enic
acid is available as a by-product of the oxidatinn of cholesterol in
the industrial production of testosterone.
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The Side Chain

The position, structure, and configuration of the bile-acid chain
has already been discussed [see Chapter I, pp. 24-28].

Other Acids from Bile

‘Weyland’s acid’ from ox bile is a molecular compound of
chenodeoxycholic acid and 3a-hydroxy-12-oxocholanic acid; 3a-
hydroxy-7-oxocholanic acid [guinea pig] and 3a-hydroxy-6-oxoallo-
cholanic acid [pig] have been isolated, but the latter may be an
artefact arising by allomerization. Traces of 3a : 12a-dihydroxy-
7-oxocholanic and 7 : 12-dihydroxy-3-oxocholanic acids have been
obtained from cow bile. Rabbit bile contains mainly deoxycholic
acid and small amounts of the isomeric acids, ‘a’-lagodcoxycholic
acid and ‘B’-lagodeoxycholic acid of unknown structure4so,
Chicken bile contains 3a-hydroxychol-8(14)-enic [deoxyapocholic]
acid. Nutriacholic acid, which occurs conjugated with glycine in
beaver and coypu bile, is 3a-hydroxy-7-oxocholanic acid457.

Pythocholic acid, Cy4H4Os, from various species of African
python, is probably 3a:12a: 16a-trihydroxycholanic acid4s8;
optical rotatory data suggest the 16-position for the third hydroxyl
group, but do not completely exclude the 15-position.  Pythocholic
acid has been converted into deoxycholic acid (246)459.

Several Ci(z7)-bile acids [coprostanoic acids] have been isolated.
3a : 7a : 12a : 25L - Trihydroxycoprostan - 26 - oic acid (277)45%,
Cy7H4¢O0s, fiom the gall-bladders of three species of crocodile
[alligator, cayman, and the Nile crocodile]460, is identical with
‘a’-trihydroxybisnorsterocholic acid401. It has been converted into
coprostan-26-oic acid460, which has been obtained synthetically from
cholanic acid (241)462. The 3a : 7a : 12a : 25D-isomeridec is identical
with ‘B’-trihydroxybisnorsterocholic acid45%. Other coprostanoic
acids have been described463,464, 465,

A similar acid, tetrahydroxynorsterocholanic acid (278),
Ch7H460s6, isolated from bile of gigi fish, has been converted into
‘a’-hyodeoxycholic acid, 12-oxocholanic acid, and allocholanic
acid (242)466,467,

‘ &H
277 (278) 279)
277) oM



THE BILE ALCOHOLS 89

Several Cs,g-bile acids have been isolated. Sterocholic acid,
CogH 460y, is present in ox bile468 and turtle bile469,470,  From toad
bile are obtained trihydroxybufosterocholenic acid, C,gH4605 (279?)
and trihydroxyisesterocholenic acid, CygHy605 (279?), which both,
by ozonolysis, give bisnorcholic acid and thus differ only in the ter-
minal portion of the side chain47l.

Choleic Acids

Bile acids tend to form molecular compounds, and generally contain
a molecule of solvent of crystallization. Cholic acid forms a
remarkable blue compound (Cy4H49O5.1)4 . K . IH,0, hut molecular
complex formation is strongly exhibited by apocholic and ‘B’-
apocholic acid and especially by deoxycholic acid.

Deoxycholic acid forms a series of remarkably stable molecular
compounds, known collectively as choleic acids, with aliphatic
hydrocarbons, acids, esters, alcohols, ethers, and with aromatic
hydrocarbons, phenols, and alkaloids. Formic acid alone of the
monobasic aliphatic acids fails to form a compound; the compound
with acetic acid is a | : I-molecular compound, that from propionic
acid contains 1 mol. Et-CO,H to 3 mols. deoxycholic acid. Normal
acids with C4-Cg form 1 :4-compounds, those with Cg-Cy4 give
1 : 6-compounds, and higher acids yield 1 :8-compounds. The
numer of molecules of combined deoxycholic acid conforms to the
coordination-number series, 1, 2, 3, 4, 6, 8, but the significance of
this is unknown472. X.ray diagrams of the choleic acids from
propionic acid up to cerotic acid show identical interference and
intensity patterns473.  Acylation or esterification prevents choleic
acid formation, but since functional groups are not required in the
addendum choleic acids have been suggested as a means for resolu-
tion of chemically inert substances, e.g. hydrocarbons474. The
choleic acids differ greatly in solubility in organic solvents and
degree of dissociation in solution; xylene displaces ethanol from the
ethanol—choleic acid even in alcoholic solution, whilst recrystalliza-
tion of the xylene—choleic acid from acetic acid affords the acetic—
choleic acid.

Doubt has been cast on the real existence of the choleic acids
because all such compounds have previously been prepared only
by usc of specimens of deoxycholic acid now known te be seriously
impure; it is stated47S that a mixture of pure deoxycholic acid with
xylene [or oleic acid] can be separated completely by tv/o crystalliza-
tions from ethanol.

THE BIiLE ALcoHOLS

The bile of sharks, frogs, and toads contains polyhydric steroid
alcohols usually present as sodium salts of the sulphuric acid esters.
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Shark bile contains scymnol (280), C27H4s05, m.p. 187° 476,477,

three secondary hydroxyl groups and one pnmary group are prescnt
since oxidation with chromium trioxide gives a trioxo-acid,
C27H40Os;, further oxidized to dehydrocholic acid (255). The fifth
oxygen atom is probably oxidic, because scymnol with hydrogen
chloride forms a chlorohydrin from which it can be regenerated;

scymnol may contain a C(y4) : Cps)-ethylenc oxide or a Cz4) : C(a7)-
trimethylene oxide system478,

(280) (281) (282)

Allied to scymnol are the compounds 3a: 7a: 14 :22-tetra-
hydroxycholane, Cy4H4,0y4, present as a Cyg)-sulphuric acid ester
in frog bile46!, tetrahydroxynorbufostane (2812)479, Cy7H 4304, and
pentahydroxybufostane (282?), Cy3Hs0Os, from toad bile480,
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III
SEX HORMONES

TuE glands of the genital system elaborate specific chemical com-
pounds which control the sexual processes; the compounds are
called hormones hecause they produce their effects at a site other
than that of their origin. Production of the sex hormones is
regulated by the gonadotropic hormones, which are protein in
character and secreted by the anterior lobe of the pituitary; partial
or total removal of the anterior lobe [hypophysectomy] arrests or
inhibits sexual activity, which can be restored by implantation of
pituitary tissue or injection of cell-free pituitary extracts. There
are three types of sex hormones, or sexogens; the oestrogens, the
gestogens, and the androgens. Oestradiol-178 (1), formerly called
‘a’-oestradiol, is the ovarian hormone that produces ocstrus; pro-
gesterone (2), produced by the corpus lutcum is essential for

OH OMe OH

(M (2) (3)

successful pregnancy; testosterone (3) is elaborated in the testes:
these appear to be the true sex hormones, whilst other compounds
of related physiological function [oestrone, oestriol (oestrogens) ;
androsterone, dehydroepiandrostcrone (androgens)] arc metabolic
transformation products. The distinction between male and female
sex hormones is convenient chemically, but its physiological signi-
ficance is doubtful; thus androst-4-ene-3 : 17-dione is a potent
androgen, but has some oestrogenic activity and also slight pro-
gestational activity.

THE OESTROGENS
Occurrence
The female sex organs undergo a periodic change; this uterine
cycle is controlled by the oestrogens in conjunction with pro-
gesterone. Qestrogen produced in the ovary passes to the uterus
and the vagina, and in animals produces the condition of oestrus
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[sexual heat]; rats, mice, and guinea pigs show characteristic
changes in the tissues of the vagina, accompanied by a vaginal
discharge, which has a typical cornified appearance easily recogniz-
able by microscopic examination. The bioassay of oestrogenic
activity! is carried out by subcutaneous injection of a compound
at several concentrations into a group of five or more spayed mice
[or rats], whilst a group of control animals is simultaneously in-
jected with a standard oestrogen; the relative potency is then
determined by comparison of the concentrations necessary to
produce oestrus in more than 509, of the animals. The results are
generally expressed in mouse units [M.U.]; by international agree-
ment, onec mouse unit is defined as the effect produced by 0-1 y
[1 y =0-001 mg] of pure oestrone administered in secsame oil by
subcutaneous injection. The ratio of the mouse unit to the rat
unit (R.U.) varies from 1:5to 1:8.

Oestrogens are present in low concentrations in tissue extracts
prepared from the gonads, and mammalian placenta, in follicular
fluid, in blood, and in the urine of both sexes. Human pregnancy
urine is rich in oestrogen2, and pregnant mares’ urine is even richer3
[see Table VIII]. Oestrogenic hormones have been found in lower
animals and in plants; oestrone has been isolated from palm-kernel
extract4 and oestriol from pussy-willow3.

Table VIIT
OESTROGEN CONTENT OF URINES

Per litre Per day

IM.U.] [M.U.]
Man . . . . . . 160 240
Scxually mature woman . . . 200 300
Pregnant woman . . . 10,000 20,000
Mare . . . . . . 200 2,000
Pregnant mare . . . . 100,000 1,000,000

Isolation

Pregnancy urine of women or of mares is the usual source; the
hormones are present partly in the free state and partly as non-
extractable glycuronides, from which they are liberated by hydroly-
sis with hydrochloric acid. The hormones are extracted with
suitable solvents, e.g. n-butanol, freed from acidic material, and
purified by partition between various solvents. Alternatively, the
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ketonic hormones, after extraction, may be separated by Girard’s
reagents which afford water-soluble derivatives. Further purifica-
tion is achieved by high vacuum distillation, chromatography, and
crystallization. Molecular compounds such as that of oestrone with
quinoline, or of oestradiol-178 with urea can be utilized for final
purification.

Colorimetric Determination

The oestrogens give a number of colour reactions that are useful
for quantitative estimation. In the Kober test, oestradiol, oestrone,
or oestriol give a pink colour when heated with phenolsulphonic
acid and sulphuric acid followed by addition of water; this reaction
has been used to determine urinary oestrogens. The test is more
sensitive using guiacolsulphonic acid, when oestrone and oestradiol-
178 are positive, but oestriol is essentially negative. In the diazo-
coupling test, the oestrogens as phenols develop orange or red colours
by coupling with diazotized p-nitroaniline, sulphanilic acid, and
other aromatic amino-compounds. In the David test a blue colour is
given with sulphuric and arsenic acids, whilst in the Bachmann test,
a stable violet-pink colour is produced with sodium toluene-p-sul-
phonate and phosphoric acid; these tests are specific for oestriol.
In the benzoyl chloride test, oestrone and oestradiol-178 by treatment
in chloroform with benzoyl chloride and a solution of zinc chloride
in acetic acid, form complexes which absorb at 502 my, but with
oestriol the test is negative. The Zimmermann test [see p. 79] can
be used for determination of oestrone, whilst the Girard test, where-
by the Girard derivative gives an insoluble coloured complex
with potassium mercuric iodide, can be used for its gravimetric
estimation.

Structure

The natural oestrogenic hormones may be regarded as deriva-
tives of the hypothetical saturated hydrocarbon oestrane (4).
Ring 4, or rings A and B are aromatic, so that the C(3)-hydroxyl
group is phenolic and there is strong absorption in the ultra-violet
at 260-280 myu. Inring D at C(y), there is either a carbonyl group
or a hydroxyl group. Their physical and physiological properties
are collected in Table IX.
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Oestrone, Oestriol, and Oestradiols
OESTRONE (6)

Oestrone, the first oestrogenic hormone to be isolated, was
reported simultaneously by E. A. Dosy et al.6, and by A. BUTENANDT?,
whilst a year later oestriol (5) was isolated by G. F. MARRIANS;
in each case the source was human pregnancy urine. X-ray and
surface film measurements suggested a steroid-ring structure with
the chemically active groups at opposite ends of the molecule9,10.
Butenandt and Marrian each showed the hydroxyl group to be
phenolic; Butenandt obtained an oxime, and by catalytic hydro-
genation and molecular refraction showed the presence of only
three double bonds, thereby indicating a tetracyclic system.

In 1932, Butenandt and Marrian independently suggested the
correct formula for oestrone. It had been found that oestriol (5)
was converted by dehydration to oestrone (6)11,12, and although
this, by distillation with zinc, underwent rearrangement to chrysene
(7), a successful degradation was achieved by potash-fusion of
oestriol to (+)-trans-marrianolic acid (8)13, which gives an
anhydride and not a ketone by distillation with acetic anhydride,
and is dehydrogenated by selenium to 1 : 2-dimethylphenanthr-7-ol
(9), reduced by distillation with zinc to 1 :2-dimethylphenan-
threne (10)14; the structurc (9) was subsequently confirmed by
synthesisl1s.

Proof of the location of the phenolic hydroxyl group at C(3) was
obtained by reduction of oestrone methyl ether (11) to the deoxo-
ether (12), and dehydrogenation of this with selenium to 7-
methoxy-1 : 2-¢yclopentenophenanthrene (13), the structure of
which was established by synthesis!6.

OH
,-OH
(R R
HO HO

(5) (6) (7)
QOestriol (+)-Oestrone

COH
“0,H Me e
[ e e
H — —
H HO
9)

®) (10)
(+) -Marranolic acid
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The position of the carbonyl group and of the angular methyl group
at C(13) was established by marking the former with a methyl group
by reaction with magnesium iodide, dehydration of the resulting
carbinol (14) with pinacolic rearrangement to the olefin (15),
which by reduction and subsequent dehydrogenation with selen-
ium gave 7-methoxy-3’ : 3’-dimethyl-1 : 2-¢yclopentenophenanthrene
(16)17,

5P aP

)] (12) (13)

1 .} .
~a "OH .
:é —_— —
Me MeO MeO!

(14) (15) (16)

Oestrone, by fusion with potassium hydroxide at 275°, gives
(+)- tmns-doisynoli(, acid [see p. 124]; dehydrogendtion with palla-
dium at 270° gives (+)-14-isoequilenin with inversion at Cy4) [see
p. 114], whilst oxidation with hydrogcn peroxide or performic acid
leads to lactones by fission of ring D [see p. 126]. Reduction yields
the 17-epimeric oestradiols [see p. 115], but hydrogenation in an acid
medium leads to reduction of the aromatic nucleus!8.

Partial Synthesis of Oestrone

The partial synthesis of oestrone by reduction of dehydroneo-
ergosterol [p. 54] with sodium-amyl alcohol and oxidative removal
of the side chain, and by similar reduction of ring B of equilenin
has been claimed19:20, but not confirmed. No phenolic product
is produced from dchydroneoergosterol by reduction with sodium-
amyl alcohol2l, whilst only traces of phenolic material are obtained
by similar reduction of equilenin22,22a, Later, (- )-oestrone was ob-
tained from dehydroepiandrosterone, and so effectively from chole-
sterol, by aromatization of androsta-1 : 4-diene-3 : 17-dione (17)23,24,
together with a rearrangement product, m.p. 253°, [a]p, + 348°
[at one time regarded as l-methyloestrone], which can be readily
obtained from androsta-1 : 4-diene-3 : 17-dione (17) by treatment
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0 0
HJ((\ __j
v 2 A
H — g
Yie

(18)

(6)
(+) -Oestrone 1-Hydroxy -4-methyl-3-
deoxyoestrone

with acetic anhydride-sulphuric acid at 25°. This product,
originally termed ‘x-methyl-hetero-oestrone’, has no oestrogenic
activity?S, and is 1-hydroxy-4-methyl-3-deoxyoestrone (18)26,27,
The true 1-methyloestrone, m.p. 252°, [a]p + 257°, has been pre-
pared from androsta-1 : 4 : 6-triene-3 : 17-dione28, and its structure
proved by dehydrogenation to l-ethyl-2 : 5-dimethyl-7-methoxy-
phenanthrene29.

~ C02Mt.‘ A COzW CO)Me

==0 ~ ==CHCO,Me CH,CO,Me
MeO - MeO -
(19)
-
-
/ 0
CO,Me
CO,Me
(CH2)2 sze
MeO MeQ HO
(20)

(+)-Oestrone-a

Total Synthesis of Oestrone

The first synthetic substance possessing the oestrone skeleton was
oestrone-a 30; the unsaturated keto-ester (19) by successive Re-
formatsky reaction with methyl bromoacetate, dehydration of the
resulting carbinol, and hydrogenation gave a mixture of stereoiso-
merides, which by the Arndt-Eistert reaction, cyclization, hydroly-
sis, and demethylation gave a product from which (4-)-oestrone-a
(20) was isolated.

The total synthesis of ANNER and MIESCHER3! [see scheme, p. 112]
starts from the saturated keto-ester (21)30,32, Three of the four
possible racemic modifications have been obtained crystalline; one
ester [(21A), m.p. 133°] by the Reformatsky reaction with ethyl
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The higher melting

bromoacetate, dehydration of the resulting hydroxy-ester, and
hydrogenation affords two (-4)-dimethyl 7-methylmarrianolates

[(22a) plus (22Db)] and [(23a) plus (23b)].

3-9u041590-(3) q-9u0.1s30-(3)
2€2-0ezdw . Mez-lszdw
auoNS30 ~(-) au0.}S30~(+)
(3s2) (a2) (e%2)
N\OH ( OH
H A L 4
H
A/
o]
—— J AN O
~
ﬂ uoijelAyiawsap ‘sisAjoiphy ‘uuewydalg
JGZ-672 dw o722-€22 dw
pioe u__ocmr:mEmEoc;:EzA..wriu pioe diouelsIRWOWOYIAYISIN ~£- SUDJ) (5)
' 143113 -1puly a
A A
£6dw C
(qg?) (ege) (qzz)
e N
oLy 1 03N e N gen 6%2
AAN 3
mznoufu% N antooto- H/W«\ s SNZODHD- \ﬁ \ ANZODTH)
3Nt aN%0Y’ szou ‘

Y

[

SVOH '0-Pd’ TH

3WZODHD
320D

&\,

4 /\/o@z

OH-

SiDWI0[9y
0

30D

Total synthesis of oestrone (Anner and Muescher)

ester gives no m.p. depression with the methyl ether dimecthyl ester of
‘natural’ (+)-trans-marrianolic acid (8) [see p. 109]; by hydrolysis

of the primary carbomethoxy group, the Arndt-Eistert reaction, and
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hydrolysis, it is converted into (-£)-7-methylhomomarrianolic acid,
which is cyclized by the Dieckmann procedure to give after hydrolysis
and demethylation (-}-)-oestrone-b [(24a) plus (24b)] [compare the
total synthesis of equilenin, p. 120]. Resolution via the (—)-men-
thoxyacetates furnished (+)-oestrone-b (24a), chemically, physically,
and physiologically identical with the natural hormone. The lower
melting (4-)-ester [(23a) plus (23b)] is similarly transformed into
(4)-oestrone-e [(25a) plus (25b)]. By analogous treatment of the
racemic keto-csters [(21B), m.p. 127-128°] and [(21C), m.p. 87-
89°], (d-)-oestrone-a, which appears to be identical with the
oestrone-a of Bachmann [see (20)], (4-)-oestrone-d, (-|-)-oestrone-e,
and (4-)-oestrone-f are obtained33,34, A new synthesis by Johnson
starting from m-mcthoxyphenylacetylene and decalin-1 : 5-dionce leads
to (-f-)-ocstrone-b, (4-)-oestrone-d, and two new sterco-isomerides,
(4-)-oestrone-g [(--)-lumioestrone] and ( }-)-oestrone-h35. Another
new synthesis by Johnson involves the preparation of 1-keto-8-
methoxydodecahydrochrysene in two stereoisomeric forms converted
by fission of ring D and closure with ring-decrease into (4-)-ocstrone-b
and (4)-ocstrone-g and into (+4)-oestrone-c and (--)-oestrone-h,
respectively36.  ‘T'he eight possible stereoisomeric racemic forms of
oestrone are all known, and their properties are given in Table X.

Table X
STEREOISOMERIC RACEMIC OESTRONES
(-1 )-Oestrone | Methyl ether Benzoate Oestrogenic activity
m.p.° m.p.° m.p.° y per R.U. [subcut.}
214-216 114-116 175-176 1,000
251-254 143-144 184-186 2.0
c 181 115-116 149-151 —
d 184-186 oil 150-152 1,000
¢ 230-232 162-164 134-136 7-10
t 188-190 oil 161-163 1,000
g 238-240 109110 158 —
h 197-198 67-68 160 -

Other Isomerides of Oestrone
Irradiation of (4-)-oestrone with ultra-violet light of wave-length
313 mu gives the physiologically inactive (—)-lumioestrone, which is
13-isooestrone (26) and by dehydrogenation with palladium at 270°
affords (—)-14-isoequilenin (27b) with retention of configuration at
8
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C14)37.  (+)-Oestrone, by dchydrogenation with palladium, how-
ever, undergocs inversion at Cy4) to give (- )-14-isoequilenin (27a).

| j fi%
NS GLA"S

(27a) (6) (26) (27b)
(+)-14-1s0Equilenin (+)-Oestrone (-)-Lumiocestrone  (-)-14-/soFaulentr
Dihydrocquilin-178 [see p. 120] (28) is hydrogenated with nickel to

give 8-isooestradiol-178 (29), oxidized to 8-isooestrone (30), which
vbout one-third of the activity in rats of natural (+)-oestrone38,

(28) (29) (30)
Dihydroequilin 8-/s00estradiol-178 8-1s00estrone

The isomeric 3-hydroxyoestra-5(10) : 6 : 8-tricne-17-one (31), has
been isolated from the non-phenolic fraction of equine pregnancy
urine3%,40, The same structure is claimed for ‘folliculosterone’, a

0

HO
(3N

reputed substance obtained by an incompletely described oxidation
of neoergosterol41,42,

OgsTRIOL"(5)

Oestriol was isolated from human pregnancy urine by MARRIAN43.
Although (+)-oestrone and ocstriol differ only slightly in acid
strength, oestriol alone is extracted from ether with 0-1 N-NaOH,
oestrone requiring N-NaOH. Oestriol is less potent than (-4-)-
oestrone by subcutaneous injection, but more active when given
orally.

Oestriol forms a triacetate, and the secondary hydroxyl groups
are at C(g) and C(7) since dehydration yields (+)-oestrone (6);
fusion with potassium hydroxide gives (4-)-trans-marrianolic acid (8),
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reconverted to oestriol by treatment as the methyl ether dimethyl
ester with sodium to afford the acyloin (33), and reduction of this
with lithium aluminium hydride44. Qestriol fails to form an
acetonide43, and the 16a : 178-configuration is deduced from partial
syntheses. (4)-Oestrone (6) as methyl cther by treatment with
amyl nitrite-potassium fert.-butoxide gives the 16-oximino deriva-
tive (32), reduced by zinc-acetic acid to the acyloin (33); further
reduction of this with sodium-isopropanol, or aluminium amalgam,
gives, after demethylation, oestriol (5)46,47. Another partial synthesis
of oestriol has been reported48.

NS

(6) (32) - (33) (5)
(+)-Oestrone Oestriol
methyl cther

Hydrogenation of the a-ketol (33) with platinum in an alkaline
medium47,49, or reduction with lithium aluminium hydride44 gives
16-¢pioestriol [ = ‘isooestriol-A’] (34), which forms an acetonide.
17-¢piOestriol (36) is obtained by hydroxylation with osmium
tetroxide of the 16-olefin (35), prepared by pyrolysis of oestradiol-
178 3: 17B-dibenzoatc0. Both these epimerides are less active
than oestriol in rats; 16-epioestriol (34) has been isolated from human
pregnancy urines0a,

(34) (35) (36)
16-epiOestriol . 17-epiOestriol
w
‘a’- and ‘B’-OESTRADIOL

These trivial names are not related to configuration; the natural
ovarian hormone ‘a’-oestradiol is oestradiol-178 (1), whilst the 17-
epimeride ‘B’-oestradiol is oestradiol-17a (39). Oestradiol-178
[12 mg] was isolated from sows’ ovaries [4 tons] by Doisy, Mac-
CorquopaLg, and TuAaverS!. It had previously been prepared
from (+4)-oestrone and used therapeutically and it has also been
obtained from mares’ pregnancy urine, human pregnancy urine,
from stallions’ urine, and from horse testes. Oestradiol-17a has
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also been isolated from mares’ pregnancy urine. The mixed
oestradiols may be separated as the dipropionatess2.

Oéestradiol-178 (1) is the almost exclusive product of hydrogenation
of (-)-oestrone in a ncutral or alkaline mediums33,54,55, or of re-
duction with sodium-cthanol6, or lithium aluminium hydrideS?, or
of biological reductions8. It can be prepared from the a-ketol (33)
by elimination of the 16-carbonyl group by the thiol-Raney nickei
procedure44,  Oecstradiol-178 [and also its 3-benzoate] forms an
insoluble digitonideSS; it gives an insoluble complex with urea in
methanol which is cleaved by warm water. By fusion with potas-
sium hydroxide, oestifiol-178 aflords (- )-trans-doisynolic acid (85)
[see p. 124], and as the 3-methyl ether is dehydrated with pinacolic
change to give the 13(17)-olefin (37), dehydrogenated by selenium
to 7-mcthoxy-3"-methyl-1 : 2-¢yclopentenophenanthrene (38)59.

MeO

No

(1 (37) (38)
Oestradiol -17 8-
3-methy! ether

Oestradiol-178 is used therapeutically by injection as the 3-
benzoate, and has a more protracted action than the frec hormone,
which is 8-10 times more potent than (4-)-oestrone. Radio
oestradiol-178-[16-14C] has becn prepared®0.  A6-Oestradiol-178 is
about half as potent as oestradiol-17861.

Oéestradiol-17a (39) has been isolated from mares’ pregnancy urine62;
it is obtained in 10-207%, yield from (-)-oestrone by hydrogenation
with nickel in presence of potassium hydroxide54,63, and by in vivo

OH

(39)
QOestradiol-17a

reduction in rabbits. Oestradiol-17a [in which the 17a-OH may
be regarded as axial] is more readily dehydrated than oestradiol-178
[in which the 178-OH may be regarded as equatorial], a difference
which can be used for recognition4,65,66, Qestradiol-17a is some
forty times less potent than oestradiol-178.
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Partial Synthesis

A partial synthesis of ocstiadiol-178 was reported in 1940 by
IN1orFFENST; a rearrangement product was also obtained. WiLps
and DjrRrassi8, repeated the work and defined the various stages.
Androst-5-ene-38 : 178-diol (40) in four steps afTorded dihydrotesto-
sterone benzoate (41) [see p. 142], which by dibromination gave
(43); dehydrobromination and hydrolysis gave the dicnone (44),
pyrolysed at 280° to yield 109, of oestradiol-178 (1).

PN

. [H JA]

; AN
BoLewd o Hj H
L0

®3) (44) (i)
[R=-COPh or -COCgH, ) Oestradiol-17a

The rearrangement product, 1-hydroxy-4-methyl-3-deoxyoestra-
diol-178 (45), m.p. 232°, [a], + 180°, is rcadily obtained from 3-
oxoandrosta-1 : 4-dien-17-0l (44) by trcatment with acetic anhy-
dride-sulphuric acid, or by reduction of l-hydroxy-4-mcthyl-3-
deoxyoestrone (18) [p. 1117 with lithium aluminium hydride26,27, 69,
70; it has no oestrogenic activity. 1-Mecthylocstradiol-178, m.p.
116°, [a]p + 146°, has been prepared from 3-oxoandrosta-1: 4 :
6-tricne-17B-yl acetatc; its dipropionate is four times as potent as
(+)-oestrone0,

OH
1

4

HO

Me
(45) (46)
1-Hydroxy-4-methyl-3-  17a-Ethinyloestradiol -174
desoxyoestradiol - 178
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17a-Ethinyloestradiol-178 (46) is obtained almost exclusively by
treatment of (+4)-oestrone with potassium acctylide in liquid
ammonia’l, In rats it is as active as ocstradiol-178 by subcutancous
injection and considerably more active orally; in human subjects
the compound is also extremely active by oral administration.

Equilenin, Equilin, and Dihydroequilenins

Very large quantities of mares’ pregnancy urine processed by
GIrARD?2 using his reagent T furnished the equine oestrogens
( +)-equilenin and equilin possessing activities of 1/25 and 1/120,
respectively, of that of (+)-ocstrone; the isolation of a third sub-
stance ‘hippulin’ has not been confirmed. The epimeric 17-
dihydroequilenins have been obtained from mares’ pregnancy urine,
whilst (4-)-3-deoxyequilenin has also been isolated”.  These sub-
stances have not been detected in human pregnancy urine.

(4)-EQUILENIN (47a) and EQuiLiN (48)

These are bisdehydro- and monodchydro-derivatives of (-4-)-
oestrone (6). (4-)-Equilenin is readily recognized by formation of
an amorphous red compound on heating in air; it gives a stable
picrate and shows the ultra-violet absorption spectrum of a naph-
thalene derivative. Both (+)-cquilenin and equilin have been
degraded by way of the 3-methyl ether 17-methyl-ckrbinols to
7-methoxy-3' : 3'-dimethylcyclopentenophenanthrene  (16), which
establishes the location of the phenolic hydroxyl, angulaYy methyl,
and carbonyl groups™. (+)-Equilenin by oxidation with potas-
sium nitrosodisulphonate yiclds a 1ed 3 :4-quinone?; oxidation
with hypoiodite [see p. 124] or with hydrogen peroxide or performic
acid [see p. 126] leads to fission of ring D.  (+)-Equilenin acetate by
oxidation with chromium trioxide gives the 11-oxo-derivative?6 and
14¢-hydroxy-derivative, dehydrated to Al4-cquilenin acetate (72)
[see p. 122]77.

W — g
HO MeO HO
(47a) (16) (48)
(+)-Equ’llemn [-2H] Equillln

Equilin [ = A7-oestrone] ahsorbs 1 mol. of bromine, and by
dehydrogenation with palladium-ethanol at 80° gives (4)-
equilenin?8. It is isomerized by hydrogen chloride in hot acetic



THE OESTROGENS 119

acid to A8-14-isooestrone (49) and A9(11)-14-isooestrone (50), also
jsolated Dy partition chromatography from equine pregnancy
urine’.

0

Ao
HO Ho

«8) (49)
Equilin

(12) (6) (54)
(+)-Oestrone

Equilin by hydroxylation with osmium tctroxide gives the glycol
(51)89, which gives only a 3 : 7-diacetate, and by distillation in a
high vacuum yields 7-oxo-oestrone (52); this as the A6-enol acetate
by hydrogenation with palladium gives 7-hydroxyoestrone (53),
converted by successive treatment with phosphorus pentachloride
and sodium iodide-pyridine to A6-oestrone (54), which has one-
third the activity of (4)-oestrone in rats, and is hydrogenated with
palladium to (-)-oestrone (6). Both (+-)-oestronc and 7-oxo-
oestrone by Wolfl-Kishner reduction give 17-deoxo-oestrone (12)83.
These transformations show that (4-)-oestrone, (4)-equilenin, and
equilin have the same configuration at both C(;3) and Cy).

‘a’- and ‘B’-DIHYDROEQUILENIN

(+)-Equilenin (47a) by reduction with aluminium isopropoxide—
iso-propanol or hydrogenation with platinum-acetic acid gives
17-dihydrocquilenin-178 [‘a’-dihydroequilenin], accompanied by
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17-dihydroequilenin-17a [‘B’-dihydroequilenin]; hydrogenation in
ethanol-ether gives only the 178-cpimeride84,8s,86,87, More
vigorous catalytic hydrogenation leads to reduction of ring 4 and
to hydrogenolysis of the 3-hydroxyl group. 1-Methyl-17-dihydro-
equilenin-178 has been prepared0.

DIHYDROEQUILINS

Equilin by reduction with lithium aluminium hydride gives
dlhydroeqlulm-”ﬁ [==A7-0cstradiol-178] (28 ; use of sodium-ethanol
or aluminium sopr opoxulc—uoplopanol gives a mixture of this with
dihydroequilin-17a separated by partition chromatography79.

Total Synthesis of Equilenin

The first total synthesis of a natural oestrogenic hormone was
accomplished in 1939-1940 by BacmMann, Corr, and WiLps8s.
The synthesis starts from 7-methoxy-1-oxo-1: 2 : 3 : 4-tetrahydro-
phenanthrene (55), which by condensation with dimethyl oxalate
in presence of sodium methoxide in nitrogen gives the glyoxalate
(56), which is refractory to elimination of carbon monoxide by
pyrolysis89 but is smoothly converted to (57) by use of powdered
soft glass at 180°. The sodium-derivative of the ketonic ester (57)
is methylated and the C-methyl ketonic ester (58) condensed with
methyl bromoacetate. The hydroxy-ester (59) is converted,
through the chloride and the unsaturated ester, by reduction and,
finally, hydrolysis, into two stereoisomeric (-|-)-cts- and (4-)-trans-
7-methyl-bisdehydromarrianolic acids [(60a) trans: m.p. 213-214°;
(60b) cis: m.p. 222-225°] [see p. 12%] in about equal amounts.
The trans-acid via the dimethyl ester and partial hydrolysis
furnished the methyl hydrogen ester (61), converted by the Arndt-
Eistert procedurc into the dimethyl homo-ester (62), cyclized
by heating with sodium methoxide in nitrogen to (-}-)-16-carbo-
methoxyequilenin (63). Hydrolysis followed by decarboxylation
and demethylation gave (4-)-cquilenin (47), m.p. 278°, resolved
through the (—)-menthoxyacetate to give (+)-equilenin (47a),
identical with the natural hormone. (—)-Equilenin (47b), isolated
through the (4-)-menthoxyacetate, has about 1/13 of the oestrogenic
activity of (+)-cquilenin. The racemic cis-acid (60b) by a similar
series of reactions gave (:k)-14-iseequilenin (27), m.p. 223°, which
could not be resolved; the racemic cis-acid was therefore resolved
and the synthesis carried through on both the (—)-cis-acid (91b)
and the (+)-cis-acid (91a) [p. 121], to give respectively (+)-14-is0-
equilenin (27a) and (—)-14-isoequilenin (27b) [p. 114]. From 10g
of the ketone (55) about 2-5 g of (4)-equilenin and 2-5 g of (+)-
14-isoequilenin were obtained. Analogous syntheses of related
compounds have been recorded by BaciiMann90.
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A second total synthesis of equilenin by W. S. Jounson9! is basced
7-Methoxy-1-0x0-1 : 2 : 3 : 4-tetra-
hydrophenanthrene (55) with ethyl formate furnishes the formyl-

o=

T

HC!-HOAc

— -
9G-95%

o
:)
;
[@]
[
=
)
=
o
32
) %g&
> N @ |w
6‘ I zlo
%8
Lz
N

MeOQ,,

(47b)
(-)-Equilenin

(47a)
(+)-Equilenin

(62)

derivative (64) converted by hydroxylamine acetate into the
isoxazole (65), which with potassium fert.-butoxide gives the potas-
sium derivative of the oxo-nitrile (66) methylated to afford (67).
Stobbe condensation of (67) with dimethyl succinate gave (68)
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which undergoes a Thorpe reaction to give the imino-ester (69),
converted by dehydration, hydrolysis, and decarboxylation into the
unsaturated oxo-ester (70). Further hydrolysis at Cys) to the
carboxylic acid (71), and decarboxylation with baryta yielded Al4-
equilenin methyl ether (72); pyrolytic decarboxylation gave on the
contrary Al5-14-ispequilenin methyl ether. Hydrogenation of (72)
gave a readily separable mixture of (4-)-equilenin methyl ether
[as (47)] and (4-)-14-iso-equilenin methyl ether [as (27)]; hydro-
genation of the Al5-14-iso-isomeride gave only (27). Demethylation
gave (-+)-cquilenin, converted into (4-)-equilenin by resolution;
from 10 g of the ketone (55), about 3+3 g of (4)-equilenin may be
obtained in seven operations.

/CHOH

Me Vi
(55) (64) (65) (66)
lll N [H]
N ( “‘/L’C_N_ CHD-ﬂCOzMe o
, \T o -CH -COMe ™, CO,Me * CO,Me
(67) (68) (69) (70)
(o}
——'Qﬁcozﬂ = | —=
noot A
HO HO\ M
(71) (72) %7) 27)
(£)-Equilenin (£)-14-150Equilenin
63% 32%

A third total synthesis92 of (-f)-equilenin starts from 2-methyl-
7-methoxy-1-oxo-1: 2 : 3 : 4-tetrahydrophenanthrene (73), m.p.
110°, which by Stobbe condensation with dimethyl succinate yields

COzH

(73) (74) (75) (72)
(£)-414-Equilenin
methyl ether
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[after hydrolysis] two stereoisomeric dibasic acids (74), both de-
carboxylated to the acid (75), which by cyclization affords (--)-Al4-
equilenin methyl ether (72)92,

‘The total synthesis of (4-)-14-iseequilenin has been achicved by
BircH, JAEGER, and RosiNson%3. 6-Methoxy-2-naphthyl methyl
ketone (76) is condensed with furfural and the product (77) hydro-
lysed to the dioxo-acid (78), readily cyclized to (79); hydrogenation
and further cyclization gives the diketone (80). The 11-carbonyl
group is inert to ketonic reagents, but because of conjugation with
the aromatic system is removed by hydrogenation to give the 18-
nor-14-isoequilenin methyl ether (81). By blocking the 16-position

COCH,
—_—
MeQ

(76)

CH, %i
HO,C” )

(79) (80) (81)

18-Nor-14-1s0Equilenir
T methyl et ﬁer I

. Q&cww Q){ }/CHNMe Ié iﬁ

®2) (27)
(t)-14-1s0Equilenin

HO;C CHz CH2

m /YCO CH;
-‘.MeO

(78)

by formylation (82), and condensation to the methylanilinomethylene
derivative (83), methylation yields (84), hydrolysed and demethy-
lated to (4-)-14-isoequilenin [as (27)]. 18-Nor-14-isoequilenin (81)
has also been synthesized by BACHMANNY4; other noroestrane deriva-
tives have been prepared by Rorinson and Rypon9 and by
GoLpBERG and MULLERYS.

Oestrogenolic Acids

Oestriol (5) by fusion with potassium hydroxide gives (-)-trans-
marrianolic acid (8) [see p. 109], also obtained by permanganate
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oxidation of oestriol 3-methyl ether97 or via its 16-oximino-deriva-
tive98, but more readily prepared from (4)-oestrone (6) as benzyl
ether by oxidation with hypoiodite followed by hydrogenolysis of the
benzyl group®?. (+)-Oestrone or oestradiol-178 (1) by fusion with
potash gives (- )-trans-doisynolic acid (85), also obtainable by
reduction of the primary carboxyl group from (4 )-trans-marrianolic
acid; the structure of (85) follows from catalytic dehydrogena-
tion with palladium-charcoal to l-ethyl-2-methylphenanthr-7-ol,
reduced by =zinc-dust distillation to l-ethyl-2-methylphcnan-
threne99, 100,

(6) m
Qestriol (+)-Oestrone Oestradiol —1'43

/
N
\\ P LY
a CO;H
. /( H J—CH;COZH
( KH} B .
HON 2 HON,

(8) (85)
(+)-trans- Marrianolic acid (#)-trans-Doisynolic acid

Lumiocstrone [13-iso-ocstronc] (26) as the methyl or benzyl
ether by hypoiodite oxidation similarly affords (4-)-¢is-lumimarrian-
olic acid (86), converted into (4-)-cis-lumidoisynolic acid (87),
dehydrogenated to (+)-cis-bisdchydrodoisynolic acid (88a)101,102,
103

(4)-Equilenin (47a) by oxidation with hypoiodite yields (4)-
trans-bisdehydromarrianolic acid (89a), the methyl ether of which,
(+)-trans-7-methylbisdehydromarrianolic acid, is the (-4-)-enantio-
morph of the racemic acid, m.p. 213°, used by Bachmann for the
total synthesis of (-f-)-equilenin; (+)-equilenin or 17-dihydro-
equilenin-178 by fusion with potash at 275° give a mixture of
(+)-trans-bisdehydrodoisynolic acid (90a) and (—)-cis-bisdehydro-
doisynolic acid (88Dh), the latter being formed from the former by
inversion at Cy4)101,102,103,  (4-)-14-isoEquilenin (27a) by hypo-
iodite oxidation gives (—)-cis-bisdehydromarrianolic acid (91b),
the methyl ether of which is identical with the (—)-cis-acid used by
Bachmann for the total synthesis of (+4)-14-isoequilenin [see p. 114],
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converted into (— )-czx-blsdehydrodmsynohc acid (88b); since (4)-
14-isoequilenin has been converted via ( :}:)-czs-blsdehydromarrlan-
olic acid into (4-)-¢is-bisdehydrodoisynolic acid, in effect it is known
that (—)-14-isoequilenin (27b) gives (+)-cis-bisdehydromarrianolic
acid (91a) and (—I—)-cis-bisdchydrodoisynolic acid (88a)103, [The
set of formulae below gives a complete and consistent picture of

these transformations104.]
(-+)-trans-Bisdehydrodoisynolic acid (90a)
oestrus test in rats in doses of 200-300 y, but

is inactive in the
(—)-cis-bisdehydro-

. COH A S0
(la L
. o Y
(26) (86) 87) (88a)
Lumiocestrone (#)-c1s-Lumi- (+)- c1s-Lurmidoisy- (+)-c1s-Bisdehydro-

marnianolic acid nolic acid

doisynolic acid

' ( H COzH N CO;H
Yy /‘(;/\r'CHzCOzH /,\”,-\ .. r'El
TH ¢ {H
HO N \/ Ho AN N N .
(“7b) Bachmann's (89b) (90b)
(-)-Equilenin Synthesrs (-)- trans-Bisdehydro~  (-)-trans-Bisdehydro-
marnanolic acid doisynolic acid
0
J COH - 1. COH
3 : ¢
4 ! P U P
H0</ H _Koar;e {) [L j b A
“7a) (89a) ©90a)
(+)-Equitenin (+)-trans-Bisdehydro-  (+)-trans-Bisdehydro-
l KOH at 2750 marrianolic acid #? doisynolic acid
(0] ™ H KOH af 295°
/" N LO:H
& ) L _4--CH,COH A 4-oEt
o TH H
;—,_—K',pa’— B HO@L } —_— HO@
Bachmann’s synthesis
(27a) (91b) (88b)
(+)-14-1s0Equilenin (-)-crs-Bisdehydro- (-)-c1s-Bisdehydro—
marrianolic acid daisynolic acid
H CO;H ] 02H
CH;CO;H ’ Et
_KIogr2e __ H
~Bachmann's synthesis HO = HO
27b) (91a) ®88a)

(=)-14-1s0Equilenin

marnianolic acid

(+)-c1s-Bisdehydro -

(#)-cs-Bisdehydro-
doisynolic acid
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doisynolic acid (88b) and its methyl ether are fully active at 0-05 y;
this acid, the most potent oestrogen known, is inactive in man.
The various marrianolic acids and bisdehydromarrianolic acids
are devoid of oestrogenic activity. (4)-frans-Doisynolic acid (85) is
as active as oestrone. Various doisynolic, monodehydrodoisynolic [as

COM

H H
HO ) HO

,COH
2
- Et \H-Et

H

(92) _(93a)

HO'

. ,COH

(93b) ,

(*)-c1s-Monodehydrodoisynolic acid

(2)-cris-NDorsynolic acid -A

(92)], and bisdehydrodoisynolic acids have been synthesized105,
106,107; one of these, (].)-cis-doisynolic acid-A, (93a) and (93D),
m.p. 182° is active at a level of 0-05 y in rats.

The physical and physiological properties of some oestrogenolic

acids arc collected in Table X1.

Table X1

OESTROGENOLIC ACIDS*

Compound

(-1 )-cis-Bisdehy drodoisynolic acid (88a)
(—)-as-Bisdehydrodoisynolic acid (88h)
(-1-)-trans-Bisdchydrodowsynolic acid (90a)

(4 )-as-Bisdehydrodosynolic acid

(- )-trans-Bisdchydrodosynolic acid .

('t )-ci5-7-Methylbisdehydrodoisy nohie acid
(—)-aes-7-Methylbisdehydrodowynolic acid

(4 )-cis-7-Mcthylmonodehydrodoisynolic acid (92)
(4:)-trans-7-Methylmonodehy drodosynolic acid
(4)-trans-Daisynolic acid (85)
(i-)-cts-Lumidoisynolic acid (87)
(&)-c15-7-Methyldoisynolic acid-A (93)

160
160
256
20t
238
221
221
170
171
200
154
182

m.p.”

[a)s |

- 115
116

- 102
4 70

Physiol. activity

y per R.U.

y[subcut.]

10
005
200-300
0-1
100
15

0-05

0-7-1-0
250
0-05

y[oral]

01
500
15
005
0-1
3
1-5

0-05

* Originally, stereoisomeric ocstrogenolic acids were distinguished by the prefixes nosmal and 150 because 1t
was thought that, de ~Em‘ contrary rotatory powers, biologially active aads corresponded with biologically

active equilenin and

tologically mactive ‘aads with biologically mactive 11-1s0equilenin.

Later, 1t was

shown that this assumption was untenable, the formulae cmployed were mterchanged, and trivial indices
@ [—=n] and [ -1s0] were mtioduced, since the configurations are now known, the prefixes c1s [= a] and
trans [ = @] relative to the C(1)-ethyl group and the C(2)-carboxyl group are employed here.
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Many compounds structurally related to bisdehydrodoisynolic
acids have been prepared!08; high activity appcars to depend on
cis-orientation of C)-Et/C(3)-CO,H, but these groups must be
a-orientated as in (93a) and not S-orientated as in (93h).

Oestrogenolic Lactones
Oxidation of (-4-)-oestrone acetate (6a) with hydrogen peroxide or
peracetic acid gives the lactone (94), hydrolysed by alkali to the
sodium salt of a 3-hydroxy-acid, oestrolic acid (95), which is
liberated at pHs; oestrolic acid (95) with excess of acid gives the

AcQ HO

(6a) (94) (95)
QOestrolic acid

3-hydroxy-lactone [as (94)], and yields a methyl ester which is
easily hydrolysed by sodium hydrogen carbonate!09,110,  The same
lactone is formed by the action of x-rays on (4-)-ocstrone in aquecous
medialll, Bisdehydro-oestrolic acids and lactones have been pre-
pared from (+)-equilenin acetatell0, and from (--)-14-tsoequil.nin
acetatell2,

Oestrogens and Carcinogenesis
Every oestrogen in certain conditions can produce tumours of
organs concerned with reproduction and also at other sites; mam-
mary cancer in mice has been induced by oestrone, oestradiol-178,
and by equilin and equilenin.

THE GESTOGENS

Progesterone
Crude, potent fractions from corpora lutea of pregnant sows were
obtained by ALLENII3, but the pure hormone was first isolated in
1934 by ButenanpT!14 working in Berlin; shortly afterwards SLorta,
RusHig, and FEisllS, working at the University of Breslau, ALLEN
and W-NTERSTEINER!16 in the U.S.A., and HARTMANN and WETT-
STEIN!17 in Switzerland also described pure preparations. Minced
ovaries or corpora lutea are extracted with ethanol, and the residue
obtained by evaporation dissolved in ether: phospholipids are
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precipitated with acetone, whilst cholesterol and fats are frozen out
from methanol and acidic material removed with sodium hydrogen
carbonate. On distribution between petrol and 33%, ethanol,
progesterone goes into the former and oestrogens into the latter;
precipitation of the semicarbazone, hydrolysis of this, high vacuum
sublimation, chromatography, and crystallization afford pro-
gesterone together with 3B-hydroxyallopregnan-20-one.  Improved
procedures afford 50 mg of progesterone from 100 kg of sows’
ovaries = 25 kg of corpora lutea.

Structure and Synthesis

Progesterone (3) is dimorphous forming prisms, m.p. 128°, and
needles, m.p. 121°, [a], + 192°; it is an af-unsaturated ketone,
Amax, 240 mp. The correct structure was first suggested by Srorralls,
and proved by BuTteENanDpT!19.

CHs CHy
COH (|:O IO
l i ]

Hofi ]H R \i‘v}ﬁ >0’l\¢i~/’]H

(2) (3

Pregnenolone Progesterone

PR

Stigmasterol [p. 50] was degraded via 3B-hydroxybisnorchol-5-
enic acid (1) to 3B-hydroxypregn-5-en-20-one [pregnenolone] (2),
m.p. 190°, [a], -+ 28°; originally this was converted into pro-
gesterone (3) by direct oxidation with chromium trioxide or copper
oxidel20; subsequently, the change was accomplished by addition
of bromine, oxidation, and debromination!2! and by dehydrogena-
tion with aluminium isopropoxide!?2 or platinum black!23. Pro-
gesterone was also obtained from pregnane-3a : 20a-diol (4), m.p.
242°, [a]p + 27°, of pregnancy urine by oxidation to pregnane-3 :
20-dione (5), bromination at C), and dehydrobromination with

(6)
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pyridine; Clemmensen reduction of the diketone (5) furnished
pregnane (6)124.  Similarly, oxidation of allopregnanolone (7), m.p.
194°, [a]p + 91°, gave allopregnane-3 : 20-dione (8) reduced to

ClHa (,ZHa

)] (8)

allopregnane (9)125. Progesterone has also been obtained by direct
oxidation of cholesterol in 0-3%, yieldi26, by oxidation of cholest-4-
en-3-onel??, and from deoxycorticosterone [:= 21-hydroxypro-
gesterone]l28. A commercial process has been based on the
following synthesis by BUTENANDT et al.129; dehydroepiandro.terone
acetate (10) [see p. 140] is converted through the 17-epimeric cyano-
hydrins (11) to the unsaturated nitrile (12), which with methyl
magnesium bromide gives 3B-hydroxypregna-5 : 16-dien-17-one
(13), the activated Al6-linkage being sclectively hydrogenated with
nickel in alkaline solution to give pregnenolone (2), oxidized to
progesterone (3).

CN_ OH

e CN

(10) an (12)

CHs (,ZH;,

(13) (2)

In 1944 Miescuer and WETTSTEINI30 employed their side-chain
degradation procedure [p. 26] to convert 3B-hydroxychol-5-enic
acid (14), a by-product of the manufacture of dechydroepiandro-
sterone from cholesterol, into pregnenolone (2) and thence into

9
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progesterone (3) by three different routes, one of which is shown
helow:

HO
a7 (18) 2

If N-bromosuccinimide is used with irradiation, bromination at
C(22) of 24 : 24-diphenylchol-23-cnes [cf. (16) - (17)] proceeds so
rapidly that 3-ketones and A4-3-ketones can be employed. This
observation affords a fourth route to progesterone; Oppenauer
oxidation of (15) gives the A4-3-kctone (19), which yields the 22-
bromo-compound (20), dehydrobrominated by boiling dimethyl-
aniline to the 20(22) : 23-dicne (21), which by oxidation with
chromium trioxide at 0° gives progesterone. Alternatively, the
acetoxychlorodiene (18) may be hydrolysed with hydrogen chloride

22

(19) (20) (21

Progesterone (3)
} qHs
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to the hydroxychlorodene (22) and oxidized with chromium trioxide
at 0° to the Sa-chloro-3: 20-diketone (23) [fifth route], or the
sequencc may be reversed [sixth route]; the chlorodiketone (23)
with potassium carbonate gives progesteroncl3l,

The preparation of progesterone from ergosterol and stigmasterol
has been reported!32, and its preparation from sapogenins is de-
scribed later [p. 291]; the total synthesis has already been given
[p- 46]. Radioprogesterone-[4-14C:] has been prepared!*3.

Progesterone, by fermentation with Rhizopus strains, undergoes
hydroxylation to give 1la-hydroxyprogesterone (24) and 68 : 1la-
dihydroxyprogesteronc (25)134, 135, 136, 137,

(|:H3 C!Hs
co co
HO- /b
Ho— B i
0 0

H
3 (24) (25)

o
co

17a-Hydroxyprogesterone similarly gives 1lla : 17a-dihydroxypro-
gesteronc!38, 139 and 68 : 17a-dihydroxyprogesteronel37, 1385 A6-pro-
gesterone, pregnane-3 : 20-dione (5), and allopregnanc-3 : 20-dionc
(8) afford the 1la-hydroxy derivatives!38, but with strains of
Gliocladium, Penicillium, and Aspergillus microbiological degradation
of the side chain to Cjg-ketones occurs!40. The production of 1la-
hydroxyprogesterone (24) in 959 yield permits an cight-stage
synthesis of cortisonc [—= 11-0x0-17a : 21-dihydroxyprogesterone] 141,
and the preparation of cortisol [ = 118: 17a : 21-trihydroxypro-
gesterone]142, The adreno-cortical hormones are hydroxylated
progesterones and numerous analogucs including 2a-hydroxypro-
gesteroncl43,  68-hydroxyprogesteronc!44,  118-hydroxyprogester-
onel4s, 146, 147, 12¢-hydroxyprogesteronc!48, 14f-hydroxyprogester-
onel49,  16a-hydroxyprogesteronels0,  17a-hydroxyprogesterone
[see p. 183], 19-hydroxyprogestcrone!Sl, 152, and 21-hydrqup.ro-
gesterone [= DOCA ; see p. 183] have been described.  Oxidation
of those compounds containing secondary hydroxyl groups affords
the related triketoncs, e.g. 11-ketoprogesteronel4s, 146, 153,

Isomerides of Progesterone

Pregnenolone (2) by treatment with hot methanolic potassiur’n
hydroxide gives an equilibrium mixturc of pregnenolone [(2) :~70%)]
and 17-isopregnenolone [(26) : ~ 30%], m.p. 173°, [a], — 140°,
oxidized by the Oppenauer method to 17-isoprogesteronc (27), m.p.
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145°, [a]p 0°, which is isomerized to progesterone by alcoholic
hydrogen chloridels4, 155; similarly, allopregnanolone (7) gives 17-
tsoallopregnanolone, pregnane-3 : 20-dione (5) gives 17-isopregnane-
3 : 20-dione, and allopregnane-3 : 20-dione (8) gives 17-isoallopreg-
nane-3 : 20-dionel36, 157, 158,  Al6-Progesterone is converted by
Rhizopus to 1la-hydroxy-17-isoprogesteronel!sd. 14-n-17-is0- and
A14.17-is0-Steroids!49, 160 are more laevorotatory and less stable than
their 14-n-17-n- and Al4-17-n-isomerides. 17-isoPregnenolone (26)
and 17-isoallopregnenolone, despite possession of a 3B-hydroxyl
group, do not form insoluble digitonides, and this enables their
preparation in a pure statels9,

CHs CH, CHy
co Co co

HO HO 0

2 (26) @7
17-1soProgesterone

Hydrogenation of Al4- or Al6-steroids leads to saturated com-
pounds of the 14-n-17-n-series, but Al4:16-dienes yield 14-iso-17-iso-
steroids!6l, 162; thus hydrogenation with palladium of the Al4:16.
ketol (28) gives 14-iso-17-isopregnenolone (29), m.p. 205°, [a]p
— 14°, converted by Oppenauer oxidation into 14-iso-17-isopro-
gesterone (30), m.p. 107°, [a], + 39°163, 164, In the 14-iso-series,

the 17-iso-ketone is more stable than the 17-n-ketone!49, 165,

c b
) :
]
——— X\ V-
HO HO® v v o
(28) (29) (30)

14-150-17-1s0 Progesterone

Progestational Activity and Structure

Progesterone is distinguished from other sex hormones by the
relatively enormous dose required [the international rabbit unit =
1 mg] and by structural specificity. The A4-3-keto grouping in
ring 4 is essential and allopregn-1-ene-3 : 20-dionel66, and pregn-5-
ene-3 : 20-dionel67 are inactive. Additional double bonds may
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increase or decrease activity; AS-progesteronel68 has one-third,
A9S(11)-progesteroncl48, 169,170 has one-half, All-progesteronel! has
thrice, whilst Al6-progesteronel72,173 has one-hundredth the activity
of progesterone. 6B-Acetoxyprogesteronel44 is one-third, 19-hy-
droxyprogesteronelsl, 152 is one-fiftieth, and 21-hydroxyprogesterone
[= deoxycorticosterone] is one-tenth as active, but 148-hydroxy-
progesteronel49 and 17a-hydroxyprogesterone are inactive. 19-nor-
Progesteronel’4 is four to eight times as active, and 2l-norpro-
gesteronel7s is one-tenth as active, whilst 17a-methylprogesteronel76
is twice as active but 21-methylprogesteronel?7 is only about one-
tenth as active as progestcrone, and 2l-ethylprogesteronel78 is
inactive; both the 20-epimerides of norchol-4-ene-3 : 22-dionel79, 180
are inactive. Reduction of the 20-keto group of progesterone to
pregn-4-en-20a-ol-3-one decreases the activity166,181, 17q-Ethinyl-
testosterone!82, 183 [ = 17-isopregnenynolone] (31), readily obtained
from dehydroepiandrosterone (10) by addition of acetylene and
Oppenauer oxidation of the product, its All-analoguel84, and its
partial reduction product 17a-vinyltestosteronel8s, 186 (32), are
somewhat less active than progesterone by subcutaneous injection,
but much more active by oral administration!87; 19-nor-17a-
ethinyltestosterone (33) is the most active oral gestogen!88. Secveral
androgens, e.g. androst-4-en-3 : 17-dione and 17a-methyltesto-
sterone, are active as gestogens.

@30

Progesterone Metabolism

Progesterone in the organism is derived, at least in part, from
cholesterol!89; pregnane-3a : 20a-diol (4), excreted as the 3-glucuro-
nide in pregnancy urine, and allopregnanolone (7), found in ovarian
extracts, are biological reduction products.

Pregnane and alloPregnane Derivatives

Progesterone is one member of a large group of compounds, derived
from pregnane (6) or allopregnane (9), which includes the adreno-
cortical substances [see p. 168]. For preparation of allopregnane
derivatives, the usual starting material is 3B-hydroxypregn-5-en-
20-one (2), which is available commercially, whilst hydrogena-
tion with platinum in presence of strong acids [HCIO4, HBr] of
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3a-substituted pregn-5-enes leads to pregnane derivatives!90.
y-Sapogenins may be oxidized to pregn-16-en-3-0l-20-ones or
allopregn-16-en-3-0l-20-oncs  [see p. 290], from which various
pregnane and allopregnane derivatives may be prepared.

Pregnane-3a : 20a-diol (4) cannot be prepared by hydrogenation
of pregnane-3 : 20-dione (5), and is obtained by reduction with
sodium-ethanol of pregn-16-en-3a-0l-20-one, available from is-epi-
sarsasapogenin; pregnane-38: 20a-diol is obtained by sodium-
ethanol reduction of pregn-16-en-38-0l-20-one, available from
-sarsasapogenin.  Such Al6-pregnen-20-ones of the n- or allo-
serics are preferentially hydrogenated at the Al6-double bond by
palladium, or by nickel in an alkaline medium; thus pregna-5 :
16-dien-3B-01-20-one from y-diosgenin gives pregnenolone (2).
Hydrogenation of pregnane-3 : 20-dione (5) gives pregnanc-3a :
20B-diol in acidic media and pregnane-38: 20B-diol in neutral
media; the 3-keto-group is reduced first, and pregnan-3a-ol-20-one,
also available by Miescher-Wettstein degradation of lithocholic
acid91, and pregnan-3B-0l-20-one are readily obtained by partial
hydrogenation. Reduction of pregnan-3a-ol-20-one with sodium-
ethanol or nickel-hydrogen gives hoth pregnanc-3a : 20a-diol (4)
and pregnane-3a : 208-diol, whilst use of platinum hydrogen-acetic
acid gives mainly the latter!91,192; the supposition of MARKERI93
that hydrogenation of 20-ketosteroids in ncutral media gives only
a single 20-hydroxy-steroid is incorrect. By analogous methods
the allopregnane-3 : 20-diols and allopregnanolones have been
obtained from allopregnane-3 : 20-dione and {rom -tigogenin and
Y-epitigogenin.  3a- and 38-Hydroxyl groups arc more reactive than
20a- or 20B-hydroxyl groups, so that preferential acetylation at C3),
or partial hydrolysis at C3) of a 3 : 20-diacetate, can be accom-
plished and permits the preparation of 3-substituted or 20-sub-
stituted derivatives; 20-hydroxyl groups cannot be epimerized!93,
Pregnane- or alloprcgnanc 3 : 168 : 20a-triols can be obtained by
peroxidation of sapogenins, whilst ih-sapogenins by oxidative fission
and subsequent reduction afford epimeric 3 : 168 : 208 triols194.

Pregnan- or allopregnan-20-ones are oxidized by persulphuric
acid193, performic acid!96, and other peracids to 17-acyloxysteroids
with retention of configuration at C(;7)197.198 by the following
mechanism199; 200;

~

CHy CHj CHy
- - [}
cl-—o18 —— Ph-C0-0-0-C¥6® = PhCO 8+0-C=0"
: i
H .- -
A A N

17-n-20-Ketones of the pregnane or allopregnane serics [as (34)]
give androstan-178-yl or aetiocholan-178-yl acetates [as (35)],
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whilst the 17-i50-20-ketones [as (36)] give the epimeric 17a-yl
acetates [as (37)]; the appropriate 21-acctoxy-20-kctones and the
corresponding aectio-acids are also formed.

H H3
0:COCH, 0 COCH3

—»Qﬁ /QJ—* )&

(34) (35) (36) (37

17-n-20-Ketones of the pregnane, allopregnane, and pregn-5-ene
series [as (34)] afford two types of enol acetates. Thus pregnanol-
one20l, gllopregnanolone (7)201,202, and pregnenolone (2)203,204
heated with acetic anhydride and an acidic catalyst [toluene-p-
sulphonic, sulphosalicyclic, or perchloric acid] give Al7(20)-cnol
diacetates [as (38)], which give yellow colours with tetranitro-
methane and 17-ketones by ozonolysis. Although it has been
reported205 that in benzene solution isopropenyl acctate and toluenc-
p-sulphonic acid do not react with 20-keto-steroids, pregnenolone (2)
by distillation with isopropenyl acetate and toluene-p-sulphonic acid
or heating with zsopropenyl acetate and sulphuric acid gives the
A20-cnol diacctate (39)206,207; allopregnanolone (7) by heating
with isopropenyl acetate and sulphuric acid likewise gives the
A20-enol diacetate207. "These A20-cnol acctates give no colour with
tetranitromethane and by ozonolysis yield the aetio-acids.
Me ﬁHZ C|H2

|
C—O0Ac C—0Ac C—0Ac

Ac AcO AcO
(38) (39) (40)

A17(20)-Enol acetates (38) react with N-bromosuccinimide by a
radical mechanism to give A16-20-ketones208; A20-enol acetates (39)
react with N-iodosuccinimide by an ionic mechanism to give 21-
iodo-20-ketones, whilst A16:20-dienol acctates (40) yicld A16-21-iodo-
20-ketones209, 17-n-Ketones [as (34)] by heating with ethanolic
ethyl orthoformate and a trace of sulphuric acid give a mixture of
A17(20,- and A20-enol ethers210,

Pregnene derivatives are available by use of the usual methods for
introducing unsaturation [see pp. 71 and 72]; thus pregnane-3 : 20-
dione (5) gives the 4B-bromo-compound dehydrobrominated with
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pyridine or collidine to pregn-4-ene-3 : 20-dione [= progesterone]
[see p. 128]. alloPregnane-3 : 20-dione (8) gives the 2a-bromo-
derivative, converted by dehydrobromination with pyridine or
collidine to allopregn-1-ene-3 : 20-dionel66, and by potassium
acetate-acetic acid to pregn-5-en-4 : 20-dione2!l. The best method
for conversion of 3-hydroxypregn-5-enes to Aé4-3-ketones is the
Oppenauer method with acetone or ¢yclohexanone, whilst use of
quinone as hydrogen acceptor leads to A4:6-3-ketones2!2. Pregn-
11-enes are obtained by elimination reactions from 12a-toluene-p-
sulphonates213 and from 12-triakylammonium salts214; pregn-9-cnes
have been prepared by elimination rcactions from both 118- and
11la-hydroxy-derivativesl70,215-220, Other reactions leading to
pregnenes are dealt with in connection with the androgens and with
the adreno-cortical hormones [see p. 184].

SEX HORMONES

URINARY C,;-STEROIDS

The following forty-five Cs-steroids have been isolated from
urines272,273; pregnane-3a : 20a-diol, allopregnane-3a : 20a-diol, and
-38 : 20a-diol probably arise by metabolic reduction of progesterone,
whilst the compounds with an 11-oxygen substituent are almost cer-
tainly derived from the adreno-cortical substances [se¢ Chapter IV]:

alloPREGN-2-EN-20-ONE
3a-HYDROXYPREGN-16-EN-20-ONE
alloPREGNANE-3 : 20-pIONE (8)
PrEGNANE-3 : 20-pDIONE (5)
3a-HyDROXYAalloPREGNAN-20-ONE
38-HyproxYalloPREGNAN-20-ONE (7)
3a-HYDROXYPREGNAN-20-ONE
3a-HYDROXY-17-i50PREGNAN-20-ONE
alloPREGNANE - 3a : 20a-pIOL  DI-
ACETATE
alloPREGNANE - 38 : 20a-DIOL  DI-
ACETATE
PrREGNANE-3a : 20a-pDIOL (4)
PREGNANE-3a : 20a-DIOL DIACETATE
PREGNANE-38 : 20a-DIOL DIACETATE
17a-METHYL - D - HOMOANDROSTANE -
38 : 17aa-DIOL DIACETATE
3B : 17a-DIHYDROXYPREGN-5-EN-20-
ONE [ACETATE]
38 : 21-DiHYDROXYPREGN-5-EN-20-
ONE
3a-HYDROXYPREGNANE-11:20-DIONE
3a:20a-DIACETOXYPREGNAN-11-ONE
3a : 6a-DinyproxyalloPREGNAN-20 -
ONE
38 : 6a-DinyDROXYalloPREGNAN-20 -
ONE

3a : 6a-DinYyDROXYPREGNAN-20-ONE

3a : 118-DinYDROXYPREGNAN -20 -
ONE

3a : 17a - DinYDROXYalloPREGNAN -
20-0NE

3a : 17a- DIHYDROXYPREGNAN ~ 20 -
ONE

3B : 17a-DIHYDROXYPREGNAN -20-
ONE

3a: 17ae-DiiyDROXY-172B-METHYL-
D-HOMOAETIOCHOLAN-17-ONE

3a: 17aB-DinypROXY-1720a-METHYL-
D-HOMOAETIOCHOLAN-17-ONE

3a : 17a-Dinybproxy-178-METHYL-
D-HOMOAETIOCHOLAN-174-ONE

PREGNANE-3a : 118 : 20a-TRIOL 3 :
20-DIACETATE

alloPREGNANE-38 : 16a : 20a -TRIOL
TRIACETATE

PrREGNANE-3a: 17a : 20a-TRIOL 3 :
20-DIACETATE

3a: 17a-DIHYDROXYPREGNANE-11 ¢
20-DIONE

3a : 20a-DiACETOXY-17a-HYDROXY-
PREGNAN-11-ONE

3a : 118 : 21 - TrinyDROXYall0 -
PREGNAN-20-ONE
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3a : 118 : 21-TRIHYDROXYPREGNAN-  3a : 20a : 21 - TRIAGETOXY - 17a -

20-oNE HYDROXYPREGNAN-11-ONE
PREGNANE-3a : 118 : 17a : 20a- 3a : 208 : 21 - TRIACETOXY - 17a -
TETROL 3 : 20-DIACETATE HYDROXYPREGNAN-11-ONE
CORTISONE ACETATE PreGNANE-3a : 118 174 : 20a : 21-
CORTISOL. ACETATE PENTOL
3a : 21-DiaceToxy-17e-115yDROXY- PREGNANE-3a: 118:17a : 208 :21-
PREGNANE-11 : 20-DIONE PENTOL

3a : 21 -Diaceroxy-118: 17a-DI1-
HYDROXYPREGNAN-20-ONE

THE ANDROGENS

Compounds have been isolated from the urine of males, females,
and eunuchs, and from testicular extracts, which by injection into
castrated or immature males cause restoration or development,
respectively, of the male genital organs [seminal vesicles, penis, vas
deferens, prostate, Cowper glands] and secondary sexual character-
istics. These arc the so-called male hormones or androgens [Gr.
andro, male] of which testosterone, androsterone, and dehydroepi-
androsterone are the most important.

For bioassay, the effect of the hormone in promoting comb-
growth in capons may be uscd?2!; the capon unit is defined as the
amount of compound which, administered to cach of threc capons
on two successive days, produces during the course of the third and
fourth days an average increase of 209, in comb-area measured on
a shadow-graph with a planimeter222,223, The international unit
[I.U.] is the androgenic activity of 0-1 mg [= 100y] of andro-
sterone. Alternatively, the effect on the growth of the accessory
sex organs in castrated and in immature rats [or mice] may be used.

Isolation of Urinary Androgens

Male urine is extracted with chloroform, acidic and phenolic
compounds removed with dilute alkali, and the neutral fraction
hydrolysed with hot hydrochloric acid. The unhydrolysed fraction
is dissolved in benzene, the solution diluted largely with petrol, and
the active material extracted with 609, ethanol. Further purifica-
tion is achieved by high vacuum sublimation, conversion to ketonic
derivatives [e.g. oxime], crystallization thereof, and regeneration by
hydrolysis222,

The natural androgens and their transformation products are
derivatives of androstane (1) and aetiocholane [5-isoandrostane] (2).

oFe b

(M
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Androsterone

Androsterone, CigH3y0, was isolated in 1931 by BUTENANDT224;
15,000 litres of normal male urine gave 15 mg of crystalline andro-
sterone, although bioassay indicates a content of 1 mg/litre, of which
some 25%, can now be isolated. The hormone was characterized
as a hydroxyketonc [acetate, oxime, semicarbazone] and on the basis
of the molecular formula, which indicates the presence of four
reduced rings, Butenandt, in 1932, suggested the correct formula
(3), apart from stereochemical detail, when only 25 mg of the
hormone had been obtained.

In 1934 Ruzicka converted cholestanyl acetate by oxidative
removal of the side chain into a ketone of the structure suggested
by Butenandt; the product was epiandrosterone [formerly called
isoandrosterone] (4), m.p. 174°, [a], -}- 88°, one-scventh as active
as androsterone225. Androstcrone (3) was similarly obtained from
epicholestanyl acctate226,227, and 3a-hydroxyactiocholan-17-one (5)
and 3B-hydroxyactiocholan-17-one (6) from coprostanyl and epi-
coprostanyl acetate, respectively?26,  Despite poor yields these
degradations establish the structurcs of androsterone, epiandro-
sterone, and their isomerides.

OI o] o}
Sapvse
AN /( 4 :
I i T H
N4 :
8 HO H HO H
(3 (4) (5) (6)
Androsterone epiAndrosterone 3 e -Hydroxyaetio- 34 - Hydroxyaetio-
cholan-17-one cholan-17-one
mp 1839, [a]p*+94° mp174° (@], +88° mp18I°, [«], +105° mp152°, [af]*89°
1U 100 U 700y inactive inactive

As an alternative to the route: cholesterol ——> ¢picholestanol
—s androsterone, Ruzicka has described the sequence: cholesterol
——> epicholestanol —o— 3B-chlorocholestane —— androsterone?28,
and Marker the route: cholesterol —> cholesteryl chloride —
3B-chlorocholestane —o— androsterone??9.  Other partial syntheses
involve degradation of 3B-hydroxyallocholanic acid230 and epi-
stigmastanol23l. The best method of preparation is from dehydro-
epiandrosteronc (15), an intermediate in the commercial production
of testosterone, which is converted by treatment with phosphorus
pentachloride with retention of configuration at C(3) into 3B-chloro-
androst-5-en-17-one (16)232,233; hydrogenation with palladium
gives 3B-chloroandrostan-17-one (17), which undergoes acetolysis
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with inve -ion to give [after alkaline hydrolysis] androsterone (3)234,
Alternatively, epiandrosterone (4) can be converted into andro-
sterone in 619, yield234a,

The total synthesis of androsterone has been described by
Woopwarp235, and that of epiandrostecrone by CornrorTH and
RoBINsON236 [see pp. 45 and 46]. A total synthesis of ( | )-epiandro-
sterone of striking simplicity has been given by Jounson237,

Me OMe

(13) (16) (@)

5-Methoxy-2-tetralone (7) by successive condensation with
l-dimethylaminopentan-3-one methiodide and methyl vinyl ketone
gave the tricyclic ketonc (8) and the tetracyclic n-homoketone (9);
reduction with lithium and ethanol in liquid ammonia and hydro-
genation introduced six new centres of asymmetry to furnish a
single product (4)-18-nor-p-homoepiandrosterone [as  (10)].
Methylation of the furfurylidene derivative introduced the Cg3)-
methyl group to give the racemates represented by (11) and (13);
thereafter ozonolysis of (13) furnished the dicarboxylic acid [as
(14)], cyclized, hydrolysed, and decarboxylated to (4-)-epiandro-
sterone [as (4)]; the racemate represented by (11) similarly afforded
(&4)-lumiepiandrosterone [as (12)].
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3a-Hydroxyaetiocholan-17-one (5) has also been obtained by
oxidation of 3a-acetoxycholanic acid [= lithocholic acid acetate]
with chromium trioxide238,239,

0 0
H f H
H ol A
(15) (16) )]
Dehydroepiandrosterone
mp. 153, [l +1° l .
LU 200 \
H
H

Dehydroepiandrosterone
Dehydrogpiandrosterone, CjgH,30, (15), an unsaturated hydroxy-
ketone, and the related chloride, 38-chloroandrost-5-en-17-one (16),
were isolated in 1934 from male urine by BureNanDT224. The
chloride is formed by esterification during hydrochloric acid
hydrolysis of the urine, and regenerates dehydroepiandrosterone by
treatment with benzoate ions in molten benzoic acid, and sub-
sequent alkaline hydrolysis; hydrogenation of the chloroketone (16)
with palladium in ethanol or acetic acid yields 3f8-chloroandrostan-
17-one (17), which by acetolysis undergoes substitution with in-
version to give, after alkaline hydrolysis, androsterone (3)234,240,
The 3B-chloroketone (17) is obtained by treatment of androsterone
(3) with phosphorus pentachloride and from epiandrosterone (4)
with thionyl chloride. The 3a-chloroketone (18) is obtained from
androsterone (3) using thionyl chloride, or from epiandrosterone (4)
with phosphorus pentachloride, and acetolysis and subsequent
alkaline hydrolysis regenerates epiandrosterone (4)228,240,241,242,
Dehydroepiandrosterone has a 38-hydroxyl group, and is the 5 : 6-
dehydro-derivative, not of androsterone (3), but of ¢piandrosterone
(4). Its structure is confirmed by partial synthesis of its acetate
from cholesteryl acetate dibromide243,244, and from sitosteryl acetate
dibromide245, and by hydrogenation to epiandrosterone (4) accom-
panied by 109, of 3B-hydroxyactiocholan-17-one (6)246, The
3a-hydroxy-epimeride of (15) is known247.
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Testosterone

Testosterone, CigH,30,, was isolated in 1935 by LAQUEUR248 from
testis tissue. The testicular hormone is an af-unsaturated hydroxy-
ketone [acetate, oxime] with Amax, 240 my, some 10 times as potent
as androsterone; its structural formula (19) was established by
DAvip249 by oxidation with chromium trioxide to androst-4-en-3 :
17-dione (20), which is readily obtained from dehydroepiandro-
sterone (15) by Oppenauer oxidation, and which can be reconverted
to testosterone230, 251,252,252a,

OH 0 (0]
2/%9‘5 T w& - w
0 0 HO

(19) (20) (15
Testosterone
mp 1559 [, +109°
1U 10-15 p

Testosterone was prepared simultaneously, independently, and
by the same method in 1935 by ButenanpT253 and by Ruzicka254,
Dehydroepiandrosterone (15) was reduced with sodium-propanol to
androst-5-ene-38 : 178-diol [(21): R! =- R2 == H], converted by
partial hydrolysis of the diacetate to the 17-monoacetate [(21):
R! = H; R2 = Ac]; this was originally oxidized as the 5a : 68-
dibromide with chromium trioxide, and subsequently with alumin-
ium fert.-butoxide—acetone255, to testosterone (19).

HO
(15) (2)] (19)

The transformation [(15)—(19)] can be achieved in 81%, yield
microbiologically, but proceeds via androst-4-ene-3 : 17-dione
(20)256, Improved partial syntheses of testosterone have been
described257,258, and the simplest partial synthesis is probably that
of ROSENKRANZ259 from androst-4-cne-3 : 17-dione by reduction
with lithium aluminium hydride to the mixture of 3-epimerides
represented by (22), which by oxidation with manganese dioxide in
chloroform at 20° gives a 90%, overall yield of testosterone (19).
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The total synthesis of testosterone has been accomplished by W. S,
Jomnson259 and testosterone has been obtained from sarsasapogenin
and diosgenin260; radiotestosterone-[4-14C] has been prepared26l,

A

(20) (22) (19)

TI--

The C(;9)-hydroxyl group in testosterone was originally assigned
the a-configuration by Ruzicka262 hecause esters of testosterone are
more rapidly hydrolysed than those of 17-¢pitestosteronc (34), m.p.
220°, [a]p + 71°, which was obtained from the androst-5-ene-38 :
17a-diol isolated from residues of large-scale preparations of
androst-5-ene-38 : 178-diol [(21): Rl =R2 -H]J263, This assignment
has been invalidated by studies of the rates of hydrolysis of 17-
cpimeric aetiocarboxylic acid methyl esters264 265; in conformity
with the molecular rotations of the two compounds PLATTNER 266
suggested that testosterone is a 178-hydroxy-compound whilst
epitestosterone is a 17a-hydroxy-compound, and this has been
shown to be correct. Testosterone (19) by hydrogenation with
palladium?257,267 gives dihydrotestosteronce (23), m.p. 181°, [a]p
+ 32°, converted by Clemmensen reduction into androstan-178-ol
(24)267; alternatively, testosterone as the propionate by treatment
with phosphorus oxychloride-pyridine gives the enol pyridinium
chloride (25), pyrolysed at 50-150°/0-001 mm to androsta-3:5:
7-trien-178-yl propionate (26), which by hydrogenation with
platinum-acetic acid gives androstan-17B-yl propionate (27)268,
The conﬁguration of androstan-17B-ol follows from its production

OH H

o

H
@3 (24)

0-COEt 1 0-COEt

(26) (27
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from allopregnan-20-one by oxidation with peracetic acid260 [see
p. 134], and is confirmed by comparison of its molecular rotation
with that of androstan-17a-01269,

Testosterone has been transformed into the natural oestrogenic
hormones oestradiol-178, (+)-oestrone, and (4-)-equilenin270,
Testosterone acetate [(28): R == OAc] with N-bromosuccinimide
gives the 2 : 2-dibromo-compound dehydrobrominated with colli-
dine to androsta-1:4:6-trien-3-on-178-yl acctate [(29): R =
OAc], also obtained from androsta-1 : 4-dien-3-on-17B-yl acetate
[(30): R -- OAc] by conversion with N-bromosuccinimide to the
6-bromide and dehydrobromination with collidine. Androst-4-
enc-3 : 17-dionc [(28): R -=: O] similarly affords androsta-1:4 :
6-triene-3 : 17-dione [(29): R =: O].

(€))] (32 (33)

Aromatization of these tricnes in mineral oil at 600° gives 40%, of
Ab-ocstradiol-178 17-monoacetate [(32): R = OAc], casily hydro-
genated with palladium and hydrolysed to ocstradiol-178 [(31): R
== OH], or of Ab-oestrone [(32): R = : O], smoothly hydrogenated
with palladium to (-)-oestrone [(31): R == : O] and readily de-
hydrogenated as the 3-acetate by selenium dioxide in acetic acid to
(+)-equilenin acetate, hydrolysed to (4-)-equilenin [(33): R = O].

Other Constituents of Testicular Extracts and Urine

Numerous other compounds have been isolated from testicular
extracts: cholest-4-en-3-one, cholesta-4 : 6-dien-3-one, 38-hydroxy-
allopregnan-20-one, 3B-hydroxypregn-4-en-20-one, 3a-hydroxy-
androst-16-ene (37), and 3B-hydroxyandrost-16-ene (38). The
last named two compounds have a musk-like odour and have been
prepared from epitestosterone (34) via dihydroepitestosterone (35),
m.p. 180° [a], + 5°; this as the hexahydrobenzoate by pyrolysis
gives androst-16-en-3-one (36) which possesses a penetrating
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‘urine’ smell and by Meerwein-Ponndorf reduction and digitonin

separation gives (37) and (38).

These compounds bear a curious

formal resemblance to the 17-membered ring ketone, civetone, but
the two cis-A/B-epimerides of (37) and (38) are odourless271,

(34)

ep Testosterone

(38)

Systematic chromatographic separation of urinary steroids272 has
furnished eighty-four substances, of which the following thirty-nine

are Cjg-compounds272 273;

ANDROST-2-EN-17-ONE

ANDROSTA-3 : 5-DIEN-17-ONE

ANDROST-16-EN-3a-OL

ANDROST-1-ENE-3 : 17-DIONE

ANDROST-4-ENE-3 : 17-DIONE (20)

ANDROSTA-4 : 6-DIENE-3 : 17-DIONE

17a-HYDROXYANDROST-4-EN -3 - ONE
(34)

178-HYDROXYANDROST-4 -EN-3-ONE
(19)

3B8-HYDROXYANDROST-5-EN-17-ONE
(15)

3B -CHLOROANDROST-5-EN- 17 -0ONE
(16)

3a-HyDROXYANDROST-9(11) -EN-17-
ONE

3B-Hyproxvanprost-9(11) -En-17-
ONE

3a-HyproxyvaeriocHoL-9(11) -EN-
17-oNE

3B-HyproxyAETIOCHOL-9(11) -EN-
17-oNE

ANDROSTANE-3 : 17-DIONE

AETIOCHOLANE-3 : 17-DIONE

3a-HYDROXYANDROSTAN-17-ONE (3)

3B-HYDROXYANDROSTAN-17-ONE (4)

3a - HYDROXYAETIOCHOLAN - 17 -ONE
(5)

3B - HYDROXYAETIOCHOLAN - 1 7-ONE
(6)

ANDROSTANE-3a : 178-DIOL DIACET-

ATE

ANDROSTANE-38 : 178-DIOL DIACET-
ATE

AETIOCHOLANE-3a : 17a-DIOL [DI-
ACETATE]

AETIOCHOLANE-3a : 178-DIOL DI-
ACETATE

11a-HYDROXYANDROST- 4 -ENE-3 :
17-p1oNE

38-HYDROXYANDROST - 5 - ENE-7 :
17-pIONE

AETIOCHOLANE-3 : 11 : 17-TRIONE
118-HYDROXYANDROSTANE-3 : 17-

DIONE

118-HYDROXYAETIOCHOLANE-3 : 17-
DIONE

3a-HYDROXYANDROSTANE-11 : 17-
DIONE
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3a- HYDROXYAETIOCHOLANE - 11 : 38 : 118-DinnyDROXYAETIOCHOLAN -
17-p1oNE 17-onE

3B8-HYDROXYAETIOCHOLANE - 11 : 3a : 178-DIACETOXYAETIOCHOLAN -
17-DIONE 11-onE

3a : 118-DIHYDROXYANDROSTAN-17-  ANDROSTANE-3a : 16a : 17B-TRIOL
ONE TRIACETATE

38 : 11B-DIHYDROXYANDROSTAN-17-  AETIOCHOLANE-3a : 16a : 178-TRIOL
ONE TRIACETATE

3a : 118-DIHYDROXYAETIOCHOLAN -
17-one

For determination of urinary 17-ketosteroids the Zimmermann
reaction [see p. 79] is used274. The principal 17-ketosteroids excreted
in normal human urine are androsterone (3), actiocholanolone (5),
and dchydroepiandrosterone (15); these are derived from the
adrenal cortex in women, and from the testes and the adrenal cortex
in men.

Isomerides and Derivatives of Androsterone, epiAndrosterone, and
T estosterone

Lumiandrosterone [= 13-isoandrosterone] (39), m.p. 146°, [alp
— 100°, is obtained by irradiation of androsterone (3) with ultra-
violet light275; 14-iso-17-epitestosterone (40) has been prepared276.
The Al-isomeride (41) of testosterone is obtained from the 2a-bromo-
derivative of dihydrotesterone (23) by dehydrobromination with
collidine, whilst use of potassium acetate in acetic acid gives the
isomeric 17B8-hydroxyandrost-5-en-4-one (42)277.

OH OH OH

i

HO H 0 0 i Y

(39) (40) (a0 42)

A9 (1) and All-Androst-4-ene-3 : 17-dione have been prepared278,
and 11B-hydroxy- and 11-oxoandrost-4-ene-3 : 17-dione [ = adreno-
sterone] have been obtained by partial synthesis278,279,280, The
total synthesis of (4-)-lumiepiandrosterone [as 12] has been
described [see p. 139]. The total synthesis of (4-)-118-hydroxyepi-
androsterone has been achieved by Jomnson28! as follows. The
tetracyclic ketone (9) by reduction with lithium-cthanol in ammonia
gave the alcohol (39), which as the acetate by treatment with
lead tetracetate gave the 38 : 128-diacetatc (40), converted by heat-
ing in acetic acid to the All-compound (41); this by hydroxylation

10
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with performic acid gave a mixture of stereoisomeric 38 : 11 : 12-
triols, converted by lithium ethanol in ammonia with simulta-
neous hydrogenolysis at C(j5) and aromatic reduction, after acid
hydrolysis of the enol methyl ether group at C(j7,, to the racemic

AcQ
e ] ome
,|
HL I
/ AcO H\
(39) (40)
i
HO
i H T
\/lJ /\‘/\f 1/)
P OOL
HO" N
(43)
! CHC,,H3O O ., \ CHCHO O_\CO cor
\ , , ,
O> - J .
(45) (46)
0
HO. A
Xy)
oFr
nd
@7 (48) (48a)

ketone [as (42)], hydrogenated with palladium in alkaline solution
to a single product (4)-18-nor-p-homo-118-hydroxyepiandro-
sterone [as (43)]. Methylation of the furfurylidene derivative, and
acetylation gave the racemates represented by (44) and (45);
ozonolysis of (44) and hydrolysis gave the dicarboxylic acid [as
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(47)], cyclized, hydrolysed, and decarboxylated to (4)-118-
hydroxyepiandrosterone [as (48)].  Ozonolysis of (45) and hydrol-
ysis gave the racemic y-lactonic acid [as (46)], convertible into
(£)-11B-hydroxylumiepiandrostcrone [as (48a)].

2B- and 2a-Hydroxytestosterone282 and 6-oxotestosteronc283 are
known. 118-Hydroxy- and 1l-oxotestosterone278,279,280 have
been prepared, whilst 11B8-hydroxytestosterone has also Dbeen
obtained by biosynthesis280,284 and has been converted into A%!1)-
testosterone283, whilst All-testosterone has also been madc286. 168-
Hydroxy- and 16-oxotestosterone have been prepared?87.  19-nor-
Androst-4-en-3 : 17-dione [(49): R -: O] and 19-nor-testosterone
[(49): R := OH] have been prepared from (4)-oestrone288;
19-nor-17a-ethinyltestosterone (50) is the most potent gestogen by
oral administration289, whilst 19-nor-17a-methyltestosterone289 (51),
17a-methyltestosterone290, and its dihydro-291 and All-derivatives286
have been prepared.

@9) (50)

Androgenolic Lactones
Oxidative fission of ring D) with peracids leads to lactones.  Andro-
steronc (3) and epiandrosterone (4) with peracetic acid aflord
andrololactone (52) and epiandrololactone (53)110, also obtained
from 38 : 17a-dihydroxyallopregnan-20-one [Reichstein’s substance
L, see Chapter V, p. 175] with perbenzoic acid [cf. p. 134]292,
Similarly, testosterone (19) gives testololactone (54)110, which has
also been obtained from progesterone and 17a-hydroxyprogesterone
by microbiological oxidation with Aspergillus flavus and Penicillia293;
All-testololactone has been described!34.
0

I
Vo
/

H -

(52) (53) (54) (55)

Dehydrogpiandrosterone (15) has been transformed by oxidation
with potassium hypoiodite to 3B-hydroxy-16 : 17-secoandrost-5-en-
16 : 17-dioic acid, conversion of the 16-acid chloride-17-methyl
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ester and 17-acid chloride-16-methyl ester to the benzylthiol-methyl
esters, and treatment of these with Raney nickel, into the dehydro-
epiandrololactone (55) and the isomeride in which the carbonyl
group is at G )294.

Derivatives of Androstane and Aetiocholane

Following elucidation of the structures of the natural androgens,
very numerous derivatives of androstane and aetiocholane bearing
oxygen at C(3) andfor C(7) have been prepared from the com-
mercially available dehydroepiandrostcrone (15), or its reduction
products epiandrosterone (4) and 3B-hydroxyaetiocholan-17-one
(6). For details of such derivatives, a larger work, e.g. Elsevier’s
Encyclopaedia of Organic Chemistry, Vol. 14 and Supplements, should be
consulted. Compounds with oxygen substituted at positions 2, 3,
4,6,7,11, 12, 16, 17 providing reactive nuclear centres are known;
in particular, 17-ketosteroids permit elaboration of a Cyq)-side
chain, but this generally has the unnatural 17a-configuration29s
although the sequence 17a-ethinyl296 — 17q-vinyl297 — 17(20)-
olefin298 allows access to compounds with 178-side chains. Only
in the case of cyanohydrins are isomerides produced in roughly
equal quantity299; the 17a-hydroxyepimeride is unaffected by acetic
anhydride-pyridine at 20°, whereas the 178-hydroxycpimeride is
acetylated and so readily separated300.

Physiological Activity and Structure

Testosterone (19) has the highest comb-growth activity, and is
clinically the most important androgen; it is usually administered
as the propionate, which has a protracted action301, although some
alkoxy and alkylthio esters surpass it302, 19-nor-Testosteronc288
(49), and 19-nor-17a-methyltestosterone28 (51) are nearly as active
as testosterone. Table XII shows some activities in the comb-
growth test taking testosterone as the standard.

The 17-hydroxyl group must possess the B-configuration and the
17a-hydrogen atom can be replaced by a methyl group, whilst
supplementary double bonds other than All decrease activity. Itis
remarkable that Ad-unsaturation is not essential [cf. progesterone,
corticosterone, aldosterone], for dihydrotestosterone (23) and 17a-
methyldihydrotestosteronc are, respectively, two-thirds as active and
equally as active as testosterone, whilst dihydroepitestosterone (35)
is only one-twentieth as active. These points are illustrated in Table
XII, which also shows that in saturated compounds an A/B-trans-
union is essential and that the 3a : 178-dihydroxy combination is
highly effective; thus 17a-methylandrostane-3a : 178-diol is one-
third as active as testosterone. Androstane-3 : 17-dione, androst-4-
ene-3 : 17-dione (20), and androsta-4 : 11-diene-3 : 17-dione are all
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Table XIT
COMB-GROWTH ACTIVITY

17-Hydroxy-3-Ketones

A4-17B-ol* (19) 1 A4 1117801 3| Al1780l 5 | A6-178-0l &
A4-17a-ol (34) 35
A4-17a-Me 3 A4.11.17a-Me %

A4-178-Me inact.

* = Testosterone.

3-Hydroxy-17-Ketones

A|B-trans A4 As A|B-cis
3a-ol* (3) % 3a-0l — 3a-ol k 3a-ol (5) inact.
3B-ol** (4) o5 3B-0l & 3B-olt (15) 3B-o0l (6) inact.

* = Androsterone
** = gptAndrosterone
t = Dehydroeprandrosterone.

3 : 17-Diols [4/B-trans] 3 : 17-Diols [AS]

3a : 17B-diol 1 3a : 17B-diol 3
3a: 17a-diol = 3a: 17a-diol —
38 : 178-diol 25 38: 178-diol (21) 5
38 : 17a-diol 1o 38 : 17a-diol 5

about one-tenth as active as testosterone; androst-4-ene-3 : 17-dione
is remarkable as also possessing weak oestrogenic and progestational
activity, whilst 14-is0-17-isoprogesterone?76 is one-third as active as
androsterone and so about one-sixth as active as testosterone.
D-Homoandrostane derivatives [vide infra] are also highly active as
androgens.

NORSTEROIDS AND HOMOSTEROIDS
The omission of angular methyl groups or alteration of ring-size
leads to steroid analogues. Elimination of an angular methyl
group or ring-decrease is indicated by the prefix ‘nor’ preceded
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by the appropriate number [(18) or (19)] or letter [4, B, C, D],
whilst replacement of an angular methyl group by an ethyl group
or ring-increase is similarly indicated by the prefix ‘homo’303, In
ring-contraction the highest-numbered carbon atom in the ring
disappears, whilst in ring-increase the new carbon atom receives
the highest number of the ring in question coupled with the
suffix ‘a’.

~ AN ~] ~
+ (1 {
, O 2 ‘\ii\ : "\l \}, g 1 j
- ' H
d\, " 3l - \/] " L\/sz ’
H H H

19- norAndrostane A-nor Androstane B-norAndrostane

§

A homoAnd rostane D-homoAndrostane

Attention has recently been focussed on 19-norsteroids by the
unexpectedly high biological activities of 19-norprogesteroncl’4,
19-nortestosteronc288, 19-nor-17a-methyltestosterone289, 19-nor-17a-
ethinyltestosterone289, 19-norandrost-4-cne-3 : 17-dionc?88, 19-nor-
dcoxycorticosterone304, 19-norcorticosterone, 19-norcortisol, and
19-norcortisone304a,

Derivatives of A-norandrostane and A-noraetiocholane are known,
apart from the numerous pyroketones prepared by Wieland and
Windaus [see Chapter I, p. 9], whilst examples of B-nor- and C-nor-
structures have been reported [see Elscvier, Vol. 14, Supplement 1].
D-Homosteroids are known in considerable numbers.

Dehydroepiandrosterone (1), as the acetate, by Darzens condensa-
tion with ethyl aa-dichloropropionate gives the ester (2), which by
hydrolysis and decarboxylation rearranges to give pregnenolone (3)
and 17aB-methyl-D-homoandrost-5-cn-38-0l-17-one (4) [originally
called ‘ncopregnenolone’]305,306,  Hydration of the 17a-ethinyl
derivative (5) of dehydroepiandrosterone (1) with mercuric oxide—
boron trifluoride-acetic acid gives 17-isopregn-5-ene-38 : 178-diol-
20-one (6), which rearranges with potassium hydroxide to the
17aB-methyl-D-homo-17aa-hydroxy-17-ketone (7) convertible into
the D-homo-17-ketone (4)307, in which the presence of a six-
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membered D-ring was established by selenium dehydrogenation to
I-methylchrysene308.

Et0,C-C-Me
150
: C@ﬁ w
0 Ho HO
(2)

OH
HO 0 o
.
HO HO
(5) (6) (n

Some of the primary hydration product (6) can be isolated by
hydration of (5) with mercutic chloride-aniline309, whilst rearrange-
ment can completely be prevented by use of the 178-monoacetate
or 38:17B-diacetate of (5)310. The 17-is0-a-ketol (6) readily
rearranges in the presence of boron trifluoride or of moist alkaline
aluminium oxide to the 17aa-methyl-D-homo-17a8-hydroxyketone
(8)310,  Ring-enlargement is not determined by the original con-
figuration at C(y7) since 17a-hydroxyprogestcrone (10) with hot
potassium hydroxide gives the 17a-epimerides (9) and (11), which
are obtained by Oppenauer oxidation of the epimerides (8) and
(7), respectively309, 310, 311, 312,

COMe ,OH
je=OH

A ALO, Pli KOH

(®) n

--OH
_KOH ' _KOH
A% T
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The stereochemical course of D-homo-annulation has been con-
sidered3!13, 314, and it has been shown that 17a-ketones may be
formed3!15. This has been proved in a refined investigation, in
which chromatography was controlled by infra-red spectrometry315a;
allopregnane-38 : 17a-diol-20-one (12) with potassium hydroxide
gives the 17aa-hydroxy-17-ketone [4:139] and the epimeric
17aB-hydroxy-17-ketone [B: 67%], but with Lewis acids [e.g. boron
trifluoride, aluminium fert.-butoxide] affords the 17aa-hydroxy-17-
ketone [4:159%] accompanied by the isomeric 17a-hydroxy-17a-
ketone [C: 529,], whilst heating at the m.p. also furnishes both
[4: 159%] and [C: 15%)], together with much unchanged starting
material.

B8 (v]

The original configurations at Cj7,) assigned by Smoppee and
Prins310 are thus confirmed. Similar results have been obtained
using pregnanc-3a : 17a-diol-20-one3152,

Conversion of a D-homosteroid to a normal steroid with ring-
decrease can be accomplished only under favourable stercoclec-
tronic circumstances; thus the 17a-epimeric 17a-amin-17a-ols (13)
and (15) [by contrast with the 178-amin-17aB-ol (44), vide infra]
with nitrous acid give 17-isopregnenolone (14), accompanied in the
case of (15) by the 17a : 17aa-oxide (16)316. In general, ring-fission
and cyclization are necessary317, 318, 319,

. o OOMe OH
i NH,

O© o ﬁr\iy

(13 (14) (15) (16)

A route to D-homo-sex hormones utilizes pinacolic deamination.
Androsterone cyanhydrin (17) by hydrogenation with platinum-
acetic acid gives the a-aminol (18), which by deamination with
nitrous acid gives D-homoandrosterone (19) which is nearly as
potent as androsterone320,
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D-Homoepiandroster-17a-one (20), prepared similarly from de-
hydroepiandrosterone cyanhydrin (21), equals androsterone in

0

L0 Y

— A D
HO ) S

(17) (18 (19)

potency, and is accompanied by D-homoepiandroster-17-one (22);
oxidation with chromium trioxide gives respectively D-homo-
androstane-3 : 17a-dione (23) and D-homoandrostane-3 : 17-dione
(25), both converted by Wolff-Kishner reduction to D-homo-
androstane (24)321,

0 CN
x=0H o)
H Major IE‘ Minor ’}-l
Ho” HO )
(20) (21 (22)
| o
! |
H — H -—
L H o
(23) (24) (25)

The total synthesis of (4-)-D-homoandrostane-3 : 17a-dione (23)
has been reported. MirscHER and co-workers322 condensed 2-
methyleyelohexane-1 : 3-dione and ethyl 7-chloro-5-oxoheptanoate
with trimethylamine to give the trioxoester (26), cyclized by tri-
methylamine benzoate in boiling xylene to the dioxoester (27).
Hydrogenation and alkaline hydrolysis then gave two racemic acids
(28), which were separated. The more abundant isomeride (as the
bisethylene ketal) was converted by treatment as the dimethylamide
with ethylmagnesium bromide into the ethyl ketone (29), which by
hydrolysis of the ketal groups and alkaline cyclization gave the
racemic aB-unsaturated tricyclic diketone [as (30)], whose con-
figuration was established by correlation with an intermediate in
Woodward’s total synthesis of cholestanol [se¢e Chapter II, p. 45].
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Reaction with methyl vinyl ketone then gave two racemic tetra-
cyclic diketones (31), one of which by hydroxylation gave (4-)-D-
homoandrostane-3 : 17a-dione [as (23)] accompanied by (4-D-
homoaetiocholane-3 : 17a-dione [as (32)].

0 0
0 .
(o] 0 0
Et0,C_ ) —= EtOC ——=  HOC
(26)

27 [(28) 2 1somers] (29)

0 0

0
H
-—= EtCO

(30) [BY 2 1somers] (32)

(4)-18-nor-D-Homoandrostane-3: 1 7a-dione (34) has been totally
synthesized by JonnsoN and co-workers323 from (4-)-18-nor-D-
homoepiandrosterone (33), an intermediate in the total synthesis of
(=k)-epiandrosterone [see p. 134]; the racemic compound (34) was at
least one-tenth as active as testosterone, which suggests that 18-nor
hormones may be expected to exhibit biological activity provided
the C/D-rings are trans-fused.

(33 (34)

D-Homotestosterone (35) has been prepared, and has two-
thirds of the activity of testosterone266; D-homoepiandrosterone
(20) has been converted into D-homodihydrotestosterone, which is
almost as androgenic as dihydrotestosterone324; dihydrotestosterone
cyanhydrin by reduction and deamination gives an A-homodihydro-
testosterone [(36) or the 3-oxoisomeride]325. The total synthesis
of 18 : 19-bisnor-D-homotestosterone [(37): R == H] has been
reported by WiLps and NELSON326,
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17aa-Mcthyl-D-homotestosterone [(37): R — Me] and its 17a$-
epimeride have been prepared ; the former is as active as testosterone,
but the latter is relatively inactive327.

(39) (= (37)

D-Ring-increase does not materially affect androgenic activity;
by contrast progestational, cortical, or oestrogenic activity is largely
or completely destroyed. (+)-Oestrone acetate cyanhydrin by
reduction and deamination yields D-homo-oestrone (38)328, reduced
to D-homo-oestradiol-17a (39)328, and converted through its
cyanhydrin by reduction and deamination into D-bishomo-
oestrone (40)328,

(38) (39) (40)

The D-homo-oestiogens (38) and (39) are only one-thirticth as
active as (+)-ocstrone; on the other hand totally synthetic (+)-D-
homoequilenin (41)329 is almost as potent as natural (-|-)-cquilenin,
although (4-)-14-iso-D-homocquilenin [as (42)]330 is inactive like
totally synthetic (4-)-14-isoequilenin. D-Homoprogesterone [(43):
R = H]33! has been prepared but not compared with progesterone,
whilst D-homodeoxycorticosterone acctate [(43): R = OAc]33! is
about one-tenth as active as deoxycorticosterone acetatc.

CO-CH,R

(4) (42) (43

The compounds ‘ uranediol’ and ‘uranetriol’ isolated from mares’
pregnancy urine332, 333 are D-homoandrostane derivatives. Although

I--



156 SEX HORMONES

the diol and triol from a diacetate and triacetate, the related di-
ketone and triketone possess one hindered carbonyl group. The oxime
of 17aa-methyl-D-homoandrost-5-ene-38 : 17aB-diol-17-one (8) by
catalytic reduction gives the 178-amin-17aB-ol (44), deaminated
with nitrous acid to a substance which was regarded as a 17 : 17a-
oxide because it exhibited no ketonic activity334, but which is
17a-methyl-D-homoandrostan-3f-ol-17a-one (45)335,336 and iden-
tical with ‘uranolone’; oxidation affords 17a-methyl-D-homo-
androstane-3 : 17a-dione (46), identical with ‘uranedione’, which
furnishes the corresponding hydrocarbon ‘urane’, which is 17a-
methyl-D-homoandrostane (47).

AT 5 P

(4 5) (46) (47)
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THE ADRENOCORTICAIL. HORMONES

THE adrenal glands of mammals comprise two sharply differentiated
regions, the medulla producing (—)-adrenaline, and the cortex
elaborating one or more hormones essential to life. Absence of these
hormones, following destruction of the glands by tubercular infection,
or bilateral adrenalectomy, was shown by Addison (1855) and
Brown-Sequard (1856), respectively, to lead to multiple insufficiency
symptoms and to death. Production of the adrenocortical hor-
moncs is controlled by the adrenocorticotrophic hormone [ACTH],
which is a polypeptide of the anterior lobe of the pituitary.

About 1930, adrcno-cortical extracts were prepared, which by
daily injection were capable of maintaining Addisonian patients
and adrenalectomized animals alive for practically unlimited
periods. Tt was at first thought that the biological activity of such
extracts was due to a single substance, but during the period 1935-
1957 forty-one compounds have been isolated, of which eight
[(1)-(8)] are highly active.

Isolation. The mixture of substances is separated by use of
Girard’s reagent T into ketonic and non-ketonic fractions, and the
water-soluble hydrazones fractionally hydrolysed at varying pH.
Further separation is achieved by careful chromatography of the
acetates on neutralized aluminium oxide, or by partition chromato-
graphy using Kieselguhr and water as the stationary phase and
hexane with increasing proportions of benzene and chloroform as
the mobile phase. Four groups of workers were engaged in the
isolation of individual compounds, which they designated initially
by letters, some of which subsequently gave place to trivial names.
The letter designations employed here are those of Reichstein
[University of Basle], who isolated thirty-one of the substances shown
in Table XIII and classified on the basis of oxygen content; Kendall
and Mason [The Mayo Clinic, U.S.A.] isolated eight of these
compounds, Pfiffner and Wintersteiner [Columbia University] four
of these compounds, whilst Kuizenga and Cartland [The Upjohn
Co., Kalamazoo, Mich., U.S.A.] obtained five of these compounds.
Recently Wettstein [CIBA, Basle] has isolated ten compounds.
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Cortisol is probably the primary product of the adrenal cortex, but
glands exposed to minimal enzymatic change yield cortisol, corti-

sone, dehydrocorticosterone, substance S, and corticosterone in
decreasing quantity.

C|Hon CIHZOH ?HgOH

m (2) (3

Substance Q Substance H Kendall's Compound A
11-Deoxycorticosterone Corticosterone 11-Dehydrocorticosterone
[Cortexonel
CleOH CH,0H (I:HzOH
|

(4) (5 (6)
Substance S Substance M Substance F
17a-Hydroxy - 11- 17ec-Hydroxycorticosterone Kendall's Compound E
deoxycorticosterone [Cortisoll 170c-Hydroxy -11-
dehydrocorticosterone
[Cortisonéd
?HZOH
CHO °
HO
e
) 8
Substance C Aldosterone

Except in substance C, when the hydroxyl group at C(3 is a-
orientated, the configuration of hydroxyl groups at Cg) is 8; the
3B-hydroxy compounds are precipitated by digitonin. The
B-configuration of hydroxyl groups at Cyj) is proved and is in-
variable. All the substances have B-orientated side chains so that
a hydroxyl group at C(j7) must be a-orientated. Of the eight
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172 ADRENOCORTICAL HORMONES

substances possessing a hydroxyl group at Ciyg), seven possess the
20B-configuration whilst Substances O and 20-e¢pi-U are 20a-hydroxy
compounds. The single compound of unknown structure is probably
a D-homosteroid; one compound has a C;3)-carboxyl group.

Five non-steroidal compounds have been isolated and comprise
leucylproline, BB-dihydroxydiethylsulphoxide, dimethylsulphone, a
base C|2H1202N2, and an acid (}12H2003N2.

STRUCTURE
alloPregnane Compounds

C,105-Group: SussTances A, C, D, and V

The first adrenal compound to be characterized was Substance A
(9)1,2,3; it readily yields a 3 : 20 : 21-triacetate, and under forcing
conditions a 3:17:20: 2l-tetracetate and a 3:11:17:20:21-
pentacetate. Of the five hydroxyl groups, two furnish a mono-
acetone derivative and are attached to adjacent carbon atoms.
With excess periodic acid two equivalents of oxygen are consumed
to give formaldchyde and androstane-38:118-diol-17-one (10);
use of chromium trioxide gives androstane-3 : 11 : 17-trione (11),
converted by Clemmensen reduction into a mixture of androstane-
178-0l and androstane2. The presence of a 3B8-hydroxyl group in
Substance A was proved by Suoppee4; dehydration of the acetate
(12) of the diolone (10) gave a 959, yicld of A9(l)-gpiandrosterone
acetate (13) converted by hydrogenation and hydrolysis to
androstane-38 : 178-diol (14).

HOCH

g 0 -
@/ (10)
oS
(N 0 0
N\ N
HCl or : HpPt :
KHS0, ™ A Ho ok L H

AcO H HO H

13 (14)
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Combination of this proof of an oxygen atom at C(3) with that,
disclosed by production of androstan-178-ol, of another oxygen
atom at Cyj7) in the triketone (11), limits the position of the third
oxygen atom in this compound to C(jq) or C(;3) because the triketone
(11) is not soluble in alkali and one of the carbonyl groups is inert
to ketonic reagents. Positions Cyy), C(z), C(4), C(15), and Cyy) are
excluded because (11) is neither an a-diketone nor an alkali-soluble
B-diketone; positions C(g) and C(s) are eliminated because 6- and
7-keto-compounds are not sterically hindered and are available for
comparison. Position Cj,)is improbable because introduction here
of a carbonyl group would lead to manifestation of some of the pro-
perties of a B-diketone; position C(q) alone remains and has been
proved correct by synthesis.

Like Substance A, Substance C [= 3-¢p1V] (7)2:3,5, Substance
D (17)L235, and Substance V (15)2,6,7 by oxidation with
chromium trioxide all give the triketone (11). By cautious oxida-
tion with chromium trioxide V-diacetate yields D-diacetaie, and

CH,OH CH,OH

Substance V

lCHzCH

H
(7)
Substance C Substance D

the four substances are correlated by conversion into the same
17a-hydroxy-3 : 11-dioxoalloetianic acid (16)7.8, Substance A
does not reduce alkaline silver solution at 20°, and the presence of
the glycerol-type side chain is shown by oxidation with periodic
acid to an a-hydroxyaldehyde. Substances C, D, and V with the
dihydroxyacetone side chain reduce alkaline silver solution rapidly
at 20° and by oxidation with periodic acid give a-hydroxy acids.
Only Substance D has been obtained synthetically9.
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C04-Group: Susstances P, K, R, and N
Substances P (18)10:11 and K (19)10 by oxidation with chromium

trioxide give androstane-3 : 17-dione, whilst hydrogenation of P
yields a mixture of K and 20-¢pi-K (20); both K and 20-¢pi-K by

CH,OH CH,OH CH,OH

|
co HOCH HCOH
--OH

H,.Pt,HOAC
—_——

HO f H
(18) (19)
Substance P Substance K
HIO. CO,0H C=CH ‘\‘ 0
--OH
' = |
}:1 <1% l-:|
| HO b
21) (22) (23

oxidation with excess periodic acid furnish epiandrosteronc (23).
Oxidation of P with periodic acid affords 38 : 17a-dihydroxyallo-
etianic acid (21), also obtained from the 178-ethinyl derivative (22)
of epiandrosterone!2. Substance P, but not Substance K, reduces
alkaline silver solution at 20°. The two compounds have been
prepared by partial syntheses!3,14,15,16; because the side chain is
B-orientated they are 17a-hydroxy compounds. The 208-hydroxy
configuration of Substance K has been deduced from molecular
rotation differences.

Substance R (24)17 and Substance N (26)10,18 by oxidation with
chromium trioxide at 20° both give 3 : 11-dioxoalloetianic acid (25),

(|:H20H (|2H20H
co CO,H Cco
HO, 0
1 CrOy Cr0y '
H - H
HO Y 0 Y HO !
(24) (25) (26)
Substance R 3:11-Diketoalloetianic acid Substance N

Cr0; on 3.21 -diacetate
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which has one inert carbonyl group; oxidation of R-diacetate gives
N-diacetate. Both substances reduce alkaline silver solution
rapidly at 20°. The structure of Substance N follows from its
preparation from Substance A by SHopPEE and REICHSTEINIY.
When Substance A triacetate (9) is heated with zinc dust in toluene,
one molecule of acetic acid is eliminated with inversion of con-
figuration at C(;7) [Serini reaction] to give 17-iso-R-diacetate (27);
acidic rearrangement at Cyy7) of this leads also to dehydration with
production of (28), but oxidation furnishes 17-is0o-N-diacetate (30)
also obtained by the Serini reaction from the oxo-triacetate (29)
formed by oxidation of A triacetate. Brief trcatment of 17-is0-N-
diacetate (30) with ethanolic hydrogen chloride yields Substance N
diacetate (26). Configuration at C(3) in Substances R and N is
proved by this transformation; configuration at Cyyy) in Substance R
has also been proved?0. Substance R and, in principle, Substance
N have been synthesized?!,22,

CH,0Ac ?H,OAC
AcOCH
HO. --OH
H 2
A0’ Vi
(9) (27) (28)

Substance A triacetate 17-1s0-R diacetate A9(1)-R-diacetate

Croy CH,0Ac Cr0, (I:HzOAC

AcOCH

(29) (30) (26)
17-1s0-N diacetate Substance N diacetate

C2103-Group: SuBsTANCES J, O, and L

Substance J (31)23, Substance O (33)10, and Substance L (32)23
afford the common degradation product epiandrosterone (23).
Substance L is a ketone [monoxime] and by hydrogenation gives
a mixture of J and O, which are 20-epimeric secondary alcohols,
and are both oxidized by periodic acid to acetaldehyde and
epiandrosterone (23) ; substance L by oxidation with perbenzoic acid
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also gives epiandrosterone24. These substances have been obtained
by partial syntheses!5,25-32; they possess a 17a-hydroxyl group which

(|3H3 ClHa
HOCH CcO
--OH
Hj ,Pt,HOAC
—_—
HO
(31 (32) (33
Substance J Substance L Substance O

can be acetylated with acetic anhydride in the presence of toluenc-
p-sulphonic acid33,34.  The configurations at C(,) are established.

A4-Pregnene Compounds

C5,05-Group: Susstances E, F; M, and U, and ALDOSTERONE

Substance E (34)2.6,8, Substance U (36)7.8, Substance M=
Kendall’s Compound F =17a-hydroxycorticosterone = corTisoL
(5)3,5,6, and Substance F =Kendall’s Compound E =17a-hydroxy-
11-dehydrocorticosterone = corrtisoNe (6)35:21,35,36 are af-un-
saturated ketones and all by oxidation with chromium trioxide
afford adrenosterone (37). This af-unsaturated triketone has one
inert carbonyl group [dioxime], and has been prepared by partial
synthesis [see Chapter III, p. 145]; by hydrogenation it gives andro-
stane-3 : 11 : 17-trione (11). The presence of the Cq)-hydroxyl
group in Substances E and cortisol is shown by their oxidation by
periodic acid and lead tetracetate, respectively, to androst-4-en-
11B-0l-3 : 17-dione (35), oxidized by chromium trioxide to adreno-
sterone (37)37. E-Diacetate by cautious oxidation gives U-diacetate,
and cortisol monoacetate likewise gives cortisone monoacetate,
whilst U-21-monoacetate affords cortisone monoacetate in poor
yield in addition to adrenosterone38. Cortisone with acetic anhy-
dride-toluene-p-sulphonic acid gives a 17a : 21-diacetate34. The
structure of the side chain in Substances E, U, cortisol, and cortisone
follows from the observations that E and U do not reduce alkaline
silver solution at 20°, whereas cortisol and cortisone do so immedi-
ately and are oxidized by periodic acid to 118 : 17a-dihydroxy-3-
oxoeti-4-enic acid and 17a-hydroxy-3 : 11-dioxoeti-4-enic acid,
respectively. The C(y0)-hydroxyl group in Substances E and U has
the B-configuration since these substances are obtained by stereo-
specific reduction with sodium borohydride of cortisol 21-mono-
acetate and cortisone 21-monoacetate, respectively39; 20-¢pi-U has
been described68s,
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CHOH

(34) (35) (5)
Substance E Substance M;Kendall's
Compound F
[Cortisol]
Cr0j0n
20:21- CrOy
diacetate CH,OH zl-nfé’no-l CH,OH
acetate I
co

Cr0,
-

0
(36) (37) (6)
Substance U Adrenosterone Substance F;Kendall’s
Compound E

[Cortisone]
CrOy on 21-monoacetate

The constitution and configuration of Substance E also follow from
its direct conversion into Substance A (9) by hydrogenation3.

With concentrated sulphuric acid, Substances E and U and their
diacetates give orange solutions showing a green fluorescence when
viewed on a dark background. Most natural specimens of cortisone
and its acetate give a similar orange solution with a green fluores-
¢ence; pure cortisone acetate, chromatographically purified, does
not give this colour reaction which is probably due to traces of
cortisol, which gives an orange solution with a very vivid green
fluorescence. A quantitative colorimetric estimation of cortisone
has been described40.

Cortisone (6)

Cortisone, Substance F, Kendall’s Compound E, on account of
its dramatic influence on chronic rheumatoid arthritis and acute
rheumatic fever4!, is produced commercially. Numerous partial
and total syntheses have been effected by chemical and microbio-
logical methods [see pp. 198 and 205 et seq.]. Partial syntheses of
cortisol and Substances E and U have also been achieved [see p. 210].

12
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Aldosterone [ = electrocortin] (8)

Aldosterone, the substance responsible for the high biological
activity of the ‘amorphous fraction’ remaining after scparation of
the various crystalline adreno-cortical substances, was isolated in
pure crystalline form in 195342,43, following its detection by amicro-
bioassay method based on the urinary Na24/K42.ratio in adrenal-
ectomized rats44. It is an af-unsaturated ketone, and it readily
forms a monoacetate and a diacetate so that it contains two primary
or secondary hydroxyl groups. It reduces alkaline silver solution
at once at 20°, gives 1 mol. of formaldehyde by oxidation with
sodium bismuthate and is thus an a-ketol.

Aldosterone [(8): R = H] by oxidation with potassium periodate
gives a crystalline compound of high m.p. shown by its infra-red
spectrum to be a y-lactone (Y)43. The only y-positions relative
to a 17B8-carboxyl group are C13), C(14), C15), and Cyg); a hydroxyl
group at Cyj) cannot lactonize owing to the presence of the -
orientated angular methyl group at Cy3), whilst a hydroxyl group
at C(4) would be tertiary, so that aldosterone must possess a
hydroxyl group at C(;s) or C(yg).

) (8)
Aldosterone [lactol form)

Aldostcrone monoacctate [(8): R —= Ac] by oxidation with
chromium trioxide at 20° gives a second y-lactone (Z)43. The
carbonyl group of this lactone represents one of the original hydroxyl
groups, and can only be at C;g) to yield a y-lactone by interaction
with the original second hydroxyl group placed at Cg), C(1y), C(15)s

)
| %o | %o CO,H CO,H
2
oA~y A5 HO 0
[ ! - | CrOg :
H B ? M
) Ho” NV o' V' N
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or C(j6). Aldosterone is an 118-hydroxy-compound since hydro-
genation of (Y) and subsequent Wolff-Kishner reduction gives
3B : 11B-dihydroxyalloetianic acid, oxidized to 3: ll-dioxoallo-
etianic acid (25)43. In solution aldosterone exists as an equili-
brium mixture of aldo and lactol forms; it is 18-oxocorticosterone,
and has recently been totally synthesized [see p. 213].

C5;04-GrouP: CORTICOSTERONE, 11-DEHYDROCORTICOSTERONE,
SusstaNces T and S

Corticosterone [originally called Substance H] (2)

Corticosterone was the first biologically active compound to be
isolated from the adrenal gland$6,38,45. 11-Dehydrocorticosterone =
Kendall’s Compound A, (3)3,517 and Substance T (38)46, like
corticosterone, arc of-unsaturated kctones and by oxidation with
chromium trioxide at 20° all three compounds yield 3 : 11-dioxoeti-
4-enic acid (40)47; by hydrogenation with palladium—ethavol this
gives 3 : 11-dioxoalloctianic acid (25), which provides a correlation
with the allopregnanc-Cy O4-group, whilst use of platinum in a
neutral medium gives 38-hydroxy-11-oxoalloetianic acid. Cortico-
sterone gives only a 21-monoacetate, which by cautious oxidation
with chromium trioxide gives 11-dehydrocorticosterone (3) as the
21-monoacetate; Substance T 20:21-diacetate is stable to chromium
trioxide at 20°.

CHz OH (|:H2 OH CHZ OH
co HOCH
: 3 on
2| acetate
(2) 3) (38)
Corticosterone 11-Dehydrocorticosterone Substance T

Cr0; or HIO,

HlO‘
cr 0\ l '°:

! Hapd
EOH

(39) (0) (25)
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Corticosterone, 11-dehydrocorticosterone, and their esters, but
not Substance T, reduce alkaline silver solution at 20° immediately;
the a-ketol side chain is also disclosed by oxidation with periodic
acid when corticosterone yields formaldehyde [1 mol.] and the acid
(39), whilst 11-dehydrocorticosterone gives formaldehyde [1 mol.]
and the dioxo acid (40). The conversion of the acid (39) by
oxidation with chromium trioxide into the dioxo acid (40) provided
the first evidence of a strongly hindered secondary hydroxyl group
in corticosterone.

The carbon skeleton of corticosterone (2) was established by
conversion to allopregnane (41)48: the transformation involves a
successful Clemmensen reduction of the Cyj)-carbonyl group, and
proves the attachment of the side chain at Cjy).

(IZH,OH CH,OH
co CHOH

_Hy, Pt

o »’75 *o&\'ﬁ

H
(2)
Corticosterone -

T
CHOH

()]

The presence of an oxygen atom at C(j) in corticosterone was
first proved by the demonstration of a 3B-hydroxyl group in
Substance A by Sioppee4; this had been correlated by SmoppeE
and REercasteIN!® with Substances R and N, which are converted
by oxidation with chromium trioxide into 3 : 11-dioxoalloetianic
acid (25). A direct proof, somewhat vitiated by a yield of 0-5%,
was obtained by degradation of 3 : 11-dioxoeti-4-enic acid (40) as
methyl ester with ozone and Clemmensen reduction of the resulting
dioxodicarboxylic acid (42) to the dicarboxylic acid (43) identical
with the acid obtained by similar treatment from 3-oxoeti-4-enic
acid (44) or progesterone49,
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CO,H

Ho2

(40) (42) 3) (44)

A direct and satisfactory proof of the presence of an oxygen atom
at C(3) and simultaneously of the position of the double bond at
Cg) : C(s) was adduced by Snoppee and REICHSTEINSO by trans-
formation of corticosterone (2) through the 21-iodoketone (45) into
11B8-hydroxyprogesterone (46), readily dehydrated to A9%(1l-pro-
gesterone (47), which by complete hydrogenation and oxidation of
the product to regenerate the two carbonyl groups afforded allo-
pregnane-3 : 20-dione (48) and a little pregnane-3 : 20-dione (49).

CH, OH CH,I (|3H3
co
HO, HO HO
TsCl - Py _Zn
g Nal ¢ ¢
H H H
0 0
(2) (46)
Corticosterone -
T I
Cco Cco
B B
0 0 H
(47) (48) (49)

Corticosterone and 11-dehydrocorticosterone are rather rapidly
decomposed by hydroxyl ions at 20°; 11-dehydrocorticosterone is
stable to hot dilute mineral acid, but corticostcrone acetate is con-
vertedS! partly into 9 : 11-anhydrocorticosterone acetate (50)52 and
an isomeride, originally regarded as the 11 : 12-anhydro-compound,
which is probably A8-11-deoxycorticosterone acetate (51)51; 11 : 12-
anhydrocorticosterone acetate was subsequently obtained by partial
synthesis33,54, and is different from both (50) and (51).
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CH,0Ac CH,0Ac CH,0Ac
|

HCI-HOAC
()]

0
(2) (50) (51)

Corticosterone acetate

Corticosterone and its various esters yield orange solutions in
concentrated sulphuric acid which show an intense green fluores-
cence when viewed above a dark surface; 11-dehydrocorticosterone
gives an orange solution but no green fluorescence with concen-
trated sulphuric acid.

The partial synthesis of corticosterone was achieved by Reich-
stein in 1943; cortisone and cortisol have been converted into
corticosteroneSS.  11-Dchydrocorticosterone has since been syn-
thesized by numerous routes, whilst Substance T and 20-¢pi-1" have
also been obtained [see p. 202].

Substance § (53)

Substance S1!7 is an aB-unsaturated ketone; it reduces alkaline
silver solution at once at 20°. By oxidation with chromium
trioxide it gives androst-4-ene-3 : 17-dione (52), whilst use of
periodic acid yields formaldehyde [1 mol.] and 17a-hydroxy-3-
oxoeti-4-enic acid (54). Substance S with acetic anhydride-
pyridine at 20° gives a 21-monoacctate and with acetic anhydride-
toluene-p-sulphonic acid at 20° gives the 17a : 21-diacetate33,34,

H,0H
L
--OH

T HI
H [

(52) (53) (54)
Substance S

Substance S and its acetate melt at the same temperature as
cortisone and its acetate, respectively, and give no mixed m.p.
depression; apart from analysis and optical rotatory power, the
reaction with concentrated sulphuric acid, whereby Substance S
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and its acetate give a pure red colour, serves for differentiation.
The partial synthesis has been accomplished by several routes.

C5103-Group: 11-DEOXYCORTICOSTERONE, 17a-HYDROXYPROGE-
STERONE
11-Deoxycorticosterone, cortexone [Substance Q] (1)
11-Decoxycorticosterone was obtained by partial synthesis [see p.
199] about a year prior to its isolation in 1938 from adrenal extracts!?
and is a commercial product. It is an af-unsaturated ketone with
an a-ketol side chain; it reduces alkaline silver solution immediately
at 20° whilst periodic acid oxidation gives 3-oxocti-4-cnic acid.
The 21-acetate [= DOCA] (57) and a large number of esters have
been described; both parent substance and esters are sensitive
to hydroxyl ions, but relatively stable to acids. The conversion
to progesterone by the reaction sequence: —CO—CH,OH —
—CO—CH,;0Tosyl - —CO—CH,l - —CO—CHj;, has been
describeds6,57; conversely, 11-deoxycorticosterone may be ol tained
in poor yield by the action of lead tetraacetate on progesterone$, 9,
17-is0-11-Deoxycorticosterone and its acetate (56), which are
physiologically inactive, have been prepared by the Serini reaction
from pregn-4-ene-17a : 208 : 21-triol-3-one diacctate (55); brief
treatment of (56) with acid causes isomerization to 11-deoxycortico-
sterone acetate (57)60,

CH,0Ac (|:H20Ac (%Hz0Ac CHy
AcOCH C Cco }O
I A--OH ; j .--OH
s JH , i H o . jq
Zn .
Y g /L‘Cl N4
o] 0 0
(55) (56) (57) (58)
17-1s0-11- Deoxycorti- 11~ Deoxycorticostergne
costerone acetate acetate 1%0

17a-Hydroxyprogesterone (58)

17a-Hydroxyprogesterone6l, 62, an af-unsaturated ketone, gives a
dioxime and disemicarbazone, and is unaffected by acetic anhydride—~
pyridine at 20°, but with refluxing isopropenyl acetate-toluene-
p-sulphonic acid gives the A35-enol-3:17a-diacctate63. Oxidation
with chromium trioxide yields androst-4-ene-3: 17-dione (52);
biochemical oxidation with Rhizopus yiclds 68 : 17a- and 1la : 17a-
dihydroxyprogesteroneé4.  On slow heating at 220° molecular
rearrangement occurs to afford a D-homoandrostane derivative
[see Chapter III, p. 151].
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Numerous syntheses have been recorded!s,26,28,29,32,65,122a, and
9a-fluoro-17a-hydroxyprogesterone has been prepareds6. 17a-
Hydroxyprogesterone is not a gestogen, but possesses androgenic
activity of the same order as androsterone6!,62,

Androstane Compounds
ANDROSTANE-38 : 118-p10L-17-0NE (10)

First obtained by degradation of Substance A, androstane-38: 118-
diol-17-one was later isolated from adrenal extractsl7; it gives a
3B-monoacetate, and with great difliculty a 38 : 11B-diacetate67,
and is androgenic2.

ADRENOSTERONE, androst-4-ene-3 : 11 : 17-trione (37)

Adrenosterone wasisolated from adrenal extracts62,and is obtained
by degradation of the A4-unsaturated members of the C,;Os-group.
It has been synthesized [see p. 205; also Chapter I1I, p. 145], and
converted into 11-oxotestosterone and 11B8-hydroxyandrost-4-ene-
3:17-dione37.68, which has recently been isolated from hog
adrenals68a,

ANDROST-4-ENE-3 : 17-DIONE (52)
Androst-4-ene-3 : 17-dione was alrcady well known [se¢c Chapter
ITI, p. 141] when it was isolated from adrenal extracts62,

Cholesterol occurs in the adrenal gland, whilst allopregnan-3B-
0l-20-0ne69; progesterone6?; and (-)-oestrone70 have been isolated
from adrenal extracts.

PARTIAL SYNTHESES

The major difliculties in the synthesis of adrenocortical steroids
are (i) introduction of the A4-3-keto-grouping, (ii) claboration of
the 17B-orientated a-ketol [>CH:-CO-CH,;OH], hydroxyacetone
[>C(OH)-CO-CHj], and dihydroxyacetone [>C(OH)-CO-
CH,OH] side chains, and (iii) introduction of an oxygen atom at
C1)- The principal methods for producing these molecular features
are summarized, and syntheses of the physiologically active com-
pounds [(1)-(6)] are outlined ; for further detail, and for information
relating to syntheses of the physiologically inactive adrenocortical
substances, various reviews may be consulted?1-74,

Introduction of the A3-3-Kelo-Grouping
3-Ketones of the A/B-cis-series by bromination in acetic acid or
with N-bromosuccinimide in carbon tetrachloride give 48-bromo-
3-ketones, dehydrobrominated with hot pyridine or collidine to
A4-3-ketones. Improved yields are obtained by the general method
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of Marrox and KENDALL?S, whereby 4B-bromo-3-ketones undergo
facile spontaneous dehydrobromination in polar solvents with
2 : 4-dinitrophenylhydrazine or semicarbazide, and the resulting
A4-3-ketone hydrazone is cleaved by exchange with pyruvic acid.
A recent development is the use of tert.-butyl hypochlorite simul-
taneously to produce the 3-ketone and convert it to the 48-chloro-
3-ketone76.

3-Ketones of the A/B-trans-series by bromination in acetic acid
or with N-bromosuccinimide in carbon tetrachloride give first the
2a-bromo-3-ketones, then the 2 : 2-dibromo-3-ketones, which in the
presence of hydrogen bromide rearrange to 2a : 4a-dibromo-3-
ketones77. These with sodium iodide in acetone or methyl ethyl
ketone give 2a-iodo-4a-bromo-3-ketones, or by extended treatment,
2a-iodo-A4-3-ketones, which are rcadily reduced by chromous
chloride to A4-3-ketones78.

5a- or 5B8-Hydroxy-3-ketones very readily give A4-3-ketones by
treatment with acid79,80,81  alkali82, or by high vacuum pyro-
lysis83,84.  3a- or 3B8-Hydroxy-A4-steroids arc specifically oxidized
by manganese dioxide in chloroform at 20° to A4-3-ketones85.

Elaboration of the 17B8-[ >CGH-CO-CH,OH] Side Chain

The diazoketone synthesis, developed by Reichstein for the syn-
thesis of 11-deoxycorticosteronc, has been extended by use of oxalyl
chloride86, and can now he applied to 118-hydroxy compounds as
the 118-formates or 118-trifluoroacetates8’:

HZOR
H cocl
SOCl; or E!"z_N R.H dil HaS0,
i (¢cocl), - R Ac: HOAc
H H

Formerly, oxidation of a methyl 20-ketone with lead tetracetate,
>CH-CO-CHj3 - >CH-CO-CH,0Ac, had to be used for 11-
hydroxy compounds88. The diazokctone synthesis cannot be
applied to 16-dehydrosteroid acids89.

Another method introduced by Rusuic90 involves condensation
of a methyl 20-ketone with an oxalic ester, iodination at C(yy), and
acetolysis.

CH;CO-CO,R CH,0Ac

T
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Alternatively, the modified Miescher-Wettstein degradation [see
Chapter I, p. 26] may be employed and has been simplified by use of
2 mols. of N-bromosuccinimide in the presence of allyl bromide,
whereby the first three steps are combined in one stage91.

CH,OAc

CH,Br CH,0Ac

Ster01d 17-kctones give 17a-ethmyl derlvatlves hydrogcnated by
palladium in pyridine to 17a-vinyl compounds; these with osmium
tetroxide give 178 : 208 : 21-triols, which as the diacetates by treat-
ment with zinc undergo the Serini reaction to give the a-ketol
acctates60,92,93,100,

H, CH2 OAc CH2 OAc
AcO(;H

N

Cardiac aglycones can be dcgraded by ozonolysis at — 80° to
glyoxylic esters, which are hydrolysed with potassium bicarbonate
to 148 : 21-dihydroxy-20-ketones, convertible by dehydration and
hydrogenation to the a-ketols94,95.

CH,OH CH,0H CH,OH

FARIGE UL S

A new approach is prov1dcd by conversion of methyl 20-ketones
with isopropenyl acetate to 20 : 21-enol acetates96, which react with
bromine or N-iodosuccinimide9? to give 2l-halogeno-20-ketones,
acetolysed to the a-ketol acetates which are also obtained from the
20 : 21-enol acctates by oxidation with perbenzoic acid and re-
arrangement98,99,

CH CH CH Hal CH OAc
C -OAc

j& P A jﬁ

H
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Elaboration of the 178-[ >C(OH) -CO -CH,R] Side Chain
[R =H or OH]

The only efficient routes to 17a-hydroxy-steroids are from A17(20).
steroids or from Al6-steroids. Al17(20)-Steroids are available by dehy-
dration of 178-hydroxy-steroidst00, by anionotropic change of 17a-
vinyl-178-hydroxy-compounds92, 101, by Wolff-Kishner reduction of
A16-20-ketone semicarbazones!02) by the Favorski reaction on 17:
21 : 21-tribromo-20-ketones and subsequent reduction of the result-
ing 20-bromo-acids with lithium aluminium hydride!03, from 17a-
ethoxyethinyl compounds by hydration and lithium aluminium
hydride reductionl04, or as the 17 : 20-enol acetates of 20-ketones!105.
Al6-Steroids are available by standard mecthods65,106-108  and,
notably, by treatment of 17 : 20-enol acetates of 20-ketones with
N-bromosuccinimide!®9, and by bromination of 20-ketones in
presence of hydrogen bromide!l0; commercially they are obtained
by degradation of g-sapogenins [see Chapter VI, p. 290].

Hydroxylation of Al7(20)-steroids with osmium tetroxide gives
almost exclusively 17 : 208-dihydroxy-compounds!2,16,111,112; alter-
natively, hydroxylation of 20-bromo-113 or 20-cyano-17(20)-cthyl-
enesll4 Jeads by elimination of hydrogen bromide or hydrogen
cyanide on hydrolysis of the intermediate osmic esters to the 17a-
hydroxy-20-ketones. Hydroxylation of unsubstituted ethylenes
can be achieved by use of hydrogen peroxide in presence of 59, of
osmium tetroxide and combined with oxidation at Cyyg) to give the
17a-hydroxy-20-ketone in a single stage!15, whilst the use of osmium
tetroxide can be eliminated by oxidation of 20-cyanoethylenes with
permanganatell6 to give 909, yields of 17a-hydroxy-20-ketones!17.

CHR CHaR CHR CHR CHR
co HOCX

CX H.0 0
\tiFSOH N N
o | Terec ) ﬁiﬂaﬁﬁal - ,
H H H H H

When the A17(20)-steroid is a 17 : 20-enol acetate, GALLAGHER’S ex-
cellent method of conversion with perbenzoic acid to the 17a : 20a-
epoxide and alkaline hydrolysis readily gives 1 7a-hydroxy-20-ketones
in > 709, yield32,118,119, This method also permits preparation of
17 : 20-monoenol acetates from 11 : 20-diketones120, 121, but has, so
far, only been used for side chains with 21-methyl groups [R = H].
Alternatively, the A17(20)-steroid may be a 17:20-enamine acetatel2la.

A16.Steroids with perbenzoic acid or with alkaline hydrogen
peroxide afford 16a : 17a-epoxides, which by reduction with
lithium aluminium hydride give 17a :20-diols65 122; if keto
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groups are protected by conversion to the ketals30,65,76,123,124,125,
hemithioketals!26, or thioketals!27, this route can yicld 17a-hydroxy-
20-ketones after removal of the protecting group(s) by mild acid
hydrolysis or with Raney nickel; alternatively, the 16a:17a-
epoxide may be clecaved with hydrogen bromide and the resulting
16B8-bromo-17a-hydrin reduced with nickel in ethanol30,128 or by
hydrogenolysis with palladium!10,

Previously, 17a : 208 : 21 : 22-tetrols had been converted as the
21 : 22-acetonides into the 20B-monoacetates, oxidized by periodic
acid to the 20B-acetoxy-21-aldehydes, hydrolysed with potassium
bicarbonate to the 208-hydroxy-21-aldehydes, and rearranged by
boiling pyridinel3,129,130,

CH,OH

CHOH CHo cHo CH,0H
AcOCH AcOCH HOGH co

-OH \i < OH - OH iS-OH
“H H M H

Subsequently, despite statements in the literature that chromium
trioxide oxidation of 17a : 20 : 21-triol 21-monoacetates, readily pre-
pared from 21-acetoxy-Al7-steroids, leads to complete loss of the side
chain, SARETT38 has shown that at low temperatures small yields
of 17a : 21-dihydroxy-20-ketone 21-monoacetates are produced.

CH,0AC CH,0Ac CH,0Ac
&n HOCH ¢o 0

JK--OH --OH
g - q - + i
H H B H

The 17a-hydroxyl group may be introduced prior to that at Cyy)
by hydroxylation of a 20-cyano-17(20)-ethylenell4 [R = H], or
most conveniently by Gallagher’s enol-acetate method!3!; thereafter
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bromination of the 17a-hydroxy-20-ketone gives the 21-bromide,
which by mild alkaline hydrolysis yields the 17a : 21-dihydroxy-20-
ketonel18, or the 21-bromide may be transformed into the 21-iodide
and subjected to acetolysis132,

CH,Br CH,O CHyBr CH,

co
-OH - OH
XM ] ) X
|

Alternatively, Al6-steroids may be converted via 16a: 17a-
epoxides to 168-bromo-17a-hydroxy-20-ketones, which may be
brominated at C(yy), converted to 21-acetates, and the 168-bromine
atom removed!28, A specific paper-chromatographic test for
distinguishing the side chain >C(OH) - CO -CH,OH from
>CH-COCH,OH has been described123,,

Introduction of Oxygen at Cyyy)
The more abundant plant steroids ergosterol, stigmasterol, and
diosgenin have no substituent in ring C, whilst the hile acids possess
a hydroxyl group at C(3); methods have therefore been developed
for the chemical or biochemical introduction of oxygen at Cyyy),
and for the chemical transfercnce of oxygen from Cyp) to Cyy).

OxyGENATION OF All-StErROIDS [Reichstein, Gallagher, Kendall]

All-Stcroids, obtainable by pyrolysis of 12-hydroxysteroids, e.g.
12a-hydroxycholanic acidI33, or their benzoates!34,135, anthra-
quinone-B-carboxylates!36, or from their toluene-p-sulphonates!37,
by treatment with hypobromous acid, especially in the presence of
traces of sulphuric or perchloric acid, give a difficultly separable
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mixture of 118 : 12a-dibromide, 12a-bromo-118-hydrin, and 9 : 11-
dibromo-12-hydrin; oxidation of this mixture with chromium
trioxide, followed by debromination with zinc gives starting material,
11-oxo-steroid, and AS(11)-12-oxo-steroid, which arc readily separ-
ated chromatographically. This process, by which 1l-oxygen-
ated steroids were first prepared by REeicusTEIN, has been applied
to the methyl esters of chol-11-enic acid138, 3-oxo-, 3a-, and
3B-acetoxychol-11-enic acids!39, 3-oxo-, 3a-, and 3B-acetoxybisnor-
chol-11-enic acids!40, 3-oxo-, 3a-, and 3B-acetoxyeti-11-enic acidsl4l,
and other compoundsi42,143, Alternatively, the 12a-bromo-118-
hydrins with alkali or by filtration through aluminium oxide give
118 : 12B8-epoxides hydrogenated to 118-hydroxysteroids!44.

All-Steroids with perbenzoic acid were found by GALLAGHER!45
to give lla : 12a-epoxides, which undergo acetolysis with acetic—
sulphuric acid at 20° to yield 11B-acctoxy-12a-hydroxy-steroids;
these are oxidized to 11B-acetoxy-12-ketones, which by Wolff-
Kishner reduction undergo inversion to give 1la-hydroxy-steroids
readily oxidized to 11-oxo-steroids.

R
;H
0 R

In 1946 KenpALL46 found that 3a-hydroxychol-11-enic acid by
bromine addition and dehydrobromination with aqueous sodium
hydroxide gave 3a : 12a-dihydroxychol-9(11)-cnic acid, readily con-
verted by hydrogen bromide in chloroform to the 12¢-bromide,
which by washing with water gives quantiatively the All-3q : 9a-
epoxide. This affords two isomeric trans-dibromidesl4?, In the
118 : 12a-dibromide [diaxial] the 118-bromine atom is labile and
undergoes substitution by anions such as OH~, OAc~ with reten-
tion of configuration; both lability and preservation of configura-
tion are due to participation of the neighbouring bromine atom at
C(12) in a linear transition state. Oxidation at C(yy), reduction of
the 12a-bromine atom, fission of the 3a : 9a-epoxide with hydrogen
bromide, and removal of the resulting 12a-bromine atom gave
3a-hydroxy-11-oxocholanic acid.
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C,HgCOH Pl’ R Br R

H

TrRANSFERENCE OF OxYGEN FrRoM Cjj) TOo Cy(1y) [Gallagher, Corn-
forth, Hems, Wettstein]

Bromination of methyl 3a-acctoxy-12-oxocholanatel48,149 gives
a little of the ll1B-bromide and much of the 1la-bromidelSo,
GaLLAGHER found that these epimeric bromides undergo bimolecular
hydrolysis [Syx2] with 0-5n-potassium hydroxide at 20°; steric
retardation operates and there is inversion, so that the 118-bromide
reacts rapidly to give the 1la-hydroxy-12-oxoacid, whilst the 1la-
bromide reacts slowly to give the 11B8-hydroxy-12-oxoacidl45,151,
Either ketol by Wolf-Kishner reduction gives the same 11a-hydroxy-
acid; either ketol when heated with 4N-potassium hydroxide gives

R
a1 HO_ 1L
ﬁp D
S L
" /L e/ " "
anne
H

0
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an equilibrium mixture of 3a : 128-dihydroxy-11-oxocholanic acid
[the Marker-Lawson acid] [63%,], its 12a-epimeride [19%], the 1la-
ketol [30%%], and the l1B-ketol [trace]!52. Conversion of the
Marker-Lawson acid, which resists Wolff-Kishner reduction, to the
methyl 3a-succinate, replaccment of the 128-hydroxyl group by
bromine!53, and reduction with zinc or chromous chloride affords
3a-hydroxy-11-oxocholanic acid154,155,

Similar reactions have been carried out in the norcholanic acid!56,
bisnorcholanic acid!56, and etianic acid series!53,156,157, In the
hecogenin series, replacement of the 128-hydroxyl group leads to
attack in the side chain!56, but elimination of the 12-oxygen function
may be achieved by oxidation with bismuth oxide to the 11 :12-
diketone, and Wolfl-Kishner reduction of the 12-oxo groupl!s9, or,
more simply, in 809, yield by trcatment of the 128-acetate with
calcium in liquid ammonial60,

A new method, discovered simultaneously and independently by
groups associated with CornrorTHI6!, HEMS162, and WETTSTEINI63,
involves reduction of 11a-bromo-12-ketones with alkali borohydrides
in good yield to 1la-bromo-12B-hydrins converted almost quantia-
tively by alkali or by silver oxide in pyridine to 118 : 128-epoxides.
These with halogen acids give 12a-halogeno-11B-hydrins, which in
the case of the iodo-compounds arc dehalogenated directly in
quantitative yield to 118-hydroxy-steroids.

0 R H R R 1 R
Br, o L) A ko HO,
-y — —
H H H “H H

OxvyGENATION OF A%11-Steromps [Kendall, Wallis, Sarett, Fieser]

AS(11)-Steroids may be obtained from A9(11)-12-oxosteroids; thus
deoxycholic acid gives methyl 3a-benzoyloxy-12-oxocholanate,
dehydrogenated by sclenium dioxide in chlorobenzene-acetic acid,
and hydrolysed to 3a-hydroxy-12-oxochol-9(11)-enic acid164, which
by the HuaNc-MiNLONI6S modification of the Wolff-Kishnet
reduction gives 509, of 3a-hydroxychol-9(11)-enic acid!66,

Since Kendall’s 1946 method [see above] involves a A9(11)-inter-
mediate, KeEnpALLI®4 in 1948 introduced an improved procedure
employing a A%11)-steroid as starting material, thereby eliminating
the wasteful prior pyrolytic preparation of a All-steroid. Methyl
3a-hydroxy-12-oxochol-9(11)-enate by hydrogenation vyields a
mixture of epimeric A9(!1)-12-ols, converted by methanol-hydro-
chloric acid into a A9(11)-12¢-methoxy-compound; when this is
shaken in chloroform with concentrated hydrochloric acid, and the
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A9(11).12¢-chloride washed with sodium hydrogen carbonate, the
Al1-3q : 9a-cpoxide is produced in 91%, yield.

CiHgCOMe  OR CiHgCOMe  Cl  CHiCO,Me C,HyCO,Me

HO H

The whole rcaction sequence procecds smoothly with an overall
yield of 609%, and is of permanent synthetic value.

The simplest method is due to WALLIs!67; methyl 3a-acetoxychol-
9(11)-cnate with hypobromous acid gives the 9a-bromo-118-hydrin,
oxidized with chromium trioxide, and debrominated with zinc to
methyl 3a-acetoxy-11-oxocholanate, but in ~ 89, yield only.

AcO”

Another simple route, which proceeds in rather poor yield, has been
described by SARETT168; methyl 3a-acetoxychol-9(11)-enate by
oxidation with permanganate in aqueous acetic acid169 gives 309,
of the 98 : 11B-epoxide, hydrogenated in 259, yicld by platinum-
acetic acid to the 11B-ol, which by oxidation with chromium
trioxide give methyl 3a-acetoxy-11-oxocholanate.

A more complex method is due to Fieserl70,171; methyl 3a-
hydroxy-chol-9(11)-enate with perbenzoic or perphthalic acid gives
the 3a-hydroxy-9a : 11a-epoxide, which is extremely inert. Oxida-
tion with chromium trioxide-acetic acid affords the 3-o0x0-9a : 11a-
epoxide, which shows remarkable reactivity in solvolytic reactions,
and is further oxidized by chromium trioxide to methyl 38-hydroxy-
11-0x0-3a : 9a-epoxycholanate [= the hemiketal form of methyl

13
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9a-hydroxy-3 : 1l-dioxocholanate], which may be converted to
methyl 3a-acetoxy-11-oxocholanate in numerous ways.

4H3C02Me

HO H

OxvyGENATION OF A79(1D-Steromps [Lieser, Djerassi, and Rosen-
kranz; Heusser and Jeger; Spring; Tishler]

A7 9(11)-Steroids are obtained by dehydrogenation of A7-steroids
with mercuric acetatel72,173,174,175,176 or with brominec!7,177. A
AS ‘7-system is present in crgosterol, whilst AS-steroids with bro-
minel78 or, preferably, with N-hbromosuccinimidel79,180,181,182, are
readily converted into AS:7-steroids; quantitative reduction of
AS5:7steroids to Al-steroids is rcadily carried outl77,182,183,184,185,

HO HO HO H HO? : Hf

Cholic acid is readily converted as the methyl ester 3a: 7a-
diacetate to the 12-ketone, dehydrogenated by selenium dioxide to
the A9(11)-12-ketone; this by treatment with hydroxyl ions gives the
A7:9(11)-12-ketone, which by Wol{f-Kishner reduction affords 3a-
hydroxychola-7 : 9(11)-dienic acid!83,186,

C,HgCOH

J
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A7:9(11)-Steroids (66) of either the A/B-cis-series [e.g. methyl
3a-hydroxychola-7 : 9(11)-dienate] or the A/B-trans-series [e.g.
ergosterol D] by oxidation with sodium dichromate dihydrate—
acetic acid according to Fieser!37 yield A8-7: 11-diketones (71),
readily reduced by zinc-acetic acid to 7 : 11-diketones (72), which
by removal [Wolff-Kishner, or thioketal-nickel] of the more reactive
7-oxo-group give 1l-oxosteroids (75); alternatively, dienes of
either series with N-bromosuccinimide in aqueous tert.-butanol give
A3-11a-bromo-7¢-hydrins (62), oxidized by excess of the reagent to
AB3-11a-bromo-7-ketones (63), which may be converted by silver
nitrate followed by chromic acid to A8-11a-hydroxy-7-ketones (68)188.

A7:9(11)-Steroids of the A/B-trans-series only [as (66)] with per-
formic or peracetic acid were found by Rosenkranz and Djerassi to
give 9a : 1la-epoxy-7-ketones (67), hydrolysed under mild alkaline
conditions to A3-1la-hydroxy-7-ketones (68)177,189; these can be
converted with hydroxyl!77 or tert.-butoxide!90 ions, by triad pro-
totropy and ketonization, directly to 7 : 11-dikctones (72), or by
selective hydrogenation with palladium-charcoal in ethanol or
platinum in ethanolic potassium hydroxide to 1la-hydroxy-
7-ketones (73) from which Ila-hydroxy-steroids (74) can be
obtained!91,192, .

A79(11)-Steroids (66) of either stercochemical series with per-
benzoic or permonophthalic acid were found by Heusser and
JEGERI92, and by TsHLERI®, to yield mainly A7-9q : 1la-epoxides
(65), converted by acidic aluminium oxidel%94 to A8-7a : 1la-diols
(64); these by oxidation give A8-7 : 11-diketones (71)187,192,19% or,
by further peroxidation, hydrolysis, and dehydration, 9a: 1la-
dihydroxy-7-ketones, further dehydrated to A8-1la-hydroxy-7-
ketones (68)192,195, A7-9a : 11a-Epoxides (65) may be converted
by boron trifluoride or ferric chloride!92 to A7-11-ketones (69),
isomerized in 859, yield by sulphuric acid in ether to A8-11-ketones
(70)196, which are reduced by lithium in liquid ammonia to 11-
oxo-steroids (75) and in presence of ethanol to Ila-hydroxy-
steroids (74)192,197, 198, 199; alternatively, A7-9a : 1la-epoxides (65)
and A8-7a: lla-diols (64) may be transformed by brief treat-
ment with acid to A9(11)-7-ketones (60)192,197,198  which, together
with A%(11)-7a : 8a-epoxides (61), are by-products in the peroxida-
tion of A/B-trans-7: 9(11)-dienes and the dichromate oxidation of
dienes of both stereochemical series. Such A9(11)-7q : 8a-epoxides
(61) and A9(11)-7-ketones (60) are readily rearranged to AB8-7-
ketones (58) [also obtained by debromination of the 1la-bromo-A8-
7-ketones (63)188], which are the exclusive products of performic
acid oxidation of A79(11)-steroids of the A/B-cis-series77,187, 188,200,
A A8-7-ketone [as (58)] has been obtained by HEUssER and JEGER20!
from ergosteryl acetate by oxidation with fert.-butyl chromate, and
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reduction of the resulting 8a : 9a-epoxy-7-ketone with zinc-acetic
acid. Djerasst and Rosenkranz191,200 discovered that A8-7-
ketones (58) of either the A/B-cis- or the A/B-trans-series by heating

- &

(58) (59)
Bf\\ Br\\
- — -
T0 OH 0
(GO) (61) (62) (63)
A/B -cis
only
&ﬁm%Q
(65) (66) 67) (68)
(70) (72)

1\//

() (75) (74)

with isopropenyl acetate and toluene-p-sulphonic acid give enol
acetates (59), which when treated with perbenzoic acid or perph-
thalic acid give directly A8-1la-hydroxy-7-ketones (68). Recently,
a 5:7:9(11)-triene has been converted to the 7¢ :8£-9a: 1la-
diepoxide, which may be successively rearranged by hydroxide ions,
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hydrogenated with palladium, and again rearranged to the 58-As-
11-ketone (70)202, For a more detailed account of these trans-
formations see ROSENKRANZ and SONDHEIMER72.

(70)

The use by Jones203) INaHOFFEN204, HeussEr and JEGER205, and
Djerasst and RoseENkRANZ206 of Sa-hydroxy-A7:9(11)-steroids for
some of the above reactions should be noted, since these 5a-hydroxy-
compounds contain a potential A4-double bond.

By FissioN oF A 1lla : 14a-Peroxipe [Laubach and Brunings]

Dehydroergosteryl acetate is catalytically isomerized in liquid
sulphur dioxide to 3B-acetoxyergosta-6 : 8(14) : 9(11) : 22-tetraene,
photoperoxidized to the 1la : 14a-peroxide; hydrogenolysis of this
gives a 1la: l4a-diol, and base-catalysed rearrangement yields
3B-acetoxy-14a-hydroxyergosta-6 : 8 : 22-trien-11-one, dehydrated
and then hydrogenated with nickel to 3B-acetoxyergosta-8 : 22-dien-
1-one [cf. (70)]207.

CgHyp CoHpy

The extraordinarily unrcactive 118-hydroxyl group is sterically
hindered by both angular methyl groups; this hindrance extends to
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the 11-oxo0 group!6s, which can however be removed by Clemmen-
sen reduction48, or by Wolff-Kishner reduction under special condi-
tions208,  11B-Hydroxysteroids [OH: axial] are acylated with
difficulty67,87.209, but wundergo ionic dehydration with ease
[118-OH/9-H: trans]4.51,138,139; ]lqa-hydroxysteroids [OH: equa-
torial] arc readily acylated and resist ionic dehydration [11a-OH/9%a-
H: cis]145,151,  Recently, eliminations of both 1la- and 11B-sub-
stituents to yield A%1)-steroids have been reporteds2,211,212,213,214,
11-Oxosteroids give 11B8-hydroxy-steroids by catalytic hydrogena-
tion20, and by reduction with lithium aluminium hydride215,216,
217,218,219 sodium borohydride220,221 lithium borohydride222, and
potassium borohydride?2}; the more thermodynamically stable 11a-
hydroxy-steroids are obtained by reduction with sodium—propanol
198,218,223,224,225,226, or with lithium in liquid ammonia in presence
of ethanol219,227,

By BrocueEmicaL OxYGENATION [Pincus, Peterson, Fried, Haines,
and Wettstein]

The original demonstration of hydroxylation of deoxycortico-
sterone (1) to corticosterone (2) and of Substance S (4) to cortisol
(5) by enzyme systems associated with adrenal gland tissue by
Pincus228 was followed by the fundamental work on hydroxylation
with micro-organisms of PETERsON and MURRAY229 who discovered
that Rhizepus species converted progesterone to 1la-hydroxyproges-
terone (76). The yield in this hydroxylation has been raised to
459,230,231 and finally to 959232; this allows cortisone (6) to be
obtained in eight steps from progesterone or twelve steps from
diosgenin233,




PARTIAL SYNTIESES 199

Similarly, 11-deoxycorticosterone230,232,234 gjves the 1la-hydroxy-
derivative and Substance S (4)230,232,234,235 gives | l-epicortisol (77),
converted by acetylation and oxidation in 709, yield to cortisone
acetate (6).

Enzyme systems associated with adrenal tissue can cause hydroxy-
lation at the 68, 118, 17a, 18, 19, and 21 positions, whereas appro-
priate micro-organisms can effect hydroxylation at the 68, 7a, 7B,
8, lla, 11B, 14a, 158, 16a, 17a, and 21 positions236,237,

Partial Syntheses of 11-Deoxycorticosterone and Substance S
11-DEoxycorTICOSTERONE (1)

3B-Acetoxyeti-5-enic acid (78) as the chloride with diazomethane
gives the 3B-acetoxy-21-diazoketone, hydrolysed by alkali to the
3B-hydroxydiazoketone (79); this with acetic acid gives the 21-
acctoxyketone (80) converted to 11-deoxycorticosterone acetate
[(82): R = Ac] by oxidation as the dibromide238, The diazoketone
(79) is sufficiently stable to give by Oppenauer oxidation
[Al(OBut); —Me,CO, 20°, 2-3 weeks] 21-diazoprogesterone (81),
which can be converted into 11-deoxycorticosterone (1) with dilute
sulphuric acid, or into its acctate [(82): R = Ac] with dilute acetic
acid?3, whilst p-toluenesulphonic acid gives the 21-toluene-p-
sulphonate [(82): R = Ts] which is otherwise inaccessible240,

CHNZ ([:HIOAC
(0.0)
c@ﬁ—» e
7 (80,
78 CH:OH CHN, ) CH,0R
|
co éo éo
I:II - - .E' — !i‘
0 0 (0]
(1) (81) 82)

11-Deoxycorticosterone has also been prepared from 3a- and
3B-hydroxyeti-5-enic acid241,242, from 17-isopregn-4-ene-178 : 208-
21-triol diacetate by the Serini reaction92, from progesterone in 3%,
yield243,244; from pregn-5-en-38-0l-20-one by condensation with
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oxaloacetic ester, iodination at Cy), hydrolysis and oxidation90,
from 3-oxoeti-4-enic acid®6, from lithocholic acid45, from pregn-
5-en-3-0l-20-one by oxidation with lead tetraacetate246, from
digitoxigenin94, and from certain y-sapogenins247,

Numerous substitution products of 11-deoxycorticosterone and/or
its acctate have been described including 2a-acetoxy-248, 6a-
hydroxy-249, 68-hydroxy-229,250, 7q-hydroxy-237, 9a-fluoro-251, 1la-
hydroxy-229,230,232,234  118-hydroxy- [= corticosterone], 12a-hy-
droxy-252, 14B-hydroxy-94.253, 16a-hydroxy-254, 17a-hydroxy- [=
substance S], 19-hydroxy-68s, 255,256,257, 19-0x0-258, and 18-carboxy-
11-deoxycorticosterones8s, and the 21-thiol29. 1 :2-Dehydro-260,
9: 11-dehydro-51,52, 11-dchydro-53,54, and 16-dehydro-11-deoxy-
corticosterone acetatc26l are known, whilst 19-nor-11-deoxy-
corticosterone acetate262,263 and 17a-methyl-11-deoxycorticosterone
acetate204,265, are remarkable for their biological activities, which
cxceed that of the parent compound; 17-is0-11-deoxycorticosterone
acetate is inactive®0,

SuBsTANGE S, 17a-HYDROXY-11-DEOXYCORTICOSTERONE (4)
Substance S was originally synthesized by REIGHSTEIN266; the tetrol
(83) was converted to the 208-acctoxy-21-aldehyde (84), hydrolysed
and then rearranged in hot pyridine to Substance S (4). A simpler
route267 involves periodic acid oxidation of the tetrol (83) to the 208-
hydroxy-21-aldehyde analogous to (84), and rearrangement of this.

CH,0H
(|:HOH CHO (‘ZHon
|
HOCH AcOCH
--OH --OH

“:‘ —— li‘ —_—

0 0
83) (84 %)

Substance S

A later synthesis by GALLAGHER! starts from 3a-formoxy-17a-
hydroxypregnan-20-one (85), which is brominated and then
hydrolysed to give 3a: 17a-dihydroxy-21-bromopregnan-20-one
(86); this is oxidized with N-bromoacetamide to the 21-bromo-3 :
20-diketone (87), which after hydrolysis with 0-05n-sodium
hydroxide and acetylation gives 21-acetoxy-17a-hydroxypregnane-
3 : 20-dione (88), brominated at Ci4) and dehydrobrominated by
the Mattox-Kendall arylhydrazone method to Substance S mono-
acetate (4). SARETT has shown that oxidation with chromium
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trioxide-acetic acid at 11° of 17a : 208 : 21-trihydroxypregn-4-en-
3-onc 2l-acetate (89) gives some Substance S monoacetate (4).

CH, CH,Br CH,Br
0

to 0
/BOH -OH /\kgori
P !

(85) (86)/, 87

HCO-0"

-
CH,0Ac - CHOAC CH,OAC

|
co HOCH

oon i(\)OH AL o
) N BaN
o = Lo - L0
) o NN

(88) . (4) (89)
Substance S acetate

Another synthesis by Jurian!28 uses 16a : 17a-epoxy-3B-acctoxy-
pregn-5-en-20-one (90), which, as the 5 : 6-dibromide, is cleaved
with hydrogen bromide and brominated to give the 168 : 2]-di-
bromo-17a-hydrin (91); this by hydrolysis at Ci(3) with methanolic

CH,

CIHzoAC

(93) (94) (4)
Substance S acetate
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hydrogen bromide, simultaneous debromination and conversion to
the 2l-iodide with sodium iodide, acetolysis, and regeneration of
the oxide ring with potassium acetate, yields the 16a : 17a-epoxide
(92). Oppenauer oxidation affords 16a : 17a-epoxy-21-acetoxy-
progesterone (93), which is cleaved by hydrogen bromide to the
168-bromo-17a-hydrin (94), reduced by Raney nickel in ethanol to
Substance S monoacetate (4). Other syntheses have been described
by MirscHER!3,116 and by RosENkRANZ and DjERAss1268,

Derivatives of Substance S acetate that have been described
include the 2a-hydroxy-269, 68-hydroxy-68a,229,250,270,271, 1lq-
hydroxy- [= ll-gpicortisol (77)]198,218,229,230,232,234,235,272,273,274,
11B8-hydroxy-compound [= cortisol], the 21-thiol259, the 1 : 2-de-
hydro-260, and the 9 : 11-dehydro-compound?7s,276,

Partial Syntheses of 11-Dehydrocorticosterone (3) and Corticosterone (2)
11-DEHYDROCORTICOSTERONE (3)

The first 11-oxygenated adreno-cortical hormone, to be obtained
by partial synthesis, was prepared by Reicustev and LArRpoN277 from
3B-acetoxy-11-oxoetianic acid (93) by the diazo-ketone synthesis.
The acid by successive trcatment with thionyl chloride, diazo-
mcthane, potassium hydroxide, and acetic acid gives 21-acetoxy-
3B-hydroxypregnane-11 : 20-dione (94), quantitatively oxidized by
chromium trioxide to the 3 : 11 : 20-trione, which by bromination
and dehydrobromination with pyridine affords the acetate of 11-
dehydrocorticosterone (3).

A sccond synthesis by ReicustelN, voN Fuw, and LarDON278

CH;0Ac CH,0Ac

o

(96) (97
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employs the 3-epimeric pregnan-3-ol-11 : 20-diones represented by
(95) and obtained from pregnane-3a : 12a-diol-20-one or from
bisnordeoxycholic acid. Acetoxylation with lead tetraacetate gives the
3-epimerides represented by (96), which by modified Oppenauer
oxidation with aluminium phenoxide-acetone afford 2l-acetoxy-
pregnane-3 : 11 : 20-trione (97), converted by bromination and
dehydrobromination to 11-dehydrocorticosterone acetate (3).

A third synthesis by Reichstein arises from that of corticosterone
[see p. 204], and a fourth synthesis has been described by RercusteiN
and von Euw279, and a fifth synthesis by SARETT38,280,

A sixth partial synthesis by WETTSTEIN and MEYsTRE28! starts
from methyl 3a-acetoxy-11-oxocholanate (98) and utilizes these
authors’ modification of the Miescher-Wettstein degradation [see
p. 26]. The diene (99) with N-bromosuccinimide affords the 21-
bromide (100) which yields the 21-acetate (101); oxidation elimin-
ates the side chain to give the 21-acetoxypregnane-3 : 11 : 20-trione
(97), brominated and dehydrobrominated to furnish the acetate
of 11-dehydrocorticosterone (3).

(101 (97 (102)

The 6B-hydroxy derivative68s,250 and 17a-methyl-11-dehydro-
corticosterone acetate (102)282 have been prepared.

CORTICOSTERONE (2)

Corticosterone was obtained by REeIcHsTEIN, voN Euw, and
LARDON278; in 1944 the diazoketone synthesis could not be used
because an 118-hydroxyl group cannot be acetylated, and has only
recently been found capable of protection as the formate or the
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trifluoroacetate [see p. 185]. Pregnane-3: 11 :20-trione (103),
obtained from denxycholic acid via pregnane-3a : 12a-diol-20-one,
is partially hydrogenated and acetylated at C(3) and then com-
pletely hydrogenated to yield the epimeric 3 : 118 : 20-triol 3-mono-
acetates represented by (104) ; modified Oppenauer oxidation using
aluminium phenoxide-acetone gives after hydrolysis the epimeric
3 : 11B-diol-20-ones, represented by (105), also obtained from
bisnordeoxycholic acid. These after separation with digitonin are
separately converted by treatment with lead tetraacetate to the
epimeric 3 : 118 : 21-triol-20-one 2l-monoacetates represented by
(106); both by modified Oppenauer oxidation with aluminium
phenoxide-acetone give the same pregnane-118:21-diol-3 : 20-
dione 21-acctate (107). This by bromination and dehydrobrom-
ination vyields corticosterone acetate, hydrolysed by potassium
bicarbonate to corticosterone (2). From deoxycholic acid a total
of forty-four stages is required.

CHs GHa Ha
¢o CHOH
0 HO,
. (R
AcO
0" VH H
(103) (104)
CH,0AC 4 OAc CH,OH
0 co co
HO, HO, HO,
HO
H 0" YH 0
(106) (107) @

Alternatively, the hydroxydikctone (107) may be oxidized to the
21-acetoxypregnane-3 : 11 : 20-trione (97), whence bromination and
dehydrobromination gives 1l-dehydrocorticosterone acetate (3)
[see p. 203]. Corticosterone acetate (2) by cautious oxidation with
chromium trioxide gives 1l-dehydrocorticosterone acetate (3),
whilst conversely, 11-dehydrocorticosterone (3), as the 3:20-
disemicarbazone, is reduced by lithium borohydride to cortico-
sterone (2)283. The 6B-hydroxy and 19-hydroxy-derivatives68a
have been described. 19-norCorticosterone has been prepared by
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incubation « ¢ 19-norprogesterone or 19-nordeoxycorticosterone with
adrenal homogenates290,

Substance F, Kendall’s Compound E, Cortisone (6)
The original partial synthesis by SARET138 of this compound starts
from 3a-acetoxy-11-oxobisnorcholanic acid (108) which is degraded
by the Curtius rearrangement to the 20-amino-pregnane (109),
deaminated by nitrous acid in aqueous pyridine to the epimeric

" o

(14)
(fHZOAc
ROCH

H

(36) (6) @37)
[substance F]

. Adrenosterone
Cortisone acetate

Substance U acetate
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20-hydroxypregnanes represented by (110), accompanied by the
Al7Q20)-pregnene (112) and the A20-pregnene (111). The product
is treated successively with tosyl chloride and hot collidine, and the
resulting mixture of (111) and (112) ozonized to give 3a-acetoxy-
11-oxoetianic acid and, after hydrolysis, 3a-hydroxyaetiocholane-
11: 17-dione (113). This hydroxy-ketone by condensation with
acetylene [which adds at C;7) only], partial hydrogenation, acetyl-
ation, bromination, and anionotropic change, yields with potassium
acetate 3a : 21-diacetoxypregn-17(20)-en-11-one (114); after hydro-
lysis and selective succinoylation of the 21-hydroxyl group, the 3a-
hydroxyl group is oxidized to give, after removal of the protective
succinoyl group, 2l-hydroxypregn-17(20)-ene-3 : 11-dione (115).
Acetylation and hydroxylation [OsOy4] then affords the saturated
17a : 208 : 21-triol-3 : 11-dione 20 : 21-diacetate (116) brominated
and dehydrobrominated to furnish Substance U diacetate [(36):
R = Ac]; this by hydrolysis affords Substance U, which by partial

?Hz OAc ?Hz OAc ?HzOH
HOCCN CCN

AcO’

HO'

Cortisone acetate
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acetylation gives the 21-monoacetate [(36): R = H] converted by
cautious oxidation into the acetate of cortisone (6) [189] and
adrenosterone (37) [28%].

An improved partial synthesis [No. 2] by SAReTT1!4 sets out from
3a : 21-diacetoxypregnane-11 : 20-dione (117), which is converted
by dehydration of the cyanohydrin (118) into the 20-cyanopregn-
17(20)-ene (119). Partial acetylation gives the 21-mono-acetate
(120), hydroxylated to afford the osmic ester (121), which is
oxidized at C(3) and then cleaved with sodium sulphite to 17a : 21-
dihydroxypregnane-3 : 11 : 20-trione (122). The 2I-acctate (123)
by bromination gives the 48-bromoketone (124) which by dehydro-
bromination affords cortisone acetate (6).

Another partial synthesis [No. 3]284 uses 38-hydroxyallopregnane-
11 : 20-dione (125), obtained from cholesterol, ergosterol, stigma-
sterol, and diosgenin [see p. 286] by the 7 : 9(11)-diene-perbenzoic
acid method [see p. 194], which was converted by the enol-acetate—
perbenzoic acid procedure of Gallagher [see p. 187] into 38 : 17a-~
dihydroxyallopregnane-11 : 20-dione (126); this by bromination at
C(21), acetolysis, and oxidation with N-bromoacetamide gave 21-
acetoxy-17a-hydroxyallopregnane-3 : 11 : 20-trione (127), converted
by bromination-dehydrobromination into cortisone acetate (6). An

alternative route from ergosterol to 3B-hydroxyallopregnane-11 :
20-dione (125) has been described?285,

(125) (126) (127)

In partial synthesis [No. 4], hecogenin (128) [see p. 292] has been
transformed by Rosenkranz and DjErassi286 using Gallagher’s
bromination, alkaline hydrolysis, and isomerization procedure [see
p. 191] into 38: 12B8-dihydroxy-22a : 25a-allospirostan-11-one (129).
Oxidation with bismuth oxide gave the related 11 : 12-diketone,
converted by removal of the 12-carbonyl group [Wolff-Kishner
reduction or hydrogenolysis of the 12-thioketal] into 3B-hydroxy-
22a : 25a-allospirostan-11-one (130); oxidative degradation of the
corresponding furost-20(22)-ene [see p. 290] gave 3B-hydroxyallo-
pregnane-11 : 20-dione (125), whence the conversion to cortisone
acetate proceeds as in synthesis No. 3.  The ketol (129) is converted
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directly into the 11-ketone (130) by treatment with calcium-liquid
ammonia287,

(128) (129) (130)

In partial synthesis No. 5, 3a-hydroxypregnane-11:20-dione
[(131): cf. (95)] from deoxycholic acid has been converted by
GALLAGHER287, using his enol-acetate-perbenzoic acid method [see
p. 187], into 3a : 17a~dihydroxypregnane-11 : 20-dione (132), which
by bromination at C(3), mild alkaline hydrolysis, oxidation at C3)
with N-bromosuccinimide, and acetylation gave 2l-acetoxy-17a-
hydroxypregnane-3 : 11 : 20-trione  (133), transformed by the
hydrazone method [see p. 185] into cortisone acetate (6).

H,0Ac
ﬁ:0

H HO H
(131) (132) (133)

In partial synthesis No. 6, RosENKrANZ and Djerassi23! used
11a-hydroxyprogesterone (76) obtained by biochemical oxygenation
of progesterone [see p. 198] or from diosgenin [see p. 286]; in partial
synthesis No. 7, Substance S (4) is biochemically hydroxylated to
11-epicortisol (77), which is converted to cortisone acetate (6)235
[see p. 198].

In partial synthesis No. 8, REcHSTEIN and LARDON288 have
converted sarmentogenin [see p. 250] into cortisone acetate. In
partial synthesis No. 9 by E. R. H. JonEs203, dchydroergosterol (134)
[see p. 54] is converted to the 5a: 8a-peroxide (135), which is
selectively hydrogenated with concomitant dehydration to the 38:
5a-dihydroxy-7 : 9(11) : 22-tricne [(136): R = H]. The diacetate
[(136): R =- Ac] with perbenzoic acid gives the 9a : 1la-epoxide
(137), converted by boron trifluoride to the A7-11-ketone (138), and
isomerized by acid to the A8-11-ketone (139), which is reduced with
lithium-liquid ammonia to the 11-ketone (140); at this stage the
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side chain is degraded to 3B :5a-diacetoxyallopregnane-11 : 20-
dione [(141): R == Ac]. The monoacetate [(141): R = H] is then
transformed into the 20-cyano-17(20)-ethylene (142) for introduction
of the 17a-hydroxyl group [see pp. 187 and 206] to give the 38 : 5a :
17a-triol-11 : 20-dione (143), brominated at C(5;) and acetolysed to
the 3B8:5a:17a: 2l-tetrol-11 : 20-dione 21-monoacetate (144),
dehydrated with hot acetic acid to cortisone acetate (6).

()] (142) (143) 144)

A tenth partial synthesis from hecogenin (128) has been completed
by Hems, Erks, and Evansl60,162) although details of the last stages
have not yet been published.

Radiocortisone containing tritium, mainly at Cg), has been
prepared289; 19-norcortisone290, 1 :2-dehydro-260,291, and 6: 7-
dehydro-292, 2a-hydroxy-269, 68-hydroxy- and 6-0x0-270, and
9a-fluoro, 9a-chloro- and 9a-bromocortisone acctate293 and the

(I:Hz OAc C'H20AC

(145)

14
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21-thiol259 have been obtained. 1 :2-Dehydrocortisone acetate
[‘prednisone’, formerly ‘metacortandracin’] (145), the 9a-halo
cortisone acetates [(146): X = F, Cl, Br] and the 1 :2-dchydro-
9x-halocortisone acetates show not only intense mineralocorticoid
physiological activity but also glucocorticoid activity exceeding that
of cortisone acetate by a factor of ten. The Al-5a-isomeride of
cortisone acetate has been made and has one-tenth to one-fifth the
activity of cortisone294,295,296, The 21-aldchyde corresponding to
cortisone has equal physiological activity297.

Substance M, Kendall’s Compound F, Cortisol (5)

A partial synthesis by TIsHLER298, uses 21-hydroxy-20-cyanopregn-
17(20)-en-3 : 11-dione (147), derived from (119), which by reduc-
tion as the 3-diethylketal with lithium borohydride gives the 118 :
21-diol (148); hydroxylation with osmium tetroxide gives the ketol
(149), brominated and dehydrobrominated with semicarbazide by
the hydrazone method [see p. 185] to cortisol acetate (5).

CH,0H CH,0H CHZOH

C:CN CCN

“OH

H — (5)

(147) (148) (149)

In partial synthesis No. 2, the 3 : 20-disemicarbazone of cortisone
(6) with lithium borohydride gives cortisol 3 : 20-disemicarbazone,
hydrolysed by exchange with pyruvic acid [see p. 185] to cortisol
(5)299,300,

In partial synthesis No. 3, by LeviN ef al.30l] 3q: 1la: 17a-
trihydroxypregnane-20-one or 3a : 17a-dihydroxypregnane-11 :
20-dione (150), both derived from 1la-hydroxyprogesterone (76),
is converted by fert.-butyl hypochlorite to 48-chloro-17a-hydroxy-
pregnane-3 : 11 : 20-trione (151), which as the 3 : 20-bisethylene-
ketal is reduced by lithium aluminium hydride to the 11B8-hydroxy-
3 : 20-bisketal (152); selective acid hydrolysis affords the 11B-
hydroxy-3-ketal (153), which by bromination at C(y;) and acetolysis
yields the 21-acetoxy-compound (154), converted by the aryl
hydrazone method [see p. 185] into cortisol acetate (5).

In partial synthesis No. 4, Friep and SaB0293 converted 11-epi-
cortisol (77) as the 21-acetate-11la-tosylate with sodium acetate into
the A9(11)-compound, which by addition of hypobromous acid gave
9a-bromocortisol acetate [(155): X = Br], reduced by zinc-
ethanol to cortisol acetate.
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Partial synthesis No. 5 has been accomplished by direct conver-
sion of Substance S (4) to cortisol by incubation with the micro-
organism Cunninghamella302,
CH
IO
&8

(5)
Cortisol acetate

In partial synthesis No. 6 by HERsHBERG33, 3a:118:17a-
trihydroxypregnan-20-one or 118 : 17a-dihydroxypregnane-3 : 20-
dione are transformed into cortisol acetate by several routes; thus
the diketone, as the 3 :3-dimethylacetal or 3-ethyleneketal, by
bromination at Cy), acetolysis, and ketal hydrolysis gave 4 : 58-
dihydrocortisol acetate (149).

19-norCortisol290, and 9a-fluoro-, chloro-, bromo-, and iodo-
cortisol acetate293 [(155): X = F, Cl, Br, I] have been prepared,
and exhibit not only intense mineralocorticoid activity but also
glucocorticoid activity exceeding that of cortisone acetate by a
factor of ten. 1 :2-Dehydrocortisol acetate260,291 [(156) : X = H]
[= ‘prednisolone’, formerly ‘metacortandralonc’] and its 9a-halo
derivatives260, 291, 304,305,306 [(156) : X=F, Cl, Br] show intense
mineralocorticoid activity and possess thirty times the glucocorticoid

CH;0Ac CH;0Ac (lZHZOAc

(155) (156)
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activity of cortisone acetate. The most potent adreno-cortical ‘hor-
mone’ yet discovered is 2a-methyl-9a-flurocortisol acetate306 (157),
which has sixty to ninety times the sodium retaining activity of
DOCA and forty times the activity of cortisone acctate in the liver
glycogen deposition test in rats.

ToTAL SYNTHESES
The A<BC->D total synthesis by CornrorTH and RoBinson307 of
epiandrosterone and cholesterol [see p. 42] lcads to total syntheses
of 1l-deoxycorticosterone (1), corticosterone (2), 1l-dehydro-
corticosterone (3), Substance S (4), cortisol (5), and cortisone (6),
because epiandrosterone is convertible by known reactions to methyl
3-oxoalloetianate (158) and thence into the hormones (1)—(6). The
A<-B<CD total syntheses of (4)-epiandrosterone and (-f-)-118-
hydroxyepiandrosterone by Jornson308,309 [see pp. 139 and 146] are
equivalent to total syntheses of the racemic forms of the hormones

(1)-(6).

COZ Me COZ Me

(158) (159) (160)

Similarly, the A<-B<«CD total synthesis by WoopwARrD310 [see
p- 45] of (+)-methyl 3-oxoetia-4 : 9(11) : 16-trienate (159), which is
hydrogenated to a mixture of the ester (158) and methyl 3-oxoctian-
ate (160), is equivalent to total syntheses of the hormones (1)-(6);
Woodward’s synthesis has recently been carried through to natural
(+)-cortisol, (+4)-cortisone, and (4-)-cortisone by KnowrLes3!l.
Again, the A<-B<-C— D total synthesis by WiLps312 of (4-)-methyl
3-oxoetianate [as (160)] from resorcinol is equivalent to the total
syntheses of the racemic forms of the hormones (1)-(6).

A stereospecific 4<-B<«(C—D total synthesis of 1l-dehydro-
corticosterone and cortisone has been achicved by SArRerT313;
‘stereospecific’ here means that in each reaction producing a fixed
centre of asymmetry the ratio, to all other isomerides, of the iso-
meride having the configuration of the end-product is greater than
8:1.

3-Ethoxypenta-1 : 3-diene (161) and benzoquinone (162), which
eventually formed ring C, by the Diels-Alder reaction gave the
adduct (163), hydrogenated with nickel to the cis-B/C-diketone
(164), reduced by lithium aluminium hydride to the diol (165).
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Hydrolysis gave the bicyclic dihydroxy-ketone (166), which by
addition of methyl vinyl ketone and cyclization yielded the tricyclic
dihydroxy-ketone (167); conversion to the 3-ethyleneketal (168)
and selective oxidation gave the hydroxy-diketone monoketal (169)
which was alkylated with methyl iodide and then with methylallyl
iodide to (170).  After oxidation with chromium trioxide in pyridine
the resulting diketone (171) was condensed with cthoxyethinyl-
magnesium bromide, and the acetylenic cther (172) rearranged
with sulphuric acid to the unsaturated ester (173). This was
hydrolysed to the corresponding acid, which was reduced in turn
with sodium horohydride [carbonyl group], potassium-isopropanol
in liquid ammonia [conjugated double houd], and lithium
aluminium hydride [carboxyl group] to the diol (174). This
was converted to the monotosylate, which was oxidized in turn
with chromium trioxide in pyridine [>CHOH — >CO] (175),
osmium tetroxide [ > C= CH, —> > C(OH) -CH,OH], and periodic
acid [>C(OH)-CH,OH — >CO + CH,0] to the dioxo-ester
(176), cyclized by sodium methoxide to the 3-ethyleneketal (177)
of 17-is0-11-ketoprogesterone, isomerized by alkali to the 3-ethylene
ketal (178) of (-I-)-11-ketoprogesterone. This was converted by
condensation with methyl oxalate to the 21-oxalyl acid [as (179)],
which was resolved with strychnince. The (4-)-acid (179) with
iodine gave the 21-iodide (180), acetolysed to the 21-acetate (181)
[giving by hydrolysis totally synthetic 1l-dehydrocorticosterone
(3)], which by conversion to the 20-cyanohydrin and dehydraticn
with phosphorus oxychloride yiclded the 20-cyano-17-ethylene (182)
[see p. 187]. This by hydroxylation with permanganate and mild acid
hydrolysis of the 3-ethyleneketal group gave cortisone acctate (6).
The total synthesis of (4)-aldosterone (as 8) has been accomplished
by WeTrsTEIN314 starting from Sarett’s ketal (169). Carbethoxyla-
tion with dicthyl carbonate gave the B-ketoester (183), alkylated
with methylallyl iodide to yield (184); the carbonyl group was
reduced with sodium borohydride, whereupon alkaline hydrolysis,
lactonization, and oxidation with chromium trioxide in pyridine
furnished the ketolactone (185). 'Ireatment with ethoxycthinyl-
magnesium bromide gave (186), converted by osmium tetroxide in
pyridine to a mixture of epimeric triols represented by (187);
selective reduction of the triple bond with palladium-calcium
carbonate in pyridine and oxidation with periodic acid gave (188),
smoothly converted by phorphorous tribromide or thionyl chloride
to a mixture of cis-trans-isomeric aldehydes (189), hydrogenated by
palladium to give mainly the aldehyde (190). Cyclization with
benzoic acid and trimethylamine in hot xylene afforded the pregna-
5:16-dienc 18 — 11B-lactone (191), hydrogenated with palladium to
pregn-5-ene 18 —11B-lactone [(192): R = H]; this was converted
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0 RN
Et0< 0
+ —_— —
EtON EtON
0

(161 (162) (163) (164) (165) (166)

HO HO -
NN O T HY
}\(/J/\Hj OH o( tnj OH o/{ t %o

o ~
(167) (168) (69)
CHs ICH3 CH,
C=CH, C=-CH, C=CH,
Ho, \LéH, \1 EH, 0. ~ |.CH,
- - — i
jH \ I? - .‘H'I"C _C-OEt
# * 0 H H{ OH
(170) a7 172)
(l:H:, CH, CIHa ([:Ha
—CH2 =CH, C=CH, co
¢H,

L, O AgLH, O - S
§Ichm coza (\;LCD:ZCHIOH\ Eﬂ{— zzCH,OTs L * 1H—CH1CH20T5

(173) (174) (175) (176)

CH,C0-COH

(81 (182) ®)
Cortisone acetate

Sarett’s stereospecific lotal synthesis of cortisone
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e
(|:=CH2
. CO,Et . 0,Et CH
Et0 CO-0 t BOCOO A O
I —
[_0 0 [_0 0
0 \ Y
(183)
(l:Hs (I:Ha
I C(OH) -CH,0H
--C= com m -C=C OEt
OH I’

(194 (195) ®)

Aldosterone

Wettstein’s total synthesis of aldosicrone
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by the sequence: —CH—CO -CO,;Me - —CHI-CO -CO,Me —
—CH,I - —CH,0Ac into [(192): R = OAc], hydrolysed by
dilute acetic acid to the (-4-)-18 —>11B-lactone acetate [(193):
R = Ac]. The frec (4)-lactone [(193): R = H], obtained by
hydrolysis with perchloric acid, was converted with cthylene
glycol-toluene-p-sulphonic acid into the 3:20-bisketal (194),
reduced by lithium aluminium hydride to the c¢yclosemiacctal-
3 : 20-bhisketal (195), hydrolysed by hydrogen chloride in tetra-
hydrofuran to the lactol form of (4:)-aldosterone [as (8)].

Finally, microbiological resolution has furnished totally syn-
thetic (+)-aldosterone (8)315,
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CARDIOTONIC GLYCOSIDES AND
AGLYCONES

CerTAIN plant glycosides and toad venoms possess powerful cardio-
tonic activity. The plant heart-poisons are steroid glycosides,
whilst the toad poisons are steroids conjugated with suberylarginine;
acidic or enzymatic hydrolysis affords the steroid aglycones or genins
[Fr. génie, spirit]. 'The cardiotonic property is associated with the
special structure of the aglycone but is modified by the nature of the
conjugated residue. Administration in cases of impaired heart
function leads to decreased rate and increased intensity of the heart
beat, whilst overdosage produces systolic stoppage of the heart. In
addition to use in cardiotherapy, some glycosides have been used
as drugs in trials by ordeal and as arrow poisons. The free agly-
cones are convulsive poisons rather than heart stimulants and arc
of little medicinal value.

CARDENOLIDES
The main sources of the glycosides arc plants of the Apocynaceae,
Liliaceae, Ranunculaceae, and Scrophulariaceae; certain genera of
Digitalis [foxglove] furnish most of the drugs of therapeutic value.
The cardiac glycosides are soluble in water and ethanol, but
sparingly soluble in non-hydroxylic solvents; after extraction with
cther or hexane to remove fats and resins, the dried and powdered
plant material [seeds, leaves, or roots] is extracted with methanol,
saponins precipitated with basic lead acctate, and the products
purified by partition between chloroform and water or aqueous
methanol, crystallization, or chromatography of the acetates, from
which the free glycosides can be regenerated by hydrolysis with
potassium bicarbonate!,2. Isolation is difficult because of the low
content in the plant tissues and the sensitivity of the glycosides to
acids, bases, or enzymes occurring in the plant. Thus digitoxin,
gitoxin, and digoxin, isolated from Digitalis purpurea and lanata, were
regarded as the original plant glycosides, but by using a special
enzyme-hindering process of extraction their precursors, the true

plant glycosides digilanide A, B, and C, have been obtained, and
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may be hydrolysed to their component digitoxosides, glucose, and
acetic acid by successive use of the enzyme digilanidase [extracted
from digitalis leaves] and dilute calcium hydroxide3:

Ca(OH), Deacetyldigilanide A

O digilanidase
- -- - ——+1 Deacetyldigilanide B -

oo |
— AcOH Deacetyldigilanide C = glucose |
!
Digilanide A Digitoxin
Digilanide B Gitoxin
Digilanide C Digoxin
1
digilanidase | Acetyldigitoxin Ca(OH), \
- —- =14 Acetylgitoxin e
— glucose 1Acctyldig0xin — AcOH

Glycosides by hydrolysis give an aglycone [or a secondary product
of dchydration] and one or more sugars. Several glycosides may
give the same aglycone; thus the three glycosides -strophanthoside,
k-strophanthin-g, and cymarin from Strophanthus kombé seed all give
strophanthidin  with = strophanthotriose, strophanthobiose, and
cymarose, respectively.  k-Strophanthoside is a trioside:

A ) E,

Strophanthidin - - cymarose —— B-glucose §v—v a-glucose

Fission with a-glucosidase at k, yiclds &-strophanthin-8 and glucose,
further split at A by 0-1n acid to the aglycone strophanthidin and
strophanthobiose [= cymarose-B-glucoside] ; enzymatic fission with
strophanthobiase [from sced of S. courmontii]4 at I£| furnishes cymarin
and 2 mol. glucose; finally hydrolysis with 0- I~ acid at 4 produces
strophanthidin and strophanthotriose [= cymarose-B-glucoside-a-
glucoside]S. A very active glucosidase is obtainable from Adenium
multiflorum®, and differential hydrolyses using various enzymes have
been accomplished’. Detection, separation, and estimation of
glycosides and aglycones is possible chromatographically on silica-
gel or on paper and the constituents of single sceds can thus be
compared8. Natural digitaloid glycosides involving p-sugars are
generally B-glycosides, whilst those involving L-sugars are a-
glycosides?.

Apart from p-glucose and r-rhamnose, the sugars obtained by
hydrolysis of the cardiac glycosides have not been found elsewhere
in nature. L-Acofriosel0 is the 3-methyl ether of L-rhamnose (1),
whilst antiarose [= p-6-deoxygulose]ll (2) is the 5-epimeride of
L-rhamnose.
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CHO CHO CHO CHO CHO
OH OH OH HO OH
OR OH MeO OMe OR
HO HO HO HO OH
HO OH OH HO HO

CH, CH, CHy CH, CH,

1)} (2) (3) (4) (5)
L-Rhamnose Antiarose  p-Digitalose  t-Thevetose L-Talomethylose
L-Acofriose L-Acovenose

(l:HO (T‘ HO (I:HO ('ZHO CIHO

CH, CH, CH, CH, CH,

OH OMe OMe OR MeO

OH OH HO HO HO

OH OH HO OH OH
CHy CH, CHj CH; CH,

(6) (7) (8) 9 (10)
p-Digitoxose  b-Cymarose L-Oleandrose Dbp-Sarmentose p-Diginose
p-Boivinose

Digitalose is the 3-methyl ether of the 3-epimer of antiarose and has
been synthesized!2. Thevetose, identical with cerberosel3, is the
3-methyl ether (4) of L-6-deoxyglucosel4, whilst the sugar L-6-deoxy-
talose (5) has been isolated several times and rL-acovenose is the
3-methyl ether!S. Digitoxose is the 2 :6-deoxyhexose (6)16,17;
cymarose (7) is the 3-methyl ether of digitoxose (6)18. Oleandrose
(8) has been obtained crystalline and synthesized!9; sarmentose
[(9): R = Me] has also been synthesized20, whilst the unmethylated
compound occurs naturally as p-boivinose [(9): R = H] which has
been synthesized2!,22, p-Diginose (10) is 3-¢pisarmentose23 and has
been obtained synthetically24. These 2-deoxy sugars have charac-
teristically high reactivity; glycosides in which a 2-deoxy sugar is
attached directly to the aglycone undergo mild acid hydrolysis very
easily and give the Keller-Kiliani25 reaction [formation of a blue
ring at the interface of a solution in acetic acid containing Fe*+ ions
with sulphuric acid].

When a 2-hydroxy-sugar [e.g. glucose, rhamnose, digitalose] is
attached directly to the C(3)-hydroxyl of the aglycone, fission can
only be achieved under conditions of hydrolysis so drastic as
simultaneously to cause elimination of tertiary hydroxyl groups in
the aglycone with production of anhydro-compounds. Alcoholysis
often proceeds more rapidly and more smoothly than hydrolysis26.
Another method much used recently by Reichstein, is that of
MannicH and S1IEwWERT27, whereby a glycoside is cleaved by hydrogen
chloride .in acetone at 15° to the aglycone and [probably] the
chloro-sugar; the method fails with polyglycosides insoluble in
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acetone. Alternatively, hydrolysis-resistant glycosides may be con-
verted (i) with alkali to the isoglycosides, which can be hydrolysed
to the isoaglycones without dehydration?8, or (ii) in the case of 19-
aldehydes, with sodium borohydride to the 19-alcohols, which can
be hydrolysed without dehydration?9.

Early investigations by Schmiedeberg, Cloetta and Kiliani dealt
mainly with problems of isolation; Windaus commenced structural
studies, whilst the work of Jacobs on strophanthidin provided
experimental evidence for the eventual solution of the structural
problem. That the cardiac aglycones are hydroxy-steroids with a
special side-chain structure was first suggested by Kon30, on the
basis of x-ray measurements3!. Interpretations of existing work in
terms of the steroid structure were given in 1934 by Kon32 and in
1935 by Jacoss and ELDERFIELD33,

0 0

OH OH
HO ) HO ;‘
) 12

Digitoxigerun Uzarigenin

There are at present a relatively small number of aglycones [see
Table XIV1], but these can be combined with one or more sugars,
which can be arranged in different sequences, to yield a large num-
ber of glycosides and polyglycosides. The simplest aglycones are
the 38 : 14B-dihydroxy-58-cardenolide digitoxigenin (11), and the
3B : 14B-dihydroxy-5a-cardenolide uzarigenin (12); the cis-union of
rings C and D should be noted. Uzarigenin, urezigenin, corotoxi-
genin, and coroglaucigenin are the only cardenolides with A/B-trans
ring-fusion, whilst urezigenin is the only natural cardenolide with a
3a-hydroxyl group.

CONSTITUTION OF THE AGLYCONES
The Nuclear Structure

Uzarin by acid hydrolysis gives p-glucose and the laevo-rotatory
Al4.compound ‘ B’-anhydrouzarigenin (13)34,[accompanied byalittle
of the dextro-rotatory A8(l4)-isomeride ‘a’-anhydrouzarigenin34];
dehydrogenation of ‘B’-anhydrouzarigenin with selenium gives
3'-methyl-1 : 2-¢yclopentenophenanthrene [Diels’ hydrocarbon]3s,
also obtained from strophanthidin by dehydrogenation with selenium
at 320-340°36. Complete hydrogenation of ‘8’-anhydrouzarigenin
(13), followed by oxidative cleavage of the lactone ring, and
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Table X1V
AGLYCONES
Aglycones Formulae Substituents m.p.° [a],,

Diginigenin® ® 621112804 38- ()H 115 — 216
Strophanthidin® (33,04 38:58: 146-(OH); 235 - 41*
Strophanthid-19-ol Ca3H3406 38:58:14B: 19-(OH),4 142 | -+ 37
Strophanthidinic acid® Ca3H3,04 38:58: 14B-(OH); 185 | - 55
Periplogenin C3H3405 38:58: 148-(OH); 185 i 32
Digoxigenin C,3H3405 3B : 128 : 148-(OH); 222 | 4+ 18
Digitoxigenin Cy3H3404 38 : 148-(OlLI), 250 + 18
3-epDigitoxigenin Cp3H3404 3a: 148-(OH), 282 P27
Gitoxigenin . C23H3405 38: 148 : 168-(OH); 235 | 34
Olcandné,(mn [- (rltO‘(l-

genin l6-acetate] CasH3606 | 38: 148-(OI); : 168-OAc 225 | — 10
Adynerigenin® Ca3H 3,04 38 : 168-(OH), 242 -+ 18
Neriantogenin? Co3l3,04 38 : 168-(OH), 259 —
Adonitoxigenin® | = 19-

oxogitoxigenin] CasH305 381 148 : 168-(OH); 172 | —
Uzarigenin* . Ci23H3404 38 : 148-(OH), 246 | 14
Urezigenin* | '3-e[nu7ar|-

genin] . Ca3H3404 3a: 148-(OH), 270 | 4
Corotoxigenin®™*  [-— 19-

oxouzarigenin| Ca3H305 38 14B-(OH), 221 | 42
Coroglaucigenin*

[ uzarigen-19-0l] . | Cy;H3405 38: 148: 19-(OH); 250 | 4 23
Sarmentogenin Ca3H3405 38: 1la: 148-(OH), 270 | 4 21
11-¢piSarmentogenin Ca3H3405 38 118 148-(OI); 258 | + 29
11-Dchydrosarmentogenin | Ca3H3,05 38 : 148-(OID,; 12CO 252 A4 11
Sarmutogenin C3H3:06 | 3B8:128: 148-(OH)3; 11CO | 259 4 49
Caudogenin** Ca3H306 | 38:12a: 148-(OH)3: 11CO | 220 — 82
Decogenin C3H3006 | 38: 148-(OH),; 11:12(COY, | 235 | + 66
Sarverogenin® C3H3007 | 38: Ha: 148-(OH)3; 12CO | 190 | + 45
Leptogenin® C3H3007 | 38:128: 148-(OH)3; 11CO | 244 | 4 78
Inertogenin® Ca3H3007 | 38: 12a: 148-(OLD)3; 11CO | 227 | — 56
Chryseogenin® Co3ll307 |38: 148-(OH),; 11: 12(CO), | 242 + 40
Antiarigenin® Cy3H320, 38:58:128: 148-(OH), 242 2
Antiarigen-19-ol C3H3407 | 38:58:128: 148:19-(OHl)s | 162 |37
Acovenosigenin Cy3H3405 18:38: 148-(OI1); 272 | 4 2
Tanghinigenin C3H320s | 38: 146-(OH)y; 7a : 15a-

epoxide 187 | 14
Ouabagenin Ca3H3404 18:38:58:1287:148:
19-(OH)¢ 255 + 11

;LHO at ((;)
(d6) H at C(,q)

CA-,

dA" enc

* A/ B-trans-ring-fusion

** Substituents may be 38 1la 114-(OH)s, 1200

© One unplaced O atom, probably present as epoxide
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elimination of the 3B-hydroxyl group, aflords the 20-epimeric
dibasic acids represented by (14), both degraded by the Barbier-
Wieland method to alloetianic acid (15)37,38.

T <<:o,H

' ’ ——
e !
R H

HO

CH, CO,H

H
(13) (14) (15)

Similarly, non-pyrolytic degradation of digitoxigenin (11) by
conversion to y-digitoxanol diacid (16) gives digitoxan diacid (17),
which by Wieland-Barbier degradation affords etianic acid (18)33.

CHZCOZ H o <CH2COZH coH

~ H CO,H CO.H )
(\i_ |
S ! f s i
H H = (:I\ ) H
HO g H B

(16) (17) (18)

Neither degradation offers opportunity for change of configuration
at Cs) or G(7), but both involve Al4-intermediates and so furnish
no information about configuration at Cy4).

The AeB-y-Lactone Ring

‘This feature, first noted in 1898 by Fris139, is responsible for the
ultraviolet absorption maximum at 220 mu and the characteristic
reactions shown by all cardenolides in pyridine solution with
(i) sodium nitroprusside-sodium hydroxide leading to a decp red
colour [Legal test]40, (ii) with ammoniacal silver nitrate giving
silver [Tollens test]; these reactions fail with cardanolides in which
the lactone ring is saturated. Jacoss4! suggested a A#?-butenolide
structure on the basis of experiments with the A*2- and A#?-angelica
lactones. These are, however, y-methylbutenolides; FELDERFIELD42
has shown that a proper B-substituted model, B-cyclohexyl-A*A-
butenolide, reproduces the typical behaviour of cardenolides in
regard to the ultraviolet absorption, the Tollens and Legal test
[improved modification with potassium fcrricyanidc], and catalytic
hydrogenation to cardanolides only The lactone ring has thus the
A%f-structure (19).
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Cardenolides are cleaved by aqueous potassium hydroxide and
regenerated by acidification, but in the presence of a suitably placed
and correctly orientated hydroxyl group both glycosides and agly-
cones undergo irreversible isomeric change with alcoholic potassium
hydroxide to give the so-called ‘iso-compounds’. The isomeri-
zation may occur without fission of the lactone ring by triad
prototropy [(19)—(20)] followed by intramolecular electrophilic
addition of the proton of the 14B8-hydroxyl group to Cyq) to give the
iso-compound (21). This is saturated, does not give the Legal test,
and by saponification yields an equilibrium mixture of lactone (21)
and open-chain (25) forms43.

CH— CH H)- CO CH CO
’ CH[H] 0 I H——' l | ]> —0 , CHZ
OH O(H)
(19) (20) (21) (22)
Cardenolide 1so-Compound 17-1soCardenolide
actone form]
l
co2 CO,H COH COzH
CH OH ' Y
. N . f \
“H
(23 (24) (25) (26) (27)
Etianic acid 1so- Compound 14~-150-17 —1s0 -~
[open-chan form) Etianic acid

17-isoCardenolides [formcrly termed alloglycosides and ‘allo-
aglycones’] [as (22)] give the Legal test, absorb in the ultraviolet at
220 my, but do not give iso-compounds because the lactonic side
chain is a-orientated; 17-isoperiplogenin [see p. 241] [as (22)] by
degradation and dchydration affords 3B-hydroxy-17-isoalloeti-14-
enic acid [as (26)], hydrogenated, like other Al4-17-iso-steroids and
Al4:16-steroids44,45, to the C/D-cis-compound 3B-hydroxy-14-iso-
17-isoalloetianic acid [as (27)]46.

The cis-C|D Ring-Union
Formation of 14 : 2l-epoxides (21) and (25) is possible only if the
C(14)-hydroxyl group and the C( 7)-lactonic side chain are cis as in
(19), or if a cis-arrangement can be achieved by inversion at C14)
or C(37). Transformation of digitoxigenin [(11), as (19)] and of
isodigitoxigenin [as (21)] into etianic acid [(18), as (24)]33,47, by



CARDENOLIDES 235

reactions not involving the asymmetric centre at Cq), proves the
17B-configuration in both the cardenolide and the iso-compound.
The C4)-hydroxyl group thus has the S-configuration and rings
C|D are cis-united; this conclusion is proved by degradation of
digitoxigenin to 3B : 14B-dihydroxy-14-iseetianic acid [as (28)]48.
Similar arguments can be advanced for other cardenolides, and the
general methods of oxidative degradation of the Aaf-lactone ring
introduced by Reichstein lead to other 14B-hydroxy-14-isoetianic
acids.

CHZOH
CH CO CHO CO COH
CHz \ 2

KHC03 H104
(19) (28)
KMnO;, m Me,CO B

The 17-isocardenolides [as (22)] do not give iso-compounds
because of the trans-arrangement of the 148-hydroxyl group and the
17a-lactonic sidechain.

STRUCTURE OF INDIVIDUAL GLYCOSIDES AND AGLYCONES
Strophanthidin
The aglycone STROPHANTHIDIN, obtainable from the glycosides of
several varieties of Strophanthus, especially S.kombé [see p. 229], is
readily available and formed the principal material for the pioneer
researches of W. A. Jacobs.

Strophanthidin (29) possesses a B-orientated secondary hydroxyl
group at Ci3) giving rise to a monobenzoate, B-orientated tertiary
hydroxyl groups at C(s) and Cy4), and a carbonyl group at Cyg).
The aglycone forms an oxime, does not reduce Fehling’s solution49,
but is a 19-aldehyde since permanganate in acetone furnishes
strophanthidinic acid (31)50,51,52; further oxidation of (31) as the
methyl ester with chromium trioxide gives methyl strophanthidonate
(33), which is a ketone and cannot be acetylated. Hydrogenation
with palladium with absorption of 1 mol. of hydrogen gives dihydro-
strophanthidin (32), which fails to give the Legal test and yields
no iso-compound, and which is oxidized as the 3-acetate by per-
manganate to dihydrostrophanthidinic acid (34)53. Reduction
with aluminium-amalgam or aluminium isopropoxide yields the
primary-secondary-ditertiary tetrol strophanthid-19-ol (30)54,55
which gives a diacetate and occurs in S.kombé as the 3-cymaroside

cymarol [see p. 240]. The aldehyde group of dihydrostrophanthidin
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(32) is hydrogenated with difficulty by platinum to a saturated
tetrol, epimeric at C(y9) with that obtained by hydrogenation with
platinum of strophanthid-19-ol (30)54, which has been transformed
into 38 : 5B : 19-trihydroxyetianic acid, and into 38:58:148:
19-tetrahydroxy-14-iseetianic acid, leading by dehydration [POCI;
—Py] and hydrogenation to 19-hydroxyalloetianic, 38 :19-di-
hydroxyetianic and 148 : 19-dihydroxy-14-iseetianic acid52,57. These
C(9)-ols are typical neopentyl alcohols and fail to react with phos-
phorus halides, thionyl chloride, and halogen acids, but react with
organic acidsS8.

Dihydrostrophanthidin (32) by Wolff-Kishner reduction gives
dihydroperiplogenin; a direct correlation with periplogenin [see
p- 240] has been achieved by conversion of strophanthidin (29) with
methylmercaptan—zinc chloride to the 19-mercaptal, which is
reduced by Raney nickel to periplogenin52,60,
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Strophanthidin (29) consumes one equivalent by titration with
aqueous sodium hydroxide, but with methanolic sodium hydroxide
gives irreversibly ‘a’-isostrophanthidin (35); this dissolves in alkali
to give the lactol form ‘a’-isostrophanthidin acid (36), oxidized by
potassium hypobromite to ‘a’-isostrophanthidinic acid (37)49, 6L,
Compounds of the iso-serics [e.g. (35), (36), (37)] frequently exist
in epimeric ‘e’ and ‘B’ forms; this was thought to be due to
asymmetry at C(30)62, but has been shown to arise from inversion
at (8. Thus, the ‘a’-iso-acid (37) by treatment with hot
potassium hydroxide yields ‘B -isostrophanthidinic acid (38), which
forms a 3B : 19-lactol oxidized by potassium hypobromite to ‘B’-
isostrophanthic lactone acid (39)43.
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Strophanthidinic acid (31) affords an iso-compound [(35) with
CO,H for CHO]J43. Strophanthidinic acid (31) is oxidized by
permanganate to the 20-oxo0-21 — 14-lactonic acid (40)50,64; this
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(35) 37
CH,COH .CH,COH

CH H
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(38) OH (39)

with potassium hydroxide is cleaved with inversion at C(7) to yield
the 17-is0-20-oxo-acid (41), which does not lactonizeS7, and is
oxidized by hydrogen peroxide to the 14-iso-17-isoctianic acid (42)57.
Strophanthidinic acid (31) [as the 3-acetate 19-mcthyl ester] by
ozonolysis at - 80° and mild hydrolysis with potassium hicarbonate
of the resulting glyoxylic ester (43) gives the a-ketol (44), oxidized
by periodic acid to yield [after hydrolysis] the 14-iso-17-n-epimeride
(45) of the acid (42)57.
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The 14-iso-17-1s0-acid (42) has been converted into a 19-nor-A4-
3-ketone by elimination of the 58-, 148-hydroxyl, and 19-carboxyl
groups65,66 and into a 19-nor-11-deoxycorticosterone and a 19-
norprogesterone67.

The tertiary 14B8-hydroxyl group involved in the formation of
isostrophanthidin (35) is readily eliminated by dehydration because
strophanthidinic acid (31) [as methyl ester] with ethanolic
hydrogen chloride gives anhydrostrophanthidinic ester (46),
which yields no iso-compoundS!. The anhydro-ester (46) by
oxidation with chromium trioxide yields a B-hydroxyketone de-
hydrated with great ease to the af-unsaturated ketone dianhydro-
strophanthidonic ester (47); strophanthidin therefore contains a
second tertiary hydroxyl group at Ci(s)51.

——-

K P8
Me0,C Me%j/

H
(31 (46) (47)

8) (49) (50)
y -Strophanthidin

Free strophanthidinic acid (31) is dehydrated by concentrated
hydrochloric acid to a very stable lactone49,68, which was originally
regarded as a 19— 14B-lactone, but is more probably the 19 —88-
lactone (48)62, oxidized by chromium trioxide to the 3-oxo-
19 —»8B-lactone (49). Strophanthidin (29) with concentrated
hydrochloric acid similarly yields -strophanthidin (50) which gives
no iso-compound and is oxidized by chromium trioxide to the oxo-
lactone (49)49,68,

Interaction between the Cs)-tertiary hydroxyl group and the
aldehyde group is obtained only in the homologous C(;g)-epimeric
cyanhydrins [as (51)] derived from dihydrostrophanthidin (32); the
epimeric homo-acids obtained by hydrolysis give epimeric 19a — 58-
homolactones [as (52)], oxidized by chromium trioxide to the
same 3 : 19-dioxo-19a — 58-lactone (53)69.
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Strophanthidin (29) is converted by cold ethanolic hydrogen
chloride into the cyclic ethylal (54), hydrolysed to monoanhydro-
strophanthidin (55)70; the formerly accepted A/B-cis-3p : 19-epoxide

=0
-0
CHO CN -HOCH] CO-HOCH
. " ’) /\I/ \J/ . ,
H HO™ - oy HO" v
(32 (59 (52) (53

structures are stereochemically impossible, and the new structures
[(54) (55)] are supported by the infra-red absorption spectra63,
Use of hot ethanolic hydrogen chloride affords dianhydrostrophan-
thidin ethylal (56), also obtained from monoanhydrostrophanthidin
(55) under the same conditions, oxidized by chromium trioxide
to the 19— 3B-lactone (57)49,7!, and further dehydrated by con-
centrated hydrochloric acid with molecular rearrangement to tri-
anhydrostrophanthidin (58)68. This has an aromatic system
[Amax 279 mu]7?2 located in ring B, since oxidation with nitric acid
gives benzene-1 : 2 : 3 : 4-tetracarboxylic acid3.

,T_:O
o

(56) (57) (58)

Correlation of the B-orientation of the C(3)- and C(s)-hydroxyl
groups is achieved by conversion of strophanthidin (29) with thionyl
chloride into a cyclic 38 : 58-sulphites9. All the functional groups
in strophanthidin have the B-configuration, although the aglycone
does form an insoluble digitonide.

CONVALLATOXIN, CONVALLOSIDE, CHEIROTOXIN, and DEGLUCO-
CHEIROTOXIN are glycosides of strophanthidin. CONVALLATOXIN is
probably the most toxic cardenolide and is obtained from leaves
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and blossoms of the lily of the valley, Convallaria majalis76,77; it gives
the Legal test, affords an iso-compound with alkali, but is resistant
to acid hydrolysis finally giving monoanhydrostrophanthidin (55)78;
use of cold methanolic hydrogen chloride yiclds dianhydrostrophan-
thidin methylal [as (57)]79. The glycoside rcacts with hydroxyl-
amine with difficulty, and by Mannich hydrolysis with cold hydro-
gen chloride-acetone affords strophanthidin (29)80. Convallatoxin
is strophanthidin-rhamnoside, and it has been synthesized from
strophanthidin and ‘a’-acetobromorhamnose by condensation with
silver carbonate in benzene—dioxan8l,82, Seeds of the lily of the
valley contain no convallatoxin, but instead yield ¢r.ucocoNnvaLLo-
siDE, which is strophanthidin-rhamnoside-[glucoside]283; and con-
VALLOSIDE which is strophanthidin-rhamnoside-glucoside, hydro-
lysed by strophanthobiase to convallatoxin and glucose84.

Seeds of the wall flower, Cheiranthus cheiri, contain GHEIROTOXIN,
which is strophanthidin-6-deoxyguloside-glucoside, hydrolysed by
strophanthobiase to glucose and pEcLUcOCHEIROTOXIN, which is
highly toxic28,85, 86,

CymaroL, which occurs in S. kombé seeds, is strophanthid-19-ol
(30)-cymaroside, and has been obtained from cymarin by Meerwein-
Ponndorf reduction8’. CONVALLATOXOILOSIDE [= strophanthid-19-
ol-rhamnoside-glucoside]83, and convaLLATOXOL [= strophanthid-
19-ol-rhamnoside] occur in lily of the valley83, CymAarYLIGC AcID,
which is strophanthidic acid (31)-cymaroside, has been synthesized
by oxidation of cymarin acetate with chromium trioxide8s,

17-isoStrophanthidin and its Glycosides

Seeds of Strophanthus kombé, when ground and allowed to stand in
water with the enzymes present in the seeds, afford 17-isocyMARIN
[formerly ‘allocymarin’], hydrolysed by very dilute acid to 17-iso-
STROPHANTHIDIN [as (59)]89 and cymarose.

Periplogenin and its Glycosides

PERIPLOCIN, PERIPLOCYMARIN, and EMICYMARIN arc the cymaroside-
glucoside, the cymaroside, and the digitaloside, respectively, of
PERIPLOGENIN (60), which corresponds with strophanthidin but
carries the usual angular methyl group at C;0)%. Periplogenin
has been obtained from strophanthidin (29)60, whilst dihydroperi-
plogenin has been obtained from dihydrostrophanthidin (32)59; it has
also been correlated with digitoxigenin [see p. 243] and uzarigenin
[see p. 249], and has been transformed into progesterone and 11-
deoxycorticosteroned!,
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AcorriosiDE I is  A4-periplogenin  (61)-acofrioside, and is
hydrolysed by the Mannich procedure to A3:S-dianhydroperiplo-
genin and L-acofriosc92.

17-isoPeriplogenin and its Glycosides

Seeds of Strophanthus kombé by the action of enzymes contained
therein furnish not only 17-isesTROPHANTHIDINGY, but also 17-7so-
EMICYMARIN [formerly ‘allocmicymarin’] and 17-is0PERIPLOCYMARIN
[formerly ‘alloperiplogenin’]93. The former is hydrolysed by the
Mannich procedure to 17-isoPERIPLOGENIN (59) and digitalose,
whilst the latter with very dilute acid gives 17-isoperiplogenin (59)
and cymarose93,94.  Emicymarin has also been isolated from secds
of Strophanthus eminii%s,96. 17-isoPeriplogenin (59) and periplo-
genin (60) afford 17-epimeric trianhydro-compounds95,96, and 17-
isoperiplogenin has been degraded to 3B-hydroxy-14-iso-17-isoallo-
etianic acid [as (27)]46. 17-isoCardenolides are not isomerized by
alkali97.

Digoxigenin and its Glycosides
Dicoxin, ‘a’ and ‘B’-AGETYLDIGOXIN, from Digitalis species, are
digoxigenin-[digitoxoside]; acetates, whilst digilanide C has a
fourth terminal sugar unit which is glucose. The acetyldigoxins
differ in regard to the acetyl group in the trisaccharide portion of
the molecule, the ‘a’-compound being partly converted by hot
ethanol into the more stable ‘B’-isomeride?8. DIiGoxIGENIN (62)
gives the Legal test, has a 14B-hydroxy group furnishing an iso-
compound and two secondary hydroxyl groups yielding by oxida-
tion a diketone, digoxigenone [(62) with 3 : 12-(CO),] which gives
only a monoxime and monosemicarbazone%. The position and
configuration of these hydroxyl groups follows from the oxidative
degradation of digoxigenin diacetate to 38 : 12B8-dihydroxyetianic
acid (63)100, All four 3 : 12-dihydroxyetianic acids have been pre-
paredi0l, Digoxigenin and its diacetate are dehydrated with some
difficulty; phosphorus oxychloride-pyridine at 150° or sulphuric
acid-cthanol give Al4-anhydrodigoxigenin [a], — 16°, whilst
16
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concentrated hydrochloric acid gives A8(4)-anhydrodigoxigenin,
[a], + 46° (64)102,103; the former is converted by hydrochloric acid
into the latter, which resists catalytic hydrogenation but which by
bromination at C( with N-bromosuccinimide and dehydro-
bromination yields the A8(14) :16-dienc!04,
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Digitoxigenin and its Glycosides
The arrow poisons ECHUJIN and ECHUBIOSIDE, from Adenium
boehmianum, arc digitoxigenin-cymaroside-[glucoside], and digi-
toxigenin-cymaroside-glucoside, respectively!05,106,  SomaLin105109
[= hongheloside G, another arrow poison from Adenium somalense,
and oporosipe Al10,111 from the oleander are respectively digitoxi-
genin-cymaroside and diginoside. OnorosipeE D12 is  digitoxi-
genin-diginoside-glucoside, and by enzymatic hydrolysis yields
odoroside A. ObporosiDE G ACETATENO 13 [formerly known as
odoroside G] is digitoxigenin-acetyldigitaloside-[glucoside],, hy-
drolysed enzymatically to onoroBiosipE G110,113) which is digitoxi-
genin-digitaloside-2-glucoside, and oporosipe H106,113-116, which
is  digitoxigenin-digitaloside. GrAcILOSIDE!I2, 114,115 [formerly
odoroside F] is digitoxigenin-digitaloside-4-glucoside. DIGILANIDE A
is an acetylated tetraglycoside hydrolysed to give deacctyldigilanide
A, which is digitoxigenin-[digitoxoside]3-glucoside; this is converted
by digilanidase to digitoxin, which is digitoxigenin-[digitoxoside]3
[see p. 229]; all these glycosides are obtained from Digitalis species.
THEVETINIIT, 118,119 isolated from be-still nuts, the fruit of Thevetia
neriifolia, is digitoxigenin-thevetoside-[glucoside|,, hydrolysed by
strophanthobiase successively to THEVEBIOSIDE!IS,119, with loss of
1 mol. glucose, and to NERIFOLIN, with loss of 2 mol. glucose; use
of thevetobiase gives directly neriifolin, which is digitoxigenin-
thevetoside, and has been isolated from Thevetia neritfoliall7,118,
ACETYLNERUFOLIN [= cerberin and venaniferin], isolated from the
same source, is hydrolysed by potassium bicarbonate to neriifolin,
which by the Mannich procedure gives the 3-methoxy-6-deoxy-
hexose thevetose [ = cerberose] and ‘a’-anhydrodigitoxigeninll7-120,
Evonosipe, from seeds of Evonymus europaea, is digitoxigenin-rham-
noside-[glucoside],; hydrolysis with strophanthobiase yields succes-
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sively EVOBIOSIDE and EVOMONOSIDE which are digitoxigenin-rham-
noside-glucoside and digitoxigenin-rhamnoside, respectively, whilst
Mannich hydrolysis gives acctone- or anhydro-derivatives of
digitoxigenin together with rhamnosel21-124,

DicrroxiGenin (65) with alkali gives isodigitoxigenin (66), which
as the open-chain acid (67) is oxidized by potassium hypobromite
to isodigitoxigenic acid (68); this is converted by the successive
action of hydrochloric acid and acetyl chloride into the acetyl-
anhydroanhydride (69), hydrogenated and hydrolysed to y-digi-
toxanoldiacid (16), which has been degraded to etianic acid (18)
[see p. 233]33,47,
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More direct evidence of structure is provided by oxidative
degradation of digitoxigenin [as acetate] with permanganate in
acetone to 3B : 14B8-dihydroxy-14-isoetianic acid (70), and thence
to 3B-hydroxyetianic acid48. Digitoxigenin has also been converted
with inversion at C(j7) into 3B-hydroxy-14-iso-17-isoetianic acid!25
and into 14-iso-17-isopregnanel26,

COLH -0 710
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HO H H
(70) (71 (72)

Dehydration of digitoxigenin with sulphuric acid-ethanol or
boron trifluoride-acetic anhydride gives a mixture of anhydro-
compounds#8,127; use of phosphorus oxychloride-pyridine gives
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only Al4-anhydrodigitoxigenin, [a], — 13° (71)34,127, converted by
concentrated hydrochloric acid into A8(14)-anhydrodigitoxigenin,
[a]y -+ 39° (72)34,128. Digitoxigenin, although a 3B-hydroxy-
compound, gives no insoluble digitonide; 3-epidigitoxigenin, pre-
pared by reduction of digitoxigenone with sodium borohydride, is
physiologically inactivel29,

Gitoxigenin, Oleandrigenin, and their Glycosides

DiciLanpE B is gitoxigenin-[digitoxoside];-glucoside acetate and
readily loses acetic acid to give DEACETYLDIGILANIDE B, converted
by digilanidase to crroxin, which is gitoxigenin-[digitoxoside]; [see
p. 229]; these glycosides are obtained from various Digitalis species.
DicrrALINUM VERUM ACETATE [= honghecloside B}, the principal
glycoside of seeds of D. purpurea and D. lanata, is gitoxigenin-acetyl-
digitaloside-glucoside6,130-133,  Originally, the sugar-acetyl group
was not detected and the glycoside was called ‘digitalinum verum’;
enzymatic hydrolysis gives the true pIGITALINUM VERUMS, 130,133
which isgitoxigenin-digitaloside-glucoside,and sTROSPESIDE!30-133,134
[= deglucodigitalinum verum], which is gitoxigenin-digitaloside;
the compound formerly called ‘deglucodigitalinum verum’ contains
an acetyl-group in the digitalose residue. OrmiciN, from D.
orientalis, consists of gitoxigenin united to glucose and an un-
identified 2 : 6-deoxyhexose, hydrolysed with difliculty to dianhy-
drogitoxigenin (93)98. GrroriN, from D. lanata, is gitoxigenin-
glucoside!3S. OLEANDRIGENIN is gitoxigenin 16-acetate; OLEANDRIN,
from Nerium oleander, is oleandrigenin-oleandroside!36,137) HONGHE-
LosibE A, from the stems of Adenium honghel is oleandrigenin-
cymaroside6, 130,134 and ¢crRYPTOGRANDOSIDE A, from the leaves of
Cryptostegia grandiflora, is oleandrigenin-sarmentoside!32. HONGHELO-
siog Cis oleandrigenin-cymaroside-glucoside, converted by enzymatic
hydrolysis to hongheloside A, and by long contact with aluminium
oxide with loss of acetic acid to Al6-gitoxigenin-cymaroside-gluco-
side130, CRYPTOGRANDOSIDE B is oleandrigenin-sarmentoside-gluco-
side, converted by enzymatic hydrolysis to cryptograndoside Al132,
The 16-acctoxyl group in the foregoing glycosides is readily hydro-
lysed by potassium bicarbonate, whereby olcandrin, hongheloside A,
and cryptograndoside A afford gitoxigenin-oleandroside, -cymaro-
side, and -sarmentoside, respectively!30,132,  The 16-acetoxyl group
is easily eliminated as acetic acid by chromatography on aluminium
oxide to give Al6-gitoxigenin-glycosides!30,132; oleandrin by vacuum
pyrolysis yields Al6-oleandrin!38,

GrroxiGeniN (73) forms a dibenzoate, by oxidation gives a di-
ketone, and with alkali gives isogitoxigenin (74), which yields only
a monohenzoate and a monoketone, but readily affords an anhydro-
compound!39,140,  The isoaglycone is here a 168 : 21-epoxide (74),
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hydrolysed to isogitoxigeninic acid [(75): R = H], the methyl
ester [(75): R = Me] of which exhibits no carbonyl reactivity and
is thus not in equilibrium with a hydroxy-aldehyde form.

0 0 CH-CHOH
0 0 0
OH
OH OH OH
H H H HO vy
(73) (74) (75)

a’-Dihydrogitoxigenin (76), obtained by hydrogenation of
gitoxigenin with palladium, by oxidation with chromium trioxide
gives dihydrogitoxigenone (77), which loses water very easily to
form the aB-unsaturated ketone (78)141,142.  The tertiary hydroxyl
group involved is at Ci4) because oxidation of gitoxigenin (73) with
chromium trioxide gives the diketone ‘a’-gitoxigenone (79), con-
verted, like other 14-iso-17-n-20-ketones91,126,143; by alkali to the
more thermodynamically stable ‘B’-gitoxigenone (80) with inver-
sion at C(7). These diketones give neither the Legal test nor
anhydro-derivatives, but their structures are supported by their
infra-red spectra63.
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Gitoxigenin (73) [as diacetate] by oxidatipn with permanganate
in acetone gives the ester-diacetate (81), dehydrated by phosphorus
oxychloride-pyridine to the Al4:l6.ester (82) and a Al4-ester
hydrogenated with platinum in acetic acid to give [after alkaline
hydrolysis] 38 : 168-dihydroxyetianic acid (84)144, identical with
synthetic material and different from the 38 : 16a-cpimeridel4s.
Hydrogenation of the ester (82) with platinum-acetic acid gives
[after alkaline hydrolysis] a mixture of 3B-hydioxy-14-iso-17-iso-
etianic acid (83) and 3B-hydroxyetianic acid (86); the acid (84) as
the 3-monoacetate methyl ester [obtained from the 3 : 16-diacctate
methyl ester by partial hydrolysis with potassium bicarbonate], by
dehydration with phosphorus oxychloride-pyridine and alkaline
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hydrolysis yields 3B8-hydroxyeti-16-enic acid (85), identical with
synthetic material, hydrogenated with platinum- acetic acid to 3p-
hydroxyetianic acid (86)144,
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‘a’-Dihydrogitoxigenin [(76): [a], -+ 42°] exhibits mutarota-
tion; in aqueous solution, fission of the 23-» 21-lactone ring
affords the acid (87), recyclized to the 23 - 16-lactone ‘B’-
dihydrogitoxigenin [(88): [a], — 55°], which by oxidation yields
a 3-ox0-21-carboxylic acid41,142,146,147,

Gitoxigenin (73) has been corrclated with digitoxigenin by
oxidation of isegitoxigeninic acid [(75): R = H] to isogitoxigenic
acid (89), which is converted by concentrated hydrochloric acid
through a 14a-chloro-compound into the 20-epimeric ‘y’-anhydro
acid (90), hydrogenated [as methyl ester] with platinum-acetic
acid to ‘y’-digitoxanoldiacid (16)139,
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OLEANDRIGENIN [= gitoxigenin 16-acetate] (91) is obtained from
oleandrin, hongheloside A, and cryptograndoside A by hydrolysis
with 0-05N mineral acid!30,132,136,137, 1t is further hydrolysed to

CH,COH H,CO,H
Hz_oz 2 0, o <CH2C02H
0 COH
0 \t
ri ~
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HO H HO g
(89) (90) (16)

gitoxigenin (73), and has bcen prepared therefrom by partial
acetylation [Ac,O-Py]48; acetylation of gitoxigenin [Ac,O—
NaOAc] gives the 3: 16-diacetate, which by partial hydrolysis
gives gitoxigenin 3-acetate. The acctyl in oleandrigenin group
is located at C(6) and not C(3) since oxidation with chromium
trioxide gives oleandrigenone, dehydrated by cold concentrated
hydrochloric acid to dianhydrogitoxigenone [(93) with O=- at
C3)]- Hydrolysis of oleandrigenin with 1n acid gives Al4-anhydro-
oleandrigenin (92) and dianhydrogitoxigenin [(93): [a]y -}- 454°],
which is the sole product with ethanolic hydrogen chloridel40.
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Adynerigenin, Nerianiogenin, Adoniloxigenin

AbynERIN (94)137, isolated from oleander lcaves, is stated34 to be
8(14)-anhydro-oleandrin [ = A8(14)-gitoxigenin 16-acctate oleandro-
side], but gentle hydrolysis gives diginoscl49, not oleandrose as
originally reported!37, and ADYNERIGENIN (95). Adynerigenin
affords an iso-compound, and with dilute mineral acid yields 15-
anhydroadynerigenin [ =8(14) : 15-dianhydrogitoxigenin] (96), con-
verted by concentrated hydrochloricacid to 16-anhydroadynerigenin
[= 8(14) : 16-dianhydrogitoxigenin]34, 133,137, 148 and hydrogenated
to 20 : 22-dihydro-8(14)-anhydrodigitoxigenin [i.e. (20 : 22-dihydro-
72)134. An alternative formulation of adynerin as a 3«-glycosidoxy-
A3-compound and of adynerigenin as a 3x-hydroxy-A7-compound
proposed by Tschesche and Grimmer!49 appears untenable.
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NerianTINIY, from oleander leaves, is neriantogenin-glucoside;
hydrolysis yields neriantogenin (97) [= Al4-anhydrogitoxigenin],
giving a diacetate, and converted by concentrated hydrochloric
acid to dianhydrogitoxigenin (93)63,133,137,148,
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AponrToxiNg, from Adonis vernalis, is an aldehyde forming an
oxime, and giving an acid by oxidation; it is 19-oxogitoxigenin-
rhamnoside since Mannich hydrolysis yields rhamnose and Aponi-
TOXIGENIN (98)150, which has heen shown to he 19-oxogitoxigeninl5l,

HO H

(97) (98)
Neriantogenin Adonitoxigenin

Uzarigenin, 3-epilzarigenin, Corotoxigenin, Coroglaucigenin, and
Related Glycosides

Uzarosir!s2 and uzariniS3, from uzara root, are uzarigenin-
[glucoside]y and uzarigenin-[glucoside],, respectively; oporo-
sipEN4, 154 and oporoslosibE KU4,154) from Nerium odorum, are
uzarigenin-|glucoside],-diginoside and uzarigenin-glucoside-digino-
side, respectively, whilst cririrosipe AB86,110,111,155,156  has heen
found to be identical with cueirosipE H and is uzarigenin-fucoside-
glucoside8o,  All these glycosides require drastic acid hydrolysis
which leads to a mixture of anhydrouzarigenins37,74,153,156,
Oporosipe B0, js uzarigenin-diginoside and is readily hydro-
lysed by 0- 1~ acid to diginose and UZARIGENIN.

UzARIiGenIN!IO 1T [= odorigenin B] (99) has the A/B-trans-con-
figuration37,38; it has a secondary hydroxyl group [monoacetate]
and a tertiary hydroxyl group readily lost to give A8(14)-anhydro-
uzarigenin [ [a]p, 4 5°] and Al4-anhydrouzarigenin [(100): [a],
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— 30°]34,37,74,153,156,  The tertiary hydroxyl group is at Cj4) since
uzarin and odoroside B with alkali give respectively isouzarin and
isoodoroside B, which is readily hydrolysed by dilute acid to iso-
uzarigeninl!36, The structure (99) is proved by degradation [as

0 ]::O
) A ljﬁb

Ak
oH _:,O)VjHB ; t

HO™ VT
(99) (100) (101)
Uzarigenin
l (0G0 (H20H
(0]
\CH2 ~ i
Q\ s JV/L o
AcO ’ I:i
(102) (103) (104)

the acetate] with ozone at — 80° to the glyoxylic ester (102),
hydrolysed by potassium bicarbonate to the a-ketol (103), which
with periodic acid gives 38 : 148-dihydioxy-14-isoalloetianic acid
(104)110, 111 identical with synthetic materialls7,

Hydrogenation of Al4-anhydrouzarigenin (100) yields two 20-
epimeric tetrahydrides [as (101)]37, whose synthesis from 38 : 21-
diacetoxypregn-5-en-20-one [see p. 246] provides further proof of
structure. A corrclation with periplogenin  (60) has been
achieved37,38,

URreziN!S2 is 3-epiuzarigenin-[glucoside],; urezigenin [= 3-epi-
uzarigenin] is the only natural aglycone with a 3a-hydroxyl
group.

MILLOSIDE!S8, PAULIOSIDEISS, sTROBOSIDE!SS, BOISTROSIDE!SS, and
CHRISTYOSIDE!S8,159 are respectively the cymaroside, sarmentoside,
boivinoside, digitoxoside, and digitaloside of COROTOXIGENIN, which
is  19-oxouzarigenin since WolfI-Kishner reduction of its 20:
22-dihydro-derivative gives 20 : 22-dihydrouzarigenin!58,159,160,
GorRruUsIDE!60, 161,163 from seeds of Gomphocarpus fructicosus, is coro-
toxigenin-p-6-dcoxyalloside. FRruUGOs1»1160,162,163,164  from sceds
of G. fructicosus and roots of Xysmalobium undulatum, is coroglauci-
genin-p-allomethyloside; gofruside by reduction with sodium boro-
hydride gives frugoside, so that COROGLAUGIGENIN is uzarigen-19-ol.
Christyoside and gofruside undergo auto-oxidation!65,
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Sarmentogenin and its Glycosides

SARMENTOCYMARIN is sarmentogenin-sarmentoside, and was isolated
from seeds described as Strophanthus hispidus!66,167; subsequent
botanical examination has suggested that the material may have
consisted of seeds of S. sarmentosus166 and a mixture of seeds of
S. preussii and barteril67.  Sarmentocymarin has been obtained
[yield 0-459,]168 from sceds regarded as S. sarmentosus but now
thought to be derived from some other species, hecause seeds of
genuine S. sarmentosus contain only traces [0-00459,]169.  Sarmento-
cymarin has been isolated from seeds of S. gerrardiz [0-1349,],
S. courmontii [0-309%], S. petersianus [0-19], and S. grandiflorus
[0-19%,]170; S. sarmentosus glabriflorus seeds are very rich in glyco-
sidesl7l.  Seeds of S. nicholsonii, hypoleuccus, eminii, mirabilis, and
hispidus contain no sarmentocymarin, but yield cymarin, cymarol,
periplocymarin, and emicymarinl72,173, From seeds of various
Strophanthus  species are isolated SARGENOSIDE32,175,176 sARNO-
vIDE!77,178,179,203 pIvARICOSIDEIS0-183,195 and KWANGOSIDEL84,
which are the digitaloside-glucoside, digitaloside, oleandroside, and
diginoside, respectively, of sarMENTOGENIN (105). Sarnovide by
oxidation with chromium trioxide gives pEsarosir!?9, which also
occurs naturally and is reduced by sodium borohydride to 11-epi-
SARNOVIDE!79, which is less toxic than sarnovide. Divaricoside by
oxidation with chromium trioxide gives 1 1-DEHYDRODIVARICOSIDE!83.
The substance formerly called ‘sarmMENTOSIDE B’ is sargenoside
diacetate, i.e. sarmentogenin-1l-acetate-acetyldigitaloside-gluco-
side, and the former ‘SARMENTOSIGENIN’ is sarmentogenin 11-
acctatel74,176,178,

H
(105) (106) (107

Sarmentogenin /

OMe
AcQ

A

(108)



CARDENOLIDES 251

SARMENTOGENIN (105) contains two secondary hydroxyl groups
[3B: lla-dibenzoate], and a tertiary hydroxyl group at Ci4)
affording with alkali isesarmentogenin and by dehydration A8(14)-
and Al.anhydrosarmentogenin63,178; oxidation with chromium
trioxide yields a 3:1l-diketone sarmentogenonc giving only a
3-monoscmicarbazone®4. Successive climination of the three
hydroxyl groups gives the deoxylactone (106)185, also obtained from
digitoxigenin!86, and digoxigeninl03. Sarmentogenin [as 38 : 1la-
diacetate] by oxidation with permanganate in acetone yields 38 :
la-diacetoxy-148-hydroxy-14-iseetianic acid (107), dehydrated as
methyl ester by phosphorus oxychloride—pyridine to the Al4-ester
(108), hydrogenated with platinum-acetic acid to give, after
alkaline hydrolysis, 38 : 1la-dibydroxyetianic acid (109)168, which
differs from the 38 : 118-isomeride!84 and the 3a : 11a-isomeride!88,
but by oxidation affords the known 3 : 11-dioxoetianic acid (110)189.
Although a 3B-hydroxy-compound, sarmentogenin gives no in-
soluble digitonide. 11-Dehydrodivaricoside by acid hydrolysis
gives oleandrose and 11-DEHYDROSARMENTOGENINITY, 183) which by re-
duction withsodium borohydride affords 11-¢pisARMENTOGENINIT9, 183,

Other 11-Oxygenated Glycosides and Aglycones
SARMUTOSIDE!82,190,191 ) MUSAROSIDE!82,190,191 and AMBOSIDE184,192,
193 are respectively the sarmentoside, digitaloside, and diginoside of
SARMUTOGENIN (111)194, CauposipE!03,180,182,195 js the oleandroside
of cAuDOGENIN (112), which may have the alternative 38 : 11a : 14B-
trihydroxy structure, and by oxidation with chromium trioxide
affords DEcosIDE!83; this with dilute acid gives oleandrosc and the
11 : 12-diketone prcoceNIN (113)183) which is dehydrated by acetic
anhydride-pyridine at 20° to the A3-11 : 12-dikctone ACETYLCAULU-
TOGENIN183,

0

HO

H
(1) 112) (113)
Sarmutogenin Caudogenin Decogenin

(114) (115) (116)
Sarverogenin Inertogenin Leptogenin
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SARVEROSIDE!70,174,196,197,198  INTERMEDIOSIDE198,199,200,201 " and
PANSTROSIDE!98,200,201,202,203 are the sarmentoside, diginoside, and
digitaloside, respectively, of sARVEROGENIN (114), which has one
unplaced oxygen atom present probably as a 7a : 15a-epoxidel94,
forms a dibenzoate, and by oxidation gives the yellow 11 :12-
diketone sarverogenone!97.

INERTOSIDE!80,204,205 and 1.EPTOSIDE!80,204,205 are hydrolysed by
dilute acid to diginose and INERTOGENIN (115)206 and 1.EPTOGENIN
(116)206, respectively. By oxidation with chromium trioxide inter-
medioside, inertoside, and leptoside all give the same 11:12-
diketone-diginoside, CHRYSEOSIDE206, which by reduction with
aluminium amalgam regencrates a mixture of the three glycosides;
chryseoside by mild acid hydrolysis gives diginose and the 11 : 12-
diketone CHRYSEOGENIN [= sarverogenone]206, dehydrated by
acetic anhydride—pyridine at 20° to the AS8-11: 12-diketone
ACETYLFLAVOGENIN206,  All these substances have onc unplaced
oxygen atom, present probably as an epoxide.

Seeds of S. sarmentosus appear in four ‘chemical’ varieties!?1;
saRMENTOSIDES A, C, D, and E have been isolated174,175,190,196,
197,203,207,208 of which the first named is an aldehyde united with
L-6-deoxytalosel74,207,

Antiarigenin and ‘a’- and ‘B’-Antiarin

The latex of the upas tree, Antiaris toxicaria, used as an arrow
poison, yields ‘a’-antiarIN [as (118)], which is antiarigenin-
antiaroside [ =antiarigenin-5-¢pirhamnoside]209, and ‘B’-ANTIARIN
[as (118)], which is antiarigenin-rhamnoside210, By energetic
acid hydrolysis both give the appropriate sugar and dianhydro-
antiarigenin (117)211; this gives the Legal test, has one reactive
sccondary hydroxyl group and onc hindered secondary hydroxyl
group [monobenzoate], a carbonyl group [semicarbazone], and
two non-conjugated nuclear double bonds209,210,211,  Mannich
hydrolysis of ‘a’-antiarin gives antiarigenin [(118): R = HJ212,
‘a’-Antiarin gives a tribenzoate [3 acyl groups in antiarose moiety],
oxidized by chromium trioxide to an acid which readily lactonizes

[19—118- or 19->12B-lactone], whilst Meerwein-Ponndo.f

i’ [ 0 o T:-ZO 7 ]vO
Q’i}f\o of, ﬁo 8 INo
cTo} j CHO| 1 HOCH, | t )
JA T e T e
HO Y RO oy’ ROT AN
m7) (ne) (119)

R=H: Antiarigenin R=H: Antiarigenin -19-ol
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reduction of ‘a’-antiarin affords ‘a’-antiarol [as (119)], the
tetrabenzoate of which is oxidized to a ketone212,

‘B’-Antiarin gives a tribenzoate [3 acyl groups in rhamnose
residue] oxidized by chromium trioxide to a neutral compound
[lactone]. Mannich hydrolysis fails, but after reduction with
sodium borohydride to ‘B’-antiarol [as (119)] succeceds to give
rhamnose and antiarigen-19-ol [(119): R = H]213. ‘a’- and ‘B’-
Antiarin [as (118)] and ‘a’- and ‘B’-antiarol [as (119)] are about
equally toxic213,

Acovenosigenin and its Glycosides

AcOVENOSIDES Al15,214,215,216) B15, and C217, from seeds of Acokan-
thera venenata, are acovenosigenin-acovenoside, acovenosigenin com-
bined with an unknown sugar, and acovenosigenin-acovenoside-
[glucoside],. Seeds of Acokanthera longiflora2!5 and friesiorum?216,218
afford acovenoside A and the incompletely characterized acolongi-
florosides E, G, H, J, and KI5215, AcoveNosiGENIN A (120) is
obtained from acovenoside A by Mannich hydiolysists, and by
degradation with ozone, hydrolysis of the resulting glyoxylic ester
to the a-ketol (121), and oxidation with periodic acid affords 18:
3B : 14B-trihydroxy-14-isoctianic acid (122); this by dehydration
[as diacetate-methyl ester] with phosphorus oxychloride or thionyl
chloride gives the Al4-ester (123), hydrogenated with platinum-
acetic acid to yicld, after hydrolysis, 18 : 38-dihydroxyetianic acid
(124), which [as methyl ester] with carbonyl chloride-pyridine
gives the 18:3B-carbonate (125)219. Elimination of the 18-
hydroxyl group yields ultimately 3-oxoctianic acid219,220.

CIH 20H
0 co CO,H
H 0 AcO HO
—— -
OH OH OH
(120) (121) 122)
Acovenosigenin _
CO,Me CO,H CO,Me

. -
AcO HO
— oo
(123

(124) (125)
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Tanghinigenin, Tanghiferigenin, and Other Glycosides
Four thevetosides have been isolated from the nut kernels of
Tanghinia veneniferalll,119,221; TANGHININ, which is tanghinigenin-
acetylthevetoside, DEACETYLTANGHININ, TANGHIFERIN of unknown
structure, and acetylnerifoliin [see p. 242]. Deacetyltanghinin by
acid hydrolysis affords thevetose and TANGHINIGENIN222 [(126): 38~
OH], oxidized by chromium trioxide to a 3-ketone which with

sodium borohydride is reduced to 3-¢piTANGHINIGENIN [(126): 30~
OHJ222,

I%ozrz CO,H
Y on b
\/ 0 P
H HO H
(126) (127) (128)

Tanghinigenin

Oxidative degradation of the aglycones [as (126)] with ozone,
potassium bicarbonate, and periodic acid gave respectively 38:
148- and 3a: 14B-dihydroxy-7a : 15a-cpoxy-14-isoctianic acid [as
(127): R = H]}, yielding with chromium trioxide thc same 3-oxo-
acid; dchydration of the 3a: 148-dihydroxyester [(127): 3a-OH,
R = Me] with thionyl chloride-pyridine and hydrogenation of the
product with platinum-acetic acid afforded 3a-hydroxyeti-8-cnic
acid (128), identical with synthetic material223, The 7a: 15a-
position assigned to the epoxy ring is probable but not proved.

Ouabagenin and Ouabain

OuaBAIN [= g-strophanthin], an arrow poison, is obtained from
the bark and root of the ouabaio tree, from Strophanthus gratus224,
and from Acokanthera friesiorum?18; it is a rhamnoside224, gives the
Legal test225, and with alkali, isoouabain225, Acetylation with
acetic anhydride gives a hexaacetate?’, and in presence of zinc
chloride a Al4-anhydroouabain heptaacetate224; this by hydrogena-
tion gives a tetrahydride, which undergoes acetolysis with hydro-
chloric-acetic acid, with elimination of (i) rhamnose, (ii) four
acetoxyl groups, and (iii) one carbon atom as formaldehyde, to give
an aromatic trianhydrohydroxylactone, Amax 270 mu225. Analogous
results were obtained with isoouahain225, and have been interpreted
as loss of a C;9)-CH,OH group with aromatization of ring B226 or
ring 4227,

Ouabain by Mannich hydrolysis affords ouabagenin-acetonide2?
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[= ‘anhydroouabagenin’]228 reversibly converted?2? by traces of
acid to oUABAGENIN (129)27,230,231 which affords a tetraacetate
A230,231,232 a triacetate B230,231,232 and a triacetate G233, Oxida-
tive degradation of the tetraacetate A230,231,232 and of the triacetate
B230,232 affords a tetraacetoxydihydroxy- and a triacetoxydihy-
droxy-14-isoetianic ester, both converted by sodium carbonate
hydrolysis to a methyl hexahydroxy-14-isoetianate (130)232,233,
which affords two isomeric monoacetonides233. The ester (130) by
oxidation with N-bromoacetamide affords a bis-B-hydroxy-ketone
(131), dehydrated successively to a tetrahydroxyenone ester (132),
giving a diacetate, and a trihydroxydienone ester (133), also giving
a diacetate232,

0
CoMe Me
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Ho | ° HO ?Hgi 7
CH CH: c
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20 : 22-Dihydroouabagenin2? has been converted by selective
oxidation with platinum and oxygen and treatment with alkali with
loss of formaldehyde into a phenol, which by dehydration to a Al4-
anhydro-compound and rearrangement with methanolic hydro-
chloric acid gives the B-naphthyl methyl ether (134)234. "These
transformations permit assignment of five of the hydroxyl groups in
ouabagenin, viz. 18: 38 : 58 : 148 : 19, whilst the sixth is probably
11a27 or 128230,231; it is consistent that ouabagenin does not react
with lead tetraacctate2’,229 or periodic acid?28.

Ouabagenin-acetonide has been formulated with a 18: 3g-
bridge27,228, or more recently with a 18:19-bridge (135)233;
acetylation furnishes an acetonide diacetatc?”,228,229,231 converted
by sulphuric acid hydrolysis into a 38 : 12f?-diacetate [= ‘a’
ouabagenin diacetate] accompanied as the result of acyl-migration
by a 3B:19-diacetate [= ‘B’-ouabagenin diacctate]228,229,231,
oxidized to a 3 : 12?-diketone by chromium trioxide-acetic acid?33,
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but to a A2-1: 12?-diketone (136) by chromium trioxide in pyridine
and subsequent chromatography on aluminium oxide233,

0] . -- o -
Me ‘0 e I‘go AO > I( ACO
Cqu ﬂd—iz[ I ] CHz
L 5
0
(135) (136) (137)

Oxidation of ouabagenin-acetonide (135) with chromium trioxide—
acetic acid and subsequent chromatography on aluminium oxide
gives a Al-3: 12?-diketone (137), converted as the 19-alcohol by hot
acetic acid with loss of formaldehyde into a ring 4 phenol233.

Numerous incompletely characterized glycosides and aglycones
have recently been isolated by Reichstein: odorosides C, D, E,
F110; cheirosides C, D, E, F, G85; abobioside, abomonoside, and
abogenin23s; courmontosides A, B, (‘ 36; nigrescigenin237; ambostro-
side and quilenogoside?38; arriagoside, gosswcxloslde, walloslde, and
wallogenin239; hogoroside and antioside213; and nabogenin240. From
the leaves, stalks, and latex of Calotropis varieties there have been
obtained uscharin24l, uscharidin24l, calotropin241,242, calactin24l,
calotoxin2?4l, and, more recently, coroglaucigenin, corotoxigenin,
frugoside, and other glycosides242,

Diginigenin and Diginin
DiciNin, from leaves of Digitalis purpurea?43, is unique in yiclding by
hydrolysis with 0-1n acid diginose (10)23 and a Cjj-aglycone244,
Dicinigenin, Gy HpgOy (138), gives the Legal test but has no lactone
ring; it contains a secondary hydroxyl group [monoacetate], and
two carbonyl groups one of which is hindered [monoxime] and is
probably present as a Cyjg-aldehyde group244. The grouping
— CO-CH; — is present [piperonylidene derivative], and onc

CHy
CO-CH, o Et

(138) (139) (140)
Diginigenin
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isolated double bond; the fourth oxygen atom is regarded as a
16 : 21-epoxide forming part of a B-ketotetrahydrofuran ring24.
Diginigenin by Wolff-Kishner reduction followcd by hydrogenation
with platinum-acetic yields three products; one by oxidation with
chromium trioxide-acetic acid gives 3 : 20-dioxo-14-iso-17-iso-
pregnane (139), converted by Wolff-Kishner reduction to 14-is0-17-
isopregnane (140)245; these degradation products have been syn-
thesized from 3B-hydroxy-14-iso-17-isoetianic acid246,

SCILLADIENOLIDES [E BUFADIENOI,IDES]

The scilladienolides occur conjugated with onc or more sugars in
plants and free or conjugated with suberylarginine as bufotoxins in
the venom secreted by the skin and parotid glands of toads. They
have a digitalis-like action on the heart, and extracts of squill have
been used since mediaeval times, whilst the Chinese and Japanese
have long employed medicinally a galenical preparation from the
toad Bufo bufo gargarizans called Ch’an Su in China and Senso in
Japan. The glycosides arc bheautifully crystalline substances, but
the bufotoxins are difficult to purify and characterize.

In the squill glycosides and the toad poisons, the side chain is a
six-membered A*# Y.lactonc ring (143) with an ultraviolet absorp-
tion band at Ayax, 300 mye.; these lactones do not give the Legal test,
but with methanolic potassium hydroxide yield enol-esters (142),
which afford 148 : 21-epoxyesters [= iso-compounds] (141). Hydro-
genation with palladium in acetic acid furnishes saturated 8-lactones
(144) accompanied by 14-isocholanic acids (145). Ozonolysis of
the lactone ring aflords formic, oxalic, and glyoxylic acids together
with an etianic acid.

PN -~ . 23,
\ COo,Me CO,Me 2 =0
/QCH : CHOH M 0
o] L -
OH OH
(1) (143)

OH

(144) (145)
Colour reactions for distinguishing scilladienolides from cardeno-
lides have been described247. The scilladienolide aglycones of

known structure are given in Table XV.
17
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Table XV
SCILLADIENOLIDE AGLYCONES
Aglycone Formula Substituents m.p.° [a],°

Scillarenin® .| GagH304 3B : 148-(OH), 238 - 17
Bufalin . .| Ca4H3404 38 : 148-(OH), 244 -9
Bovogenin Ab* | | C4H3005 38 : 148-(OH), 247 0
Bovogen-19-0l A* | Cp4H3,05 38: 148: 19-(OH); 260 — 15
Telocinobufagin . | C4H3405 3B:58: 14B-(OH); 160/210 |+ 4
Gamabufogenin . | Cz4H3405 38: 1la: 148-(OH); 263
Hellebrigenin®

[— Bufotalidin] | Cj4113,0¢ 3B:58: 148-(OH), 237 {- 18
Hellebrigen-19-0ol | Cy4H340¢ | 38:58:148: 19-(OH)4 257%* |- 8**
Bufotalin . .| Ca6H3606 | 38: 14B-(OH),: 168-OAc | 118/222 (4 5
Bufotalinminb .| CaaH3004 38: 58-(OH), : x-CO 201 + 19
Marinobufagin . | Cy4H3,05 38 : 58-(OH); : x-C:O 22 - 10
a _ At-ene * . A/B-trans-ing-fusion
b . CHO at C,o) **  3-monoacctate,

STRUCTURE OF INDIVIDUAL GLYCOSIDES AND AGLYCONES

Scillarenin, Proscillaridin A, Scillaren A [= © Transvaalin’], and
Glucoscillaren A; Scilliroside, Scillaren ¥

The white equill, Scilla [= Urginea) maritima, affords a remarkable
series of glycosides; GLUCOSCILLAREN A, SCILIAREN A [= ‘trans-
vaalin’] [as (146)], and PROSCILLARIDIN A248,249, arc the rhamno-
side-[glucoside],, the rhamnoside-glucoside, and rhamnoside,
respectively, of scillarenin [(146): R == H] whilst cLUcosciLLI-
PHAEOSIDE and SCILLIPHAEOSIDE are the rhamnoside-glucoside and
glucoside, and SCILLIKRYPTOSIDE, SCILLIGLAUCOSIDE, SCILLICYANO-
SIDE, SCILLICOELOSIDE, and SCILLAZUROSIDE are glucosides of un-
known aglycones249,250,

Glucoscillaren A, scillaren A, and proscillaridin A are hydrolysed
stepwise by appropriate enzymes finally to give scILLARENIN [(146):
R = H]251,252, which gives no insoluble digitonide. Previously, by
use of hot 0-2N acid, scillaren A furnished the A3:5-diene scILL-
ARIDIN A (149) and various formulae were proposed for scillaren A
and its then unknown aglycone248,253.  Scillarenin by enzymatic252
or chemical oxidation25! gives scillarenone (147) ; this by Meerwein-
Ponndorf reduction regenerates scillarenin252, which proves the
position of the double bond.
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Hydrogenation of scillaren A [as (146)] gives a hexahydride [as
(144)] and the rhamnoside-glucoside of 38 : 148-dihydroxy-14-iso-
allocholanic acid [(148): R = Cj,H;,0Og], hydrolysed at C(3) and
dehydrated at C(14) with 1IN methanolic hydrogen chloride to give
3B-hydroxyallochol-14-enic  acid, hydrogenated with platinum-
acetic acid to 3B-hydroxyallocholanic acid254.

N o0 COM
OH OH OH
R o RO" VY

(146) (147) (148)
R=H Scillarenin
R= C‘anOg ‘Scillarenin A

) 0
0 0 cH COxMe
OH
(149)

(150) (151)

Scillaridin A (149) is dehydrated by In hydrochloric acid to the
Al4-anhydro-compound (150) reversibly converted to an enol-ester
[as (142)]; scillaridin A with methanolic potassium hydroxide gives
isoscillaridin methyl ester (151)248.

A substance called ‘transvaalin’, isolated from the bulbs of
Urginea burkei2sS, was originally and correctly regarded as scillaren
A256, but later as an acetylated bufalin-rhamnoside-glucoside237;
‘transvaalin’ is identical with scillaren A, and scillarenin has also
been isolated from the plant247.

ScILLIROSIDE (152)258,259 is the chief glycoside of the red variety
of Scilla [= Urginea] maritima [used from the thirteenth century as a
rat poison], in which it is accompanied by scillaren A [as (146)]
and sciLLAREN 258,259, a glucoside of unknown structure, and is
five hundred times more lethal to rodents than scillaren A.  Itis a
glucoside, has Amax. 300 my, fails to give the Legal test, and requires
two equivalents of alkali: one to open the 3-lactone ring, and one
to hydrolyse an enol-acetate group, whose presence causes the
292 : 93-double bond. Scilliroside tetraacetate [four sugar acetyl
groups] contains two free hydroxyl groups; one is secondary since
oxidation with chromium trioxide or lead tetraacetate gives a
ketone, affording by successive treatment with alkali, hydrochloric
acid, and acetic anhydride, an iso-compound (153). A second type
of iso-compound (154) can be obtained from scilliroside by succes-
sive treatment with alkali, hydrochloric acid, and acetic anhydride;
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the secondary hydroxyl group is therefore placed at C(j3), but C(;¢)
has been suggested260.  Scilliroside contains a nuclear double bond
which reacts with perbenzoic acid, but resists hydrogenation and is
placed at the 8 : 9-position.

\OAc OAc OAc
H { 0 0
o’ ©° cn COMe Co,Me
OH OH
RO q RO A RO e
(152) (153) (154)
R=CgH, 05 Scilliroside R=CgH, 0 (OAc), R=CgH,0 (OAc),

Bufalin

BuraLin (155)261,262, from Ch’an Su [= Bufo gargarizans], forms a
monoacetate, hydrogenated to a tetrahydride, and is oxidized with
chromium trioxide to a ketone; it is dehydrated by hydrochloric
acid to a Al4-anhydro-compound and by hot acetic anhydride to
an acetylanhydro-compound, degraded to 38-hydroxyetianic acid26l,
Bufalin acetate by oxidative degradation with permanganate in
acetone gives 38 : 148-dihydroxy-14-isoetianic acid (156)263 and the
known 21— 14-lactone (157)48,

N g0 I o
i a
ST Qéj -
OH
HO Yj HO™ AcO )
(155) (156) (157)

Bufalin

Bufalin is the lactonic homologue of digitoxigenin.

Bovogenin A, and the Bovosides A, B, C, D, and E
White and green bulbs of Bowica volubilis furnish the BovosiDEs A,
B, (264,265, and 1D266,267,268, and E266 together with bovogenin A
(158)269 [= bowiea-substance G]. Bovoside A is an aldehyde and
undergoes autoxidation266, especially in light, and is reduced with
sodium borohydride to bovosid-19-ol A269,271, It is bovogenin-A-
thevetoside; hydrolysis with acid gives thevetose and Al4-anhydro-
bovogenin A266, BovoGeNIN A (158) by reduction with sodium
borohydride gives BovoGEN-19-0L-A, which by oxidative degrada-
tion, dehydration, and hydrogenation269 yields the known 38 : 19-
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dihydroxyalloetianic acid (159)163; degradation of bovosid-19-ol-A
[7-5 mg!]270 gives the known 38 : 148 : 19-trihydroxy-14-isoallo-
etianic acid (160)272, Bovogenin A is the lactonic homologue of
corotoxigenin.
A~ COzH COQH
N\ ™) T :
%4 1 e by g
B "
} ,\\, OH )« j:\,f )\/: JJ
HO  * 4 HO HO "y
(158) (159) (160)
Bovogenin A

Bovoside D is probably 168-hydroxybovogenin-A-thevetoside268,269,

Telocinobufagin

Isolated from Ch’an Su [= Bufo gargarizans]273, and from the South
American toad B. marinus274, and from the common European toad
B. vulgaris?75, TELOCINOBUFAGIN (161) gives a monoacctate, and with
chromium trioxide a ketone, which is readily dchydrated by hot
acetic acid to an aB-unsaturated ketone (162), which exhibits two
absorption bands: (i) Amax. 240 mp., log € 4-23 [A4-3-ketone],
(i) Amax, 300 my., log € 3-72 [A%F¥’lactone ring]. Oxidative
degradation of telocinobufagin acetate with permanganate in
acctone gives 3B : 58 : 14B-trihydroxy-14-isoetianic acid (163)273,
and the known related 21— 14-lactone [as (157)]46. 'T'elocinobu-
fagin is the lactonic homologuc of periplogenin.

COH

T;O> 0 ’ f ‘ O\ 0 i
« LRy
HO’Q\X)/\{ " oﬁ ﬂH Ho&ﬁ\j >

OH
(161) (162) (163)
Telocinobufagin

Gamabufogenin and Gamabufotoxin

GAMABUFOTOXIN, isolated from the Japanese toads Bufo japonicus
and B. formosus276, is the suberylarginine conjugate of GAMABUFO-
GENIN (164)262,276-281 jsolated from Ch’an Su [= B. gargarizans] 282,
Gamabufogenin yields a diacetate and by oxidation a diketone;
with hydrochloric acid it gives isomeric A8(14)- and Al4-anhydro-
compounds, and with methanolic potassium hydroxide an is0-
compound. Oxidative degradation of gamabufogenin diacetate
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with permanganate in acetone yields 38 : 11a : 14f-trihydroxy-14-
isoetianic acid (105)279,282) previously obtained from sarmento-
geninl68, and the related 14 —21-lactone (165). Gamabufogenin
is the lactonic homologue of sarmentogenin.

) COMH
HO. ] NP HO  ~ o l co
[ I“_J 1 LOJ
/ .
S — | »I*
HO "H ’ HO H AcO
(164) (105) (165)

Gamabufogenin

Hellebrigenin [= Bufotalidin], Hellebrin, Deglucohellebrin
HELLEBRIN, isolated from the Christmas rosc283; is hellebrigenin-
rhamnoside-glucoside. Mannich hydrolysis fails because the gly-
coside is insoluble in acetone, but use of strophanthobiase affords
glucose and PDEGLUCOHELLEBRIN, which by Mannich hydrolysis gives
rhamnose and hellebrigenin.  Hellebrin is an aldehyde, yielding
with methanolic hydrogen chloride dianhydrohellebrigenin methylal
(167)284,285,286,

HELLEBRICENIN [= BUroTaLIDIN] (166), also obtained from the
venom of the common FEuropean toad Bufo vulgaris275,277, has one
secondary hydroxyl group [monoacetate] and two tertiary hydroxyl
groups; dehydration gives a Al4-anhydro-compound, and treatment
with methanolic potassium hydroxide yields the 14 :2l-epoxide
isohellebrinic methyl ester (168). Hellebrigenin is an aldehyde
[oxime], reduced by the Meerwein-Ponndorf method to hellebrigen-

19-ol, and oxidized by chromium trioxide to hellebrigenin-19-
acid284 285,286,

aany

I \r_‘o COzMe
OMe - ~ CH
e o( __j CH f _ __l HCO
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HO OH
(166) (167) (168)
Hellebrigenin

Hellebrlgemn acetate by oxidative degradation with permangan-
ate in acetone gives 10-carboxy-38: 58 : 14B-trihydroxy-14-iso-19-
noretianic acid (45)286, identical with that from strophanthidin.
Hellebrigenin is thus the lactonic homologue of strophanthidin.
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Bufotalin and [ Vulgaro] Bufotoxin

Burotoxy, isolated from the common European toad Bufo vul-
garis275,287,288 is the most fully characterized conjugated toad
poison; it is oxidized to a ketone bufotoxinone so that the subery-
larginine residue is linked not at C3) but at Cj4), and acid hydro-
lysis gives bufotalien (167) with suberic acid and arginine, Buro-
taLIN (166), which occurs free in the venom, was extensively
investigated by WIELAND277,287-289,290; it is an acetyl-compound,
which yields a monoacetate and by oxidation a ketone bufotalone,
giving with 3%, ethanolic-hydrogen chloride, a Al4 16-dianhydro-
derivative, and with aqueous alkali an is-compound. The
structure of bufotalin has been clarified by Kuno MEeYER?1L,
Oxidative degradation of bufotalin 3-acetate with permanganate
in acetone affords the 38 : 168-diacetoxy-14 —>21-lactone (168) and
thc known 38: 148 : 168-trihydroxy-14-isoctianic acid (169) from
gitoxigenin45, Bufotalin 3-acetate with phosphorus oxychloride—
pyridine furnishes the Al4-anhydro-compound (170). The high
specific rotation of bufotalien [(167): [a], - 405°] [cf. (93): [a]p
+ 454°, p. 247], its absorption spectrum291, and its hydroqcnation
by cis-addition to the 14 : 16-dicne system45,292 to give |after
elimination of the 3B-hydroxyl group] 14-iso-17-isocholanic acid291
[= ‘isobufocholanic’ acid289] (171) are consistent. Bufotalin is the
lactonic homologue of oleandrigenin.

f\
ok @@%@

HO ~
(166) (167) (168)
Bufotalln

/Cb%\r QK? - (I;h
{169) (170) (1mn)

Marinobufagin, Bufotalinin, Resibufogenin, Artebufogenin
These four scilladienolides are well characterized, but their
formulae are not completely established. MariNoBUFAGIN (172),
the first toad poison to be isolated, has been obtained from the
Central American toad B. marinus274,293, the South American toad
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B. paracnemis?94, and the common European toad B. wulgaris?5;
unpublished work295 suggests thestructure (172). BuroraLiNin (173),
from the common Furopean toad B. pulgaris?74,289, gives a mono-
acetate oxidized by chromium trioxide to an acid; it is an aldehyde,
but appears to possess no Cy 4)-hydroxyl group as it does not undergo
dehydration. It appears to bhe the C(g)-aldchydo-analogue of
marinobufagin. RESIBUFOGENIN [= ‘isobufalin’] (174)29, from
Ch’an Su, has heen degraded as the monoacetate to an unknown
aetiocholanic acid, and appears to contain an epoxide ring, cleaved
with hydrogen chloride in chloroform to a chlorohydrin, and
regenerated from this by treatment with aluminium oxide. By use
of aqueous hydrochloric acid, resibufogenin acetate undergoes
rearrangement to ARTEBUFOGENIN [= ‘anhydrobufalin’] (175),
which yields two isomeric acetates, and appears to possess an un-
placed hindered keto-group296.

\:>:0 _o =0

0
HCO
m/é &
HO OH HO OH
172) (173)
Marinobufagin Bufotalinin
(0}
0
Ko
HO g
(174) (175)
Resibufogenin Artebufogenin

SYNTHETIC APPROAGHES

A method developed by Ruzicka and ReicusteN297, and by
ELDERFIELD298 utilizes the Reformatsky reaction of cthyl bromo-
acetate with a 2l-acetoxy-20-oxo-steroid (179) to give the 20-
hydroxy-21->24-lactone (180), dehydrated to the unsaturated
lactone (181); by this method the 20-epimeric tetrahydroanhydro-
uzarigenins [p. 249] have been synthesized?99. Alternatively, a 20-
oxo-steroid (176) may be used to give the hydroxy-ester (177),
which by dehydration to (178) and oxidation with selenium
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dioxide affords the unsaturated lactone (181)300,301; oxidation
with N-bromosuccinimide gives the Al6-analogue of (181)302. An
improved procedure by condensation of a diazo-20-ketone (182)

CH,CO,Et .
o HO-C ( 2LY2 CH-COEt
NCH, ! f "CH; N *CHy
i —— > —_—
' ! ] /1 j
H H
(178)

(182) (183) (184)

with bromoacetic acid gives the ketol bromoacetate (183), which
undergoes an internal Reformatsky reaction with zinc in presence
of ethyl bromoacetate to furnish (184) and thence (181)303,

The production of 58- and 14B-hydroxy-compounds by reductive
fission of 48 : 58-oxides and of 148 : 15-oxides provides in principle
a route to the nuclei of the cardenolides and scilladienolides304,
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VI
SAPONINS AND SAPOGENINS

SaponiNs are plant glycosides characterized by foaming in aqueous
solution; these solutions are haemolytic when injected into the
blood-stream of animals and therefore highly toxic intravenously, but
comparatively harmless when ingested. They are also highly toxic
to cold-blooded animals and toxicity appears to be related to their
marked activity in lowering surface tension.  Another characteristic
is the formation of molecular compounds with cholesterol and other
3B-hydroxy steroids, which can be used both for isolation of saponins
and for separation and purification of 38-hydroxy steroids; digitonin
surpasses all other saponins in yielding steroid complexes [see p. 35]
of great insolubility, and its 1 : I-mol. compound with amyl alcohol
may be used for its purification, whilst its complexes with (-)-a-
terpineol and (+:)-ac-tetrahydro-8-naphthol have been used for
resolution of these substances!. Saponins arc commonly isolated
by extraction of the plant material with hot water or ethanol
followed by evaporation of the extract, usually in a vacuum;
alternatively, they may be extracted with ethanol and precipitated
by addition of ether.

The presence of digitonin in commercial digitalis from Digitalis
purpurea was recognized by Schmiedeberg in 1875, and digitonin
preparations were examined by Kiliani from 1890 onward, but a
reputedly pure sample was shown by Winpaus2 in 1913 to contain
~ 209, of a second saponin, gitonin. No other saponin has been
isolated from digitalis, but the sapogenin tigogenin was obtained3
from the hydrolysate of an extract of leaves of Digitalis purpurea, the
parent saponin of which, tigonin, has been obtained4 from leaves
of Digitalis lanata. By hydrolysis with acid or enzymes, saponins
give Cp;-sapogenins and various sugars; the latter have been
regarded as united in a straight chain with the terminal unit
attached to a hydroxyl group of the sapogenin, e.g.

sarsasaponin = sarsapogenin-rhamnoside-glucoside-glucoside

and this view has been confirmedS. Some of the better character-
ized saponins are given in Table XVI; yucconin by catalytic hydro-
genation yields gitonin.



STRUCTURE 275
Table XVI
SAPONINS
Saponin m.p.° la],® Sapogenin Sugars Source
3 Glucose Chlorogalum
Amolonin — - 75 | Tigogenin 1 Galactose pomeridanum
2 Rhamnose
2 Glucose D. purpurea
Digitonin 235 — 54 | Digitogemn 2 Galactose D. lanata
1 Xylose
Dioscin 288 — 95 | Diosgenin ? Rhamnose Droscorea
Dioscorea ) . Glucose
sapotoxin 220 — Diosgenin Rhamnose Daoscorea
L. ) ) 3 Galactose | D. purpurea
Gitonin 272 - 51 | Gitogenin {1 Pentose D. germanicum
Kammonin 315 -= Kammogenin | 6 sugar units | Yucca schotir
Nolonin 285 -- —- - - Beth root
Riconin 289 — — - D. macrostachya
Sarsasaponin 945 B Sarsasapo- 2 Glucose Radux
(Parillin) genin 1 Rhamnose sarsaparilla
Smilonin 237248 — 48 | Smilagenin 5 sugar units | Yucca schotii
Smilax
2 Glucose
Tigonin 260 — Tigogenin {2 Galactose D. lanata
1 Xylose
Trillarin 200 — Diosgenin 2 Glucose Trillium
Trillin 275 - 103 | Diosgenin 1 Glucose Trillium
. X 3 Galactosc .
Yucconin 278 - Yuccagenin 1 Pentose Yucea schotii

Saponins are difficult to purify and characterize; because of their
large molecular weight, analysis gives only approximate empirical
formulae and these are generally inferred from the number and
Although the sapogenins are more
stable and more readily isolated in pure condition, digitogenin,
gitogenin, sarsasapogenin, and tigogenin were regarded as Cy¢-
compounds until 1935. The Cp;-character of the sapogenins has
been established by precision analysis of 1 g samples of sarsa-
sapogenin and chlorogeninS, and more generally by degradation.

nature of the sugar units.



276 SAPONINS AND SAPOGENINS

CONSTITUTION OF THE SAPOGENINS
The Nuclear Structure

The first indication of the steroid structure of the sapogenins was
the isolation of 3’-methyl-1 : 2-cyclopentenophenanthrene from sarsa-
sapogenin and gitogenin by dehydrogenation with selenium?. The
first proof of the presence of the steroid nucleus was given by the
demonstration that tigogenin, gitogenin, and digitogenin are 3-,
2:3-, and 2:3:x-hydroxy derivatives of the same ground sub-
stance, and that tigogenin acetate by non-pyrolytic degradation
gives actioallobilianic acid3,9. Oxidation of acetyltigogenin (1)
with chromium trioxide gives tigogenoic acid, C,7H4,Os, and the
acetate of a Cyp-hydroxy-lactone (2), which by hydrolysis, oxidation
to the ketone, and Clemmensen reduction yields the Cpj-lactone
(3); this reacts with phenylmagnesium bromide to furnish the 168 :
22-diol (4), oxidized with fission of ring D to actioallobilianic acid (5).

1 G [0 -0
1 g Lo N

JEGEN S G
f) ,/IH " )\{v] Hooo e ‘ 1\) H
)

. COH)Ph,

a4

(4) (5) (6)

Similar degradation of sarsasapogenin acetate gives actiobilianic
acid (6)!0; tigogenin thus belongs to the cholestane series, whilst
sarsasapogenin belongs to the coprostane series. Numerous other
degradations of sapogenins and their derivatives to actiobilianic

CsHgO CgHgO
(0]
H —s Me H —
d Me

(n (8 (9
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acids have been reported. The nuclear hydroxyl group of sarsa-
sapogenin was located at C(3) by conversion of sarsasapogenone (7)
to the methyl carbinol (8) and dehydrogenation of this with
sclenium to 7-methyl-1 : 2-¢yclopentenophenanthrene (9)10,11,

The Spiroketal Side-Chain Structure

The production of aetiobilianic acids proves that the Cg-sapogenin
side chain is attached to either Cyg) or Cy7), and aliphatic Cg-
ketones, e.g. methyl isohexyl ketone, have been isolated by dehydro-
genation or acetolysis of sarsasapogenin and gitogenin!2,13, The
mode of linkage of the carbon atoms composing the side chain and
its 17B-configuration have been proved by conversion of diosgenin
into cholesteroll4, The formulation of the CgH 40, side chain
suggested by TscHescHE8 has been superseded by the spiroketal
formula, (10) or (11), of MARKERIS; this structure was established
by investigations on sarsasapogenoic acid, but Marker’s attribution
of isomerism solely to configuration at C(55) is now discredited!0,17,18,
It has been suggested, however, that the designations 22a and 22b
be retained until evidence is available concerning configuration at
Ci)'-

o ( F 23— 27 ———
L roza % /\!/ (00“
/\ /.
| J I
S \
(10) ()
22-normal- Spirostan configuration 22- 1soSpirostan- configuration
at C(,7) unknown but designated 22b at C(y;) unknown but designated 22a

Sarsasapogenin (10) as the acetate by oxidation with chromium
trioxide at 60° gives sarsasapogenoic acid (12); this gives a
dioxime with difficulty and undergoes internal condensation in
presence of sodium hydroxide to give an af-unsaturated keto-acid
(13)20. The anhydrogenoic acid (13) by permanganate oxidation
gives the acid Cy7H4,04 (16)15, converted by hypoiodite into iodo-
form and 3B-hydroxyaetiobilianic acid (17)20,21, Anhydrosarsa-
sapogenoic acid (13) is inert to ketonic reagents, but by ozonolysis
gives the Cjp-oxo-acid (18)22, also obtained by oxidation of the
dicarboxylic acid (16) as acetate-dimethyl ester with chromium
trioxide2l. The Cy-oxo-acid [3B-hydroxy-16-oxobisnorcholanic
acid] (18) is readily hydrogenated to the Cyy-lactone [(19): cf. (2)],
which by oxidation [as the acetate] regenerates the Cy,-oxo-acid23.
Sarsasapogenoic acid (12) by hydrogenation absorbs 2 mol. of
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hydrogen with loss of 1 mol. of water to give anhydrotetrahydro-
sarsasapogenoic acid (15)20, reconverted to (12) by oxidation, and
under more vigorous conditions oxidized to the C,-oxo-acid (18)24.

0 0 CH,
Cr03 KOH _
H B H
H H

(10) (12) (13)
Sarsasapogenin Sarsasapogenoic acid Anhydrogenoic acid
Hy |Pt m”cm, KM"'O:.[
CH,OH HO,C
(CHpCH 2 - COH  copH
0 CH, N co\)—cn3
C
| e OH
! H

(14) (15) (16)
Dihydrosarsasapogenin  Anhydrotetrahydrogenoic

acid Naol /
Cr0; e

COzH
- -0
coptt 0 - l}o
§0 LAf 1 I
B oNaol Yove B2 4 9 r
SRE LIS EL
HO" V4 HO v HO™ ™
(17) (18) (19)
3p-Hydroxyaetiobilianic Cyy-Keto-acd C,,-Lactone

acid

The foregoing reactions establish the structure but not the configura-
tion of the spiroketal side chain, which contains three asymmetric
carbon atoms [Cg), C(22), and C(ps)].

Stereoisomerism is now known to occur in the spiroketal side
chain at Cyg) and Cys); present evidence does not show whether or
not stereoisomerism occurs at C()25. Configuration at C(y) may
be defined as @ when the 20-methyl group lies behind the plane of
ring E26; configuration at C(s) has been designated by use of indices
25a and 25b19, but is best expressed in terms of the absolute con-
figuration 25D and 25L.

Sarsasapogenin (20A) or (20B) and its side-chain isomeride
smilagenin (26A) or (26B) by Clemmensen reduction both give
coprostane 38 : 168 : 26-triol27, but, contrary to the original statement
of MARKER and RonrMANN27, by hydrogenation with platinum in
acetic acid afford isomeric and not identical dihydrocompounds,
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namely dihydrosarsasapogenin (23) and dihydrosmilagenin (29),
which differ only in configuration at C(,s) since both give 168 : 22-
epoxycoprostan-38-0126,28,  Again, contrary to the original state-
ment of MARKER?9, sarsasapogenin and smilagenin by treatment

~
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with acetic anhydride at 200° yield isomeric and not identical
pscudo-compounds, namely, i-sarsasapogenin (21) and y-smila-
genin (27)26,28; similarly, markogenin and its side-chain isomeride
samogenin yield respectively i-markogenin and -samogenin30.

Oxidative degradation [see p. 290] of y-sarsasapogenin (21) gives
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L(+4)-a-methylglutaric acid (24) whilst J-smilagenin (27) gives
D(—)-a-methylglutaric acid (30)16,28; similarly, neotigogenin!8 and
sisalagenin!8 furnish by way of theiry-compoundsthe L(4)-acid (24),
whilst tigogenin!8, diosgeninl?, and hecogeninl7furnish by way of their
y-compounds the D(—)-acid (30). Sarsasapogenin and smilagenin,
neotigogenin and tigogenin, and sisalagenin and hecogenin are Czs)-
epimers each to each; until configuration at Cyyp) is known, it is
necessary to write fwo formulae for each sapogenin, i.e. for sarsa-
sapogenin (20A) and (20B), and for smilagenin (26A) and (26B),
of which either (20A) and (26A) must be sclected, or (20B) and
(26B) must be chosen. Cys)-Epimerides cannot be distinguished
by their infra-red absorption spectra26,31, but are reported to give
different x-ray diffraction patterns26.

P-Sapogenins can be reconverted to the related sapogenins, e.g.
(21)~(20A) or (20B), or (27)—(26A) or (26B), by treatment
with ethanolic hydrochloric acid at 25-78°29,32, but by very brief
treatment with < 0-5N ethanolic hydrochloric acid at 0°-25° or,
better, with ethanol-acetic acid at 100°26, the y-sapogenins rapidly
afford new isomerides, variously designated as 20-isosapogenins?5,26,
anasapogenins33, ¢yclo-f-sapogenins3s34, and neosapogenins3’,36,
MARkER and Loprez37,38 probably obtained compounds of this class
but failed to recognize their significance. 20-isoSapogenins are
unusually reactive. They are converted into the related sapogenins
by relatively mild treatment with ethanolic hydrochloric acid.
Nuclear hydroxyl groups are acetylated by acetic anhydride-
pyridine at 100° to yield 20-isosapogenin acetates, whilst acetic
anhydride at 140°, and acetic anhydride-hydrogen chloride at 100°
afford the y-sapogenin acetate and the sapogenin [acetate],
respectively.  20-isoSapogenins of both the 25D- and 25L-series, e.g.
20-isosarsasapogenin (22A) or (22B) and 20-isosmilagenin (28A) or
(28B), are known, and by hydrogenation with platinum-acetic
acid give respectively dihydro-20-isesarsasapogenin (25), identical
with dihydro-i-sarsasapogenin, and dihydro-20-isosmilagenin (31),
identical with dihydro-f-smilagenin26. 20-isoSapogenins, like the
dihydro--sapogenins but unlike the sapogenins and dihydro-
sapogenins, are readily oxidized by chromium trioxide-acetic acid
to give after alkaline hydrolysis pregn-16-en-20-ones, accompanied
in the case of 20-isosapogenins of the 25D-series by neutral com-
pounds provisionally regarded as 20-hydroxy-sapogenins23. There
appears to be general agreement that in the 20-isosapogenins the
20-methyl group has the B-configuration, whereas in the sapogenins
the 20-methyl group has the a-configuration26,36, In acidic media
an equilibrium probably exists:

. @ Lo, .
sapogenin = y-sapogenin == 20-isosapogenin
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in which the electrophilic cyclization reaction (b) is subject to
kinetic control whilst, cyclization reaction () is subject to thermo-
dynamic control. It is uncertain whether the 20-isosapogenins
possess the same configuration26 as, or the opposite configuration36
to, the sapogenins at C(y); the argument of WALL et al.26,
based on the formation by sarsasapogenin [3-acetate] of a
23 : 23-dibromo-derivative whilst smilagenin [3-acetate] forms only
a 23-monobromo-derivative39,40,41,42) is unfounded since smila-
genin [3-acetate] has been shown to give a dibromo-derivative36.
It is therefore necessary at present to envisage two formulae for
20-isosarsasapogenin (22A) or (22B) and for 20-isosmilagenin (28A)
or (28B), two formulae for dihydrosarsasapogenin (23) and for
dihydrosmilagenin (29), and two formulae for dihydro-20-isesarsa-
sapogenin (25) [= dihydro-y-sarsasapogenin] and for dihydro-20-
isosmilagenin (31) [= dihydro-y-smilagenin], each pair of formulae
being related as (20A) and (20B), or as (26A) and (26B) in regard
to configuration at C(yy). For simplicity only the corresponding
formula of each pair is given for the dihydrosapogenins [as (23) and
(29)] and the dihydro-i-sapogenins [= dihydro-20-isesapogenins]
[as (25) and (31)].

The conversion of sarsasapogenin to smilagenin with inversion of
configuration at Cps) by prolonged treatment [5 days] with
ethanolic hydrochloric acid at 100°18,26,27,36 js explicable by
formulae (20A) [25Me: axial] — (26A) [(25Me: equatorial] but
not by formulae (20B) and (26B)26,36,43,44,

CORRELATIONS OF SAPOGENINS

The various sapogenins are closely related ; numerous inter-conver-
sions and correlations have been achieved by Marker and his
co-workers. Variations in structure arise from (i) the number,
position, and configuration of nuclear hydroxyl groups, (ii) the
occasional presence of a carbonyl group at Cyy), (iii) the mode of
union, cis, trans, or involving AS-unsaturation, of rings 4 and B. and
(iv) the configuration at Cipg), C(3), and Cyzs). The na.ural
sapogenins and certain synthetic sapogenins, in all of which the
Ci(20)-methyl group has the a-configuration, their structures, and
principal sources are given in Table XVII. Sapogenins possessing
3B-hydroxyl groups gencrally give insoluble digitonides, but con
tradictory results have been reported for chlorogenin, digitogenin,
gitogenin, and diosgenin8,45,46,

In addition to the sapogenins given in Table XVII, four com-
pounds of closely related type have been isolated from Beth root;
these are bethogenin (35), m.p. 191°, nologenin (32), m.p. 265°,
pennogenin (33), m.p. 240°, and kryptogenin (36), m.p. 184-186°,
the last of which with OH~ furnishes a synthetic compound
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fesogenin (37), m.p. 180°47,48,49, These four substances result
from the action of acid on nolonin, the saponin of Beth root; with
dilute aqueous hydrochloric acid nologenin (32) gives pennogenin
(33), and both compounds with methanolic hydrochloric acid yield
the methoxy compound bethogenin (35). With more concentrated
hydrochloric acid, pennogenin furnishes kryptogenin (36), a y-di-
ketone [cf. sarsasapogenoic acid (12)], cyclized by alkali to afford
fesogenin (37). Ricogenin (34), m.p. 225-227°, is the 12-keto
derivative of kryptogenin (36)50. Since the conditions for these
transformations are comparable with those used in acid hydrolysis
of saponins, nologenin may be the progenitor of pennogenin and
kryptogenin. Kryptogenin has been converted into the alkaloid
solasodineS!.

HO
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INDIVIDUAL SAPOGENINS

SARSASAPOGENIN (20) [Table XVII, No. 1], and sMILAGENIN (26)
[No. 3], neEoTIGOGENIN [No. 4], and TicoGeniN (41) [No. 5],
vAMOGENIN [No. 7], and p10sGENIN (44) [No. 8], all possess a single
3B-hydroxyl group, and the first member of each pair is converted
by epimerization at C(ys5) with hydrogen chloride into the second
member. Sarsasapogenin [No. 1] and tigogenin [No. 5], by
Oppenauer oxidation followed by Meerwin-Ponndorf reduction, or
by direct epimerization at C(3 with sodium-amyl alcohol give
respectively episARsASAPOGENIN [No. 2] and epiTiGOGENIN [No.
6]352,53. The coprostane derivatives sarsasapogenin [No. 1] and
smilagenin [No. 3] by oxidation to the 3-ketones, conversion to the
A4-3-ketones, and reduction of these, yield respectively the chole-
stane derivatives neotigogenin [No. 4] and tigogenin [No. 5]34.
Yamogenin [No. 7], by Oppenauer oxidation to A4-neotigogenone
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and reduction with sodium-ethanol, gives neotigogenin [No. 4]5s,
whilst diosgenin [No. 8] is converted likewise via A4-tigogenone or
directly by catalytic hydrogenation into tigogenin (41) [No. 5]33.

NEeocrToGENIN [No. 9] can be prepared from lilagenin [No. 18]
by catalytic hydrogenation; its acid-stable 25-epimer, GITOGENIN
(38) [No. 10] by oxidation gives gitogenic acid (39), also obtained
by oxidation of free tigogenin (41). Since tigogenin is analogous
to cholestan-3B-0l, ring-fission occurs bhetween Cyy) and Gy [cf.
pp. 10 and 70], and gitogenin is a 2a : 38-dihydroxy compoundss,
which has been partially synthesizeds7,58,

CHLOROGENIN [No. 13], originally regarded as a 3a : 12-diol46,
is a 3B : 6a-diol because it can be prepared from diosgenin (44);
this by oxidation gives the A4-3:6-diketone (45), converted by zinc~
acetic acid to chlorogenone (46) [cf. cholesterol (1)->(18)—(10)
in Chapter II, p. 37], which by reduction with sodium-ethanol
yields chlorogenin (42) whilst catalytic hydrogenation affords
the synthetic sapogenin B-cHLOROGENIN (43) [No. 14]. Chloro-
genin (42) by oxidation affords chlorogenonic acid (40); this
6-oxo-compound is stable to OH~ and so has a trans-A[B-ring-
fusion, and is converted by Wolfl-Kishner reduction to gitogenic

(38) 39) 0 wo

Grtogenin
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Chlorogenin A’ - Chlorogenin
7 A
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acid (39). By selective oxidation, chlorogenin (42) gives the
3B-hydroxy-6-oxo-derivative converted by Clemmensen reduction
into tigogenin (41)59. Side-chain degradation [see p. 290] of chloro-
genin (42) gives allopregn-16-ene-38 : 6a-diol-20-one60, Yamogenin
[No. 7], the 25-epimeride of diosgenin, is similarly related to
NEOCHLOROGENIN [No. 11] and B-NEOCHLOROGENIN [No. 12]48,

MARKOGENIN [No. 15148 is converted by hydrochloric acid into
the 25-epimeride saMoGENIN [No. 16]30; these sapogenins by oxida-
tion give dibasic acids analogous to gitogenic acid (39)30 and are
2B : 38-dihydroxy-compounds!9.61,62.  Markogenin is not identical
with texogenin, which was stated to have the same structure48, and
the existence of which is doubtful30. Samogenin [No. 16] under-
goes epimerization with sodium ethoxide at 200° to give the
synthetic 28 : 3a-dihydroxysapogenin ¢pisaAMOGENIN [No. 17] [cf.
coprostanol == epicoprostanol, p. 39] and therefore possesses cis-A/B-
ring-fusion48. LiLAGeENIN [No. 18] is transformed by hydrochloric
acid into the 25-epimeride yuccaceniN [No. 19]; these are AS-
sapogenins like yamogenin [No. 7] and diosgenin [No. 8], but are
2a : 3B8-diols36,57.  Yuccagenin gives gitogenin (38) by hydrogena-
tion with platinum-acetic acid and can be converted into 7-oxo-
gitogenic acid [cf. (40)] also obtained from diosgenin48,63, Maco-
GENIN [No. 20], a 2¢ : 38 : 6¢-triol, by oxidation yields chlorogenonic
acid (40)64.

RockocenIN [No. 21], a 38 : 12B-diol has been partially synthe-
sized65, and has been converted into the 11-oxo-derivative and into
C-nor-steroids and C-nor-D-homosteroids65,66; it has also been
obtained from manogenin [No. 28]67. Rockogenin occurs together
with HECOGENIN [No. 23], a 3B-hydroxy-12-ketone; they give the
same 3 : 12-diketone by oxidation with chromium trioxide at 25°48.
Hecogenin by reduction with sodium—ethanol, or catalytically,
yields rockogenin, and by the Wolff-Kishner procedure furnishes
tigogenin [No. 5]48. It has been transformed into 1l-oxygenated
derivatives, e.g. 1l-oxotigogenin8,69, and so into cortisone [see
p. 207], and is accompanied in plants by A%(11)-hecogenin, m.p. 235°,
[a]p — 11°,into which it has been converted70. Hecogenin under-
goes the Stevens reaction to give a C-nor-D-homosteroid?1,72;
hecogenin acetate is reported to yield isomeric 23a- and 23b-mono-
bromo-compounds?. S1saALAGENIN [No. 22] is the 25-epimeride of
hecogenin!8; 3-¢pi-58-hecogenin has been prepared’4.

BotogeNIN [No. 24] is the AS-analogue’ of hecogenin, and NEo-
BOTOGENIN [No. 25]76 may be the 20-epimeride of botogenin
[= 20-i50BOTOGENIN], or the AS-analogue of sisalagenin. MEexo-
GENIN [No. 26] and MANOGENIN [No. 28] are respectively a 28 : 3B-
dihydroxy-12-ketone and a 2a : 3B-dihydroxy-12-ketone belonging
to the coprostane and cholestane series and by Wolff-Kishner
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reduction they yield samogenin [No. 16] and gitogenin (38) [No.
10], respectively48,62; manogenin by reduction with sodium-—
ethanol, or catalytically, yields the 2a : 3B : 12B-triol, AGAVOGENIN
[No. 30]48. NEOMEXOGENIN [No. 27], NEOMANOGENIN [No. 29], and
NEOKAMMOGENIN [No. 32] are converted by hydrochloric acid into
mexogenin, manogenin, and kammogenin, respectively??, and may
be their 20-epimerides. Kammocenin [No. 31], the AS-analogue
of manogenin, has been converted into yuccagenin [No. 19] by
Wolff-Kishner reduction, and correlated with agavogenin and
manogenin®3. CAcoGENIN [No. 33] is 12-ketomagogenin, and affords
magogenin by Wolff-Kishner reduction; oxidation yields hecogenic
acid, i.e. 12-ketogitogenic acid [cf. 39]64. RuUSCOGENIN [No. 34]
represents a new variation bearing a 1¢-hydroxyl group7és, A
further variation is exemplified by croLeGENIN [No. 35], which is
a 22¢-spirostan-3a : 27-diol, and by isoCHOLEGENIN [No. 36], its
Ci25)-epimeride70b.  AGAPANTHAGENIN |No. 38] represents another
variation with a 5a-hydroxyl group7ée, whilst GENTROGENIN [No. 39]
and CORRELLOGENIN [No. 40] appear to be different from botogenin
[No. 24] and neobotogenin [No. 25], respectively76d,

The carbonyl group which occurs in some sapogenins [Nos. 22—
29 and 31-33], exhibits steric hindrancc and the corresponding
hydroxyl group in rockogenin [No. 21] and agavogenin [No. 30] is
difficult to acetylate. The position of the carbonyl group at Cy;3),
and the related hydroxyl group, has been proved by degradation
of hecogenin [No. 23] via y-hecogenin [see p. 292] to allopregn-16-
ene-3 : 12 : 20-trione and allopregnane-3 : 12 : 20-trione?7, 78,

DrcrroceniN [(47): R = H] [No. 37], the earliest known and
most extensively investigated of the sapogenins, is a 2a: 38 : 158-
trihydroxy compound33,79,80,81, Oxidation of digitogenin affords
digitogenic acid (48)82,83, converted by Wolff-Kishner reduction to
gitogenic acid (39)84, and isomerized at C(4) by alkali to digitoic
acid (49)33,85.  Oxidation of digitogenin 2 : 3-diacetate [(47): R
= Ac] affords digitogen-15-one diacetate (50), converted by
alkaline hydrolysis and concomitant isomerization at C(4) to iso-
digitogen-15-one (51); both (50) and (51) by Wolff-Kishner re-
duction give gitogenin (38)86, but only (50) reacts if the thioketal-
nickel method is used86=,

The inversion of configuration at Cyy4) in the reactions (48 -49)
and (50 —51) involves the unusual conversion of a trans- to a cis-‘a’-
hydrindanone87, in spite of the fact that Wolff-Kishner reduction of
either isomeride in each casc gives the trans-hydrindanes (39) and
(38). The 15-hydroxyl group has been shown to possess the 158-
configuration on grounds of steric hindrance8 and on the basis
of molecular-rotation comparisons88. The reported resistance of
digitogenin to acetic anhydride at 200°53,79 has been shown to be

19
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HOC

(38)
Gitogenin

(50)

incorrect and the resulting i-digitogenin has been degraded to
2a : 3B : 15p-triacetoxyallopregn-16-en-20-onedl; finally digitogenin
(47) has been converted into allopregnane-3 : 15 : 20-trione86,

DEGRADATION OF SAPOGENINS

Sapogenins of both the 25D- and 25L-series [as (52)] were shown by
MARKER29,48,89,99 to undergo a general reaction with acid anhy-
drides at 200° to give, after alkaline hydrolysis, y)-sapogenins or
furost-20(22)-en-26-ols [as (53)]. The rcaction mixture corrodes
stainless steel, so that special apparatus is needed for large-scale
work; and much attention has been directed to finding improved
conditions for the transformation91,92, Refluxing n-butyric anhy-
dride?8,93, octanoic anhydride94, acetic acid at 270°%4, and octanoic
acid at the b.p. 237°%94 have been used. The reaction is promoted
by Lewis acids; zinc acetate®4 or trichloroacctic acid%4, aluminium
chloride%s, pyridine hydrochloride%6, and ammonium chloride7 in
acetic anhydride at ~140° have been employed.

y-Sapogenins of both the 25D- and the 25L-series [as (53): R =
H] are oxidized by chromium trioxide53,78,89,94 to ester-acids [as
(56)], which by hydrolysis give L(4)- or D(—)-a-methylglutaric
acid and pregn-16-en-20-ones or allopregn-16-en-20-ones [as (55)],
or by reduction and subsequent hydrolysis yield pregnane- or allo-
pregnane-168 : 20B-diols [as (57)]; y-sapogenin acetates [as (53):
R = Ac] with chromium trioxide at 30° give crystalline ester-
acetates [as (56)] similarly degraded to (55) and (57)89,98. Similar
treatment of 20-isosapogenins [as (54)] or dihydro-20-isosapogenins
[= dihydro-y-sapogenins] affords the appropriate pregn-16-en-20-
ones or allopregn-16-en-20-ones [as (55)]26. Peracetic acid has also
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been employed for the oxidation78,97, and potassium hydroxide in
tert.-butanol has been recommended for the hydrolysis78,97. 168 :
20a-Diols, epimeric with the 168 : 208-diols (57), are formed from
sapogenins [as (52)] by oxidation with peracetic acid99.

Such degradation of tigogenin (41) to 3B-hydroxyallopregn-16-
en-20-onc [as (55)], hydrogenated to allopregnane-38 : 208-diol,
furnished the first proof that this sapogenin has a 38-hydroxyl
groupl00,

- (/—\‘
AN \(0 CﬁzoR
H  (53) H o (54)
¥ -Sapogenin- R :H 20-1s0Sapogenin
¥ -Sapogenin acetate R :=Ac
CrO3 CrO.
cHy R
¢o o G HOC-H
N e ”
HrorOH: t H2, PLOH
/i s )
H (55) H (s6) H 67

R :CH0Ac or COH

Oxidative degradation of -sapogenins leads to sex hormones of
the androstane and pregnane series. Diosgenin (44) affords
y-diosgenin 3 : 26-diacetate (58); side-chain oxidation proceeds so
rapidly that protection of the nuclear double bond is unnecessary,
and vyields 3B-hydroxypregna-5 : 16-dien-20-one (59), selectively
hydrogenated with palladium to 38-hydroxypregn 5-en-20-one (61)
which is readily transformed into progesteronel0l. By use of
nologenin 3 : 26-diacetate (32), oxidized to the diacctate-ester (60)
which by Clemmensen reduction gives pregnenolone (61), the yield
of progesterone may be doubled!02. Sarsasapogenin (20A) or
(20B), yields i-sarsasapogenin (21), which by side-chain oxidation
and selective hydrogenation furnishes the progesterone intermediate
pregnane-3 : 20-dione. Diosgenin (44) has also been converted into
17-dihydroepiandrosteronel00, 103, and 17-dihydroandrosteronel04;
similarly, sarsasapogenin (20A) or (20B) has been converted into
testosterone and deoxycorticosteronel0s,

Hecogenin (62) affords i-hecogenin (63), which by oxidation and
subsequent hydrolysis with potassium carbonate gives allopregn-16-
ene-3 : 12 : 20-trione (64), selectively hydrogenated with palladium
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to allopregnane-3 : 12 : 20-trione’7,78. A compound previously
described as this triketone and also as 17a-hydroxyallopregnane-3 :
12 : 20-trione48,106,107, and obtained from i-hecogenin (63) by a

CH

H N

.- co
Y ()

NI N
/<\/i J KYH
(44 ) (58) (59)

Diosgenin P -Diosgenin diacetate
Ho £Hs J CHy

! I OHC*L_ ‘ ,ifzo CH, P /g
oif et § O
) ! P ) T ) B

(32 (60) (61
Nologenin diacetate

00—

62)
Hecogenin

(65) (66) (67)
11-Oxotigogenin ¥ ~11-Oxotigogenin diacetate
process involving hydrolysis with methanolic potassium hydroxide
has been regarded as 16a-methoxyallopregnane-3: 12 :20-
trionel08,109, but may be a 20-hydroxyspirostane25,110,
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Finally, 11-oxotigogenin (65), prepared from hecogenin (62)68,69,
gives 85-909%, of y-11-oxotigogenin (66)94, from which 3B-acetoxy-
allopregn-16-en-11 : 20-dione (67) is obtained by oxidation with
chromium trioxide and hydrolysis of the ester-3 : 26-diacetate with
acetic acid94; hydrogenation of (67) with 5%, palladized charcoal in
ethyl acetate affords 3B-acetoxyallopregnane-11 : 20-dione%4, from
which cortisone can be derived!11,112,

24.
25.

27.
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Absolute configuration, 6

3a-Acetoxycholanic acid, 140

38-Acetoxyallocholanic acid, 25

3a- and 3B-Acetoxychol-11-enic acids,
190

3a- and 3B-Acetoxybisnorchol-11-enic
acids, 190

6B-Acetoxycholest-4-ene, 47

4B-Acetoxycholest-5-ene, 47

3-Acetoxycoprost-3-ene, 72

2a - Acetoxy - 11 - deoxycorticosterone,
200

3B—Ace;oxyergosta-8 : 22-dien-11-one,
19

38-Acetoxyergosta-6 : 8(14) : 9(11) : 22
tetracne, 197

3B-Acetoxyeti-5-enic acid, 199

3a- and 3B-Acctoxycti-11-enic acids,
190

3B-Acetoxy-14a-hydroxyergosta-6 : 8 :
22-trien-11-one, 197

21-Acetoxy-17a-hydroxypregnane-3 :
20-dione, 200

21 - Acetoxy -3 -hydroxypregnanc-11:
20-dione, 202

21-Acetoxy-3B-hydroxypregnane-3 : 11
20-trione, 202

21- Acetoxy-17a-hydroxypregnane-3 :
11 : 20-trione, 208

21-Acetoxy-17a - hydroxyallopregnane-
3 : 11 : 20-trione, 207

3a-Acetoxy-11-oxocholanate, 203

3a-Acetoxy-11-oxobisnorcholanic acid,
205

3a-Acctoxy-11-oxoetianic acid, 206

3B-Acetoxy-11-oxoetianic acid, 202

3B-Acetoxyallopregnane-11 : 20-dione,
293

21-Acetoxypregnane-3 : 11 : 20-trione,
203

3B-Acetoxyallopregnan-20-one, 45

3B-Acetoxyallopregn-16-en-11 : 20-di-
one, 293

6B-Acetoxyprogesterone, 133

Acetylcaulutogenin, 251

‘a’- an- ‘ B’-Acetyldigoxin, 241

Acetylflavogenin, 252

Acetylneriifolin, 242, 254

Acetyltigogenin, 276

L-Acofriose, 229, 241

Acofrioside L, 241

L-Acovenose, 230
Acovenosides A, B and C, 253
Acovenosigenin, 232, 253
Acovenosigenin-acovenoside, 253
Acovenosigenin - acovenoside - [gluco -
side],, 253
Adonitoxigenin, 232, 247-8
Adonitoxin, 248
(—)-Adrenaline, 169
Adrenocortical hormones, 168-216
partial syntheses, 184-212
structure, 172-84
total syntheses, 212-16
Adrenosterone, 145, 171,
207
Adyncrigenin, 232, 247-8
Adynerin, 247
Aectiobilianic acid, 21, 22, 23, 82
Aectioallobilianic acid, 276
Aetiocholane, 8, 137
carbon skeleton, 13
conformation, 16
derivatives, 148
Actiocholane-3a : 17a-diol diacetate,
144
Aetiocholane - 3a : 178-diol diacctate,
144

176, 184,

Aetiocholane-3 : 17-dione, 144
Actiocholane-3a : 16a : 178-triol tri-
acetate, 145
Aetiocholane-3 : 11 : 17-trione, 144
Actiocholanic acid, 25
Aectiocholanone, 145
17-isoAetiodeoxycholic acid, 28
Agapanthagenin, 285, 289
Agavogenin, 285, 289
Aglycones, 12
structure of individual, 235-57
table, 232
‘alloAglycones’, 234
Aldosterone, 1, 176-9
monoacctate, 178
(4)-Aldosterone, total synthesis, 213~
21

6
(+)-Aldosterone, 216
Amboside, 251
Ambostroside, 256
68-Amino-3 : 5-¢yclocholestane, 41
3z- and 3B-Aminocholest-5-ene,
41
Amolonin, 275
a-Amyrin, 6
Androgenolic lactones, 147-8
Androgens, 137-49
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Andrololactone, 147
epiAndrololactone, 147
Androstra-1 : 4-diene-2 : 17-diene, 110
Androstra-4 : 11-diene-3 : 17-dione, 149
Androsta-3 : 5-dien-17-one, 144
Androsta-1 : 4-dien-3-on-178-yl acetate,
143

Androstane, 8, 137, 172

carbon skeleton, 13

compounds, 184

conformation, 15

derivatives, 148
14B-Androstane, carbon skeleton, 14
5-150Androstane, 137
Androstane-38 : 178-diol, 172

diacetate, 144

178-diol

Androstane - 3a
144
Androstane-38: 118-diol-17-one, 171,
172, 184
Androstane-3 : 17-dione,
174
Androstane-178-ol, 172
Androstane-3a : 16a : 17B-triol tri-
acetate, 144
Androstane-3 : 11 : 17-trione, 172
Androstan-17a-ol, 143
Androstan-178-ol, 142
Androstan-178-yl propionate, 142
Androsta-1 : 4 : 6-triene-3 : 17-dione,
111, 143
Androsta-1:4:6-trien-3-on-178-yl
acetate, 143
19-norAndrost-4-ene-3 : 17-dione, 147,
150
Androst-5-ene-38 : 17a-diol, 142
Androst-5-ene-38 : 17B-diol, 117, 142
Androst-1-ene-3 : 17-dione, 144
Androst-4-ene-3 : 17-dione, 105, 133,
141, 143, 144, 148, 171, 182, 183,
184
Androst-4-¢ne-3 :
184
Androst-16-en-3a-ol, 144
Androst-4-en-118-01-3 : 17-dione, 171
Androst-2-en-17-one, 144
Androst-16-en-3-one, 143
Androsterone, 46, 105, 137, 138-40,
145, 147, 153, 184
epiAndrosterone, 8, 45, 138, 139, 147,
148, 154, 174, 175, 176, 212
13-isoAndrosterone, 145
Angular methyl groups of steroid
nucleus, 22—4
15- and 16-Anhydroadynerigenin, 247
‘Anhydrobufalin’, 264
9 : 11- and 11 : 12-Anhydrocortico-
sterone acetate, 181
‘a’-Anhydrodigitoxigenin, 242
8(14)-Anhydro-oleandrin, 247
‘Anhydroouabagenin’, 254
Anhydrosarsasapogenoic acid, 277

diacetate,

144, 148,

11 : 17-trione, 171,

INDEX

Anhydrotetrahydrosarsasapogenoic
acid, 278 .

‘a’- and ‘B’-Anhydrouzarigenin, 231
Antiarigenin, 232, 252-3
Antiarigenin-antiaroside, 252
Antiarigenin-rhamnoside, 252
Antiarigenin-5-epirhamnoside, 252
Antiarigen-19-ol, 232
‘a-’ and ‘B’-Antiarin, 252-3
Antiarose, 229-30
Antioside, 256
Apocholic acid, 86, 87, 89
¢ B’-Apocholic acid, 89
Arriagoside, 256
Artebufogenin, 263--4
¢ycloArtenol, 1
Ascosterol, 64
Asymmetry centres

of steroid nucleus, 8

of steroid side chain, 12
Axial and cquatorial character of

steroid alcoholic groups, 70

Bethogenin, 281, 286

Bile acids, 7, 12, 79-90, 189
OH group at C3, 18
unsaturated, 79-90

Bile alcohols, 89-90

Bilianic acids, 20, 82

isoBilianic acids, 82

Bogoroside, 256

Boistroside, 249

p-Bowvinose, 230

Borogenin A, 258, 260-1

Borogenin-A-thevetoside, 260

Borogen-19-ol A, 258, 260

Borosides A, B, C, D and E, 260

Borosid-19-o0l, 260

Borosid-19-0l-A, 261

Botogenin, 284, 288, 289

Brassicasterol, 13, 61

3a- and 3B-Bromocholestane, 40

2a-Bromocholestan-3a-ol, 75

2a-Bromocholestan-3-one, 71, 75

7a- and 7B-Bromocholesteryl acetate

and benzoate, 50

3a- and 3B-Bromocoprostane, 40

4B-Bromocoprostan-3-one, 72

9a-Bromocortisone, acetate, 209

Bufadienolides, 257

Bufalin, 12, 258, 260

Bufocholanic acid, 82

‘esoBufocholanic’ acid, 82, 263

Bufodeoxycholic acid, 81, 82

Bufotalidin, 258, 262

Bufotalien, 263

Bufotalin, 12, 82, 258, 263-4

Bufotalinin, 258, 263-4

Bufotalone, 263

Bufotoxin, 263
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Cacogenin, 265
Calactin, 256
Calciferol, 58
Calotoxin, 256
Calotropin, 256
Campestanol, 12
Campestanyl acetate, 61
Campesterol, 12, 13, 61, 65
Campesteryl acetate, 61
isoCaproic acid, 25
()-16-Carbomethoxyequilenin, 120
18 - ggsboxy - 11 - deoxycorticosterone,
18-Carboxypregn-4-cne-21-0l-3:20-
dienc, 170
10- Carboxy -38: 58: 148 - trihydroxy -
14-250-19-noretianic acid, 262
Cardenolides, 228-57
synthetic approaches, 264-5
17-is0Cardenolides, 234-5
Cardiac glycosides, 12
Cardiotonic glycosides and aglycones,
228-65
Caudogenin, 232, 251
Caudoside, 251
Cerberin, 242
Cerberose, 230, 242
Chalinasterol, 65
Cheirosides
A and H, 248
C, D, E, F and G, 256
Cheirotoxin, 239-40
Chenodeoxycholic acid, 79, 80, 82, 83,
88

3B-Chloroandrostan-17-one, 138

38 - Chloroandrost - 5-en-17-one, 138,
140, 144

3a-Chlorocholestane, 40

3B-Chlorocholestane, 39, 40, 138

5-Chlorocholestane, 17

3a-Chlorocholestane-6-one, 37

5a-Chlorocholestan-3g-ol, 49, see also
Cholesterol hydrochloride

3B-Chlorocholestan-6-one, 48

3a- and 3B8-Chlorocoprostane, 40

9a-Chlorocortisone acctate, 209

Chlorogenin, 281, 283, 287-8

B-Chlorogenin, 283, 287

Chlorogenone, 287

Chlorogenonic acid, 287, 288

4B-Chloro-17a-hydroxypregnane-3 : 11
: 20-trione, 210

Chola-7 : 9(11)-dienic acids, 87

Cholane, 8, 10

alloCholane, 8, 10

Cholanic acid, 7, 17, 18, 21, 25, 79, 82,
88

alloCholanic acid, 18, 25, 79, 82, 88

14-is0-17-isoCholanic acid, 82, 263

bisnorCholanic acid, 25

series, 192
bisnoralloCholanic acid, 51
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norCholanic acid, 25

series, 192
noralloCholanic acid, 52
Cholatrienic acid, 17, 18
Chola-2 : 6 : 11-trienic acid, 87
Cholecalciferol, vitamin D3, 50, 59
Cholegenin, 285, 289
isoCholegenin, 285, 289
Choleic acids, 89
Chol-7-enes, 83
Chol-11-enic acid, 190
Chol-9(11)-enic acids, 87
Cholcstadienes, 67-68

table, 68
Cholesta-3 : 5-diene, 41, 42, 47, 49, 68
Cholesta-5 : 7-dien-3-ol, 50, 59
Cholesta-8 . 24-dien-38-0l, 64
Cholesta-8(14) : 24-dien-3g-ol, 64
Cholesta-1 : 4-dien-3-one, 72
Cholesta-4 : 6-dien-3-one, 50, 143
Cholestane, 2, 7, 8, 10, 17, 18, 25, 66,

68

3 : 5-¢gcloCholestane, 48
derivatives, 49
Cholestane-38 : 5a-diol, 41, 47
Cholestane-38 : 68-diol, 41
2 : 3-6 : 7-secoCholestane-2 : 3 : 6 : 7-
tetroic acid, 37
Cholestane-38 : 5a : 6a-triol, 37, 41
Cholestane-38 : 5a : 68-triol, 37, 41
Cholestanol, 6, 12, 18, 19, 23, 34, 35, 39,
40, 45, 61
epiCholestanol, 34, 39, 40, 47, 49, 138
*holestan-3p-ol, 287
Cholestan-6a-ol, 49
Cholestan-6B-ol, 49
3 : 5-¢ycloCholestan-ba-ol, 48
3 : 5-¢ycloCholestan-68-ol, 48-49
Cholestanones, 68-70
table, 69
Cholestan-1, -2, -4, -7-ones, 69
Cholestan-3-one, 18, 39, 45, 69, 70, 71,
72
Cholestan-6-onc, 19, 48, 49, 69
3 : 5-¢ycloCholestan-6-one, 48
Cholestanyl acctate, 46
emCholestanyl acetate, 46
Cholestan-38-yl acctate, 25
3 : 5-¢ycloCholestan-6B-yl acetate, 45
Cholest-4-en-3 : 6-dione, 49
Cholestencs, 66-67
table, 66
Cholest-2-ene, 66, 220
Cholest-3-cne, 66, 77
Cholest-4-ene, 17, 66
Cholest-5-ene, 17, 47, 48, 66
Cholest-6-, 7-, 8-, 8(14)-, and 14-ene,
66 et seq.
Cholest-5-ene-3a-carboxylic acid, 40
Cholest-5-ene-3 : 4-dione, 77
Cholesten-3g-ols, 66-67
Cholest-1-, and 7-enol, 67
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Cholé:;t-B-, 8(14)-, and 14-enol, 64,
Cholest-9(11)- and 20(22)-enol, 67
Cholest-4-en-3-ols, 49-50
Cholest-4-en-3a-ol, 49
Cholest-5-en-7q-o0l, 68
Cholest-1-en-3-one, 71
Cholest-4-en-3-one, 22, 38, 41, 45, 46,
49, 50, 71, 72, 76, 129, 143
Cholest-4-en-5-one, 45
Cholest-5-en-3-one, 38, 39, 46, 76, 77
Cholest-5-en-t-one, 71
Cholesterol, 1, 5, 6, 7, 8, 27, 28, 34,
35-50, 57, 65, 68, 76, 79, 87, 110,
129, 133, 138, 184, 207, 212, 274,
277
angular methyl group at C(yg), 22
configuration at C(z), 4, 12
B-configuration, proof of, 36
dibromide, 46, 76
dichloride, 46
digitonide, 46
hydrochloride, 46, see also 5a-Chloro-
cholestan-38-ol
OH group at C(3), 18
alloCholesterol, see Cholest-4-en-38-ol
epiCholesterol, 34, 35, 38, 40, 46-47,
76
‘1-Cholesterol’, see 3 : 5-¢ycloCholestan-
68-ol
‘epi-i-Cholesterol’, see 3 - 5-¢ycloCho-
lestan-6a-ol
Cholesteryl
acetate, 25, 36, 39, 42, 46, 48
dibromide, 42
benzoate, 46
bromide, 39, 40
chloride, 1, 17, 39, 40, 42, 48, 138
hydrogen phthalate, 50
iodide, 10, 11, 27, 39
toluenc-p-sulphonate, 46, 48
epiCholesteryl
acetate, 47
bromide, 47
chloride, 47
toluene-p-sulphonate, 47
Cholic acid, 1, 7, 10, 18, 21, 81, 82, 83,
85, 86, 89, 194
ring B structure, 20
bisnorCholic acid, 89
Chondrillasterol, 66
Christyoside, 249
Chrysene, 1,7, 8
Chryseogenin, 232, 252
Chryseoside, 252
Cilianic acid, 20, 21
Civctone, 144
Clionasterol, 63, 66
Colour tests of colourless sterols, 78-79
Conessine, 1
Convallatoxin, 239-40
Convallatoxol, 240

INDEX

Convallatoxoloside, 240
Convalloside, 239-40
Coprostane, 2, 8, 10, 18, 25, 66, 68
Joprostane 3}3 16/3 2G-trlol 278
Coprostanoic acids, 88
Coprostanol, 34, 35, 39, 40, 49
epiCoprostanol, 39, 40, 47, 49, 82
Coprostanoncs, 69
Coprostan-3-one, 39, 69, 70, 72
Coprostan-6-one, 69
Coprostanyl acetate, 46
epiCoprostanyl acetate, 46
Coroglaucigenin, 231, 232 248-9, 256
Coroglaucngcmn-n-allomethy1051de 249
Corotg:ldgenin, 231, 232, 248-9, 256,
2
Corotoxigenin-p-6-dcoxyalloside, 249
Correlation of steroids, using conven-
tion for p(-}-)-glyceraldehyde and
natural L(—)-serine, 6
Correllogemn, 285, 289
Cortexone, 171, 183
Corticosterone, 169, 171, 179-82, 198
200, 203, 204, 212
partial synthesis, 203-5
total synthesis, 212
19-norCorticosterone, 150, 204
Cortisol, 169, 170, 176-7, 198, 202
acetate, 137
3 : 20-disemicarbazone, 210
monoacctate, 176
partial synthesis, 210-12
total synthesss, 212
11-¢pCortisol, 199, 202, 203, 210
19-norCortisol, 150, 211
Cortisone, 8, 46, 131, 171, 176-7, 198,
288, 293
acetate, 137, 199, 213
monoacetate, 176
total synthesis, 46, 212-14
19-norCortisone, 150, 209
Courmontosides A, B and C, 256
Cryptograndoside A, 244, 247
Cryptograndoside, B, 244
Cymarin, 229, 240, 250
‘allo’Cymarin, 240
17-150Cymarin, 240
Cymarol, 240, 250
Cymarose, 229, 230, 240, 241
Cymarose-g-glucoside, 229
Cymarylic acid, 240

Deacetyldigilanide A, 242
B, 244
Deacetyltanghinin, 254
Decalins, 2

cis-Decalin, 15

Decalin-1 : 5-dione, 113
a-Decalones, 10
Decogenin, 232, 251
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Decoside, 251
Deglucocheirotoxin, 239, 240
Deglucodigitalinum verum, 244
Deglucohellebrin, 262
Dehydroeprandrololactone, 148
Dechydroeprandrosterone, 63, 105, 110,
133, 137, 138, 140, 141, 145, 147,
148, 150
acetate, 129
cyanhydrin, 153
7-Dehydro-bile acids, 87
Dehydronorcholene, 24
7-Dehydrocholesterol, see Cholesta-5 :
7-dicn-3B-ol
Dehydrocholic acid, 83, 84, 90
Dehydrocorticosterone, 169
11-Dechydrocorticosterone, 171, 179-
182
partial synthesis, 202-3
total synthesis, 212
1 : 2-Dehydrocortisol acetate, 211
1 :2-and 6 : 7-Dehydrocortisone, 209
1 : 2-Dehydrocortisone acetate, 210
7-Dehydrositosterol, 60
7-Dehydrostigmasterol, 60, 62
1:2-,9:11-, 11-, and 16-Dehydro-11-
deoxycorticosterone, 200
11-Dehydrodivaricoside, 250, 251
is- and trans-bisDehydrodoisynolic adid,
124, 125, 126
Dehydroergosterol, 51-55, 57, 208
‘1-Dehydroergosterol’, 55
Dehydroncoergosterol, 54, 110
Dehydroergosterol acetate, 197
Dehydrohyodeoxycholic acid, 86
Dehydrolithocholic acid, 86
Dehydrolumisterol, 57
11-Dehydrosarmentogenin, 232, 251
Deoxyapocholic acid, 88
Deoxycholic acid, 5, 7, 11, 28, 79, 80,
82, 83, 85, 86, 87, 88, 89, 192, 204,
208
ring B structure, 20
ring C structure, 21
12-epiDeoxycholic acid, 80
1soDeoxycholic acid, 80
bisnorDeoxycholic acid, 203, 204
Deoxycorticosterone, 129, 133, 198, 291
total synthesis, 46
11-Deoxycorticosterone, 171, 183, 185,

acetate, 183

partial synthesis, 199-200

substitution products, 200

total synthests, 212
17-is0-11-Deoxycorticostecrone, 183

acetate, 200
19-norDeoxycorticosterone, 150, 205
19-nor-11-Deoxycorticosterone acetate,

200
(4)-3-Deoxyequilenin, 118
L-6-Deoxyglucose, 230
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p-6-Deoxyglucose, 229
L-6-Deoxytalose, 230
Desaroside, 250
3a : 17B-Diacetoxyactiocholan-11-one,
145
3a : 21-Diacetoxy-118 : 17a-dihydroxy-
pregnan-20-one, 137
38 : 1la- Diacetoxy - 148 - hydroxy - 14-
1soetianic acid, 251
3a : 21 - acetoxy - 17a - hydroxypreg-
nane-11 : 20 dione, 137
3a : 20a-Diacetoxy-17a-hydroxypreg-
nan-11-one, 136
3a : 21-Diacetoxypregnane-11 : 20-di-
one, 207
3B : Sa-Diacetoxyallopregnane-11 : 20-
dione, 209
3a : 20a-Diacetoxypregnan-11-one, 136
3B:21-Diacetoxypregn-5-en-20-one, 249
3¢ : 21-Diacctoxypregn-17(20)-en-11-
one, 206
Dianhydroantiarigenin, 252
Dianhydrogitoxigenin, 244, 24/, 248
Dianhydrogitoxigenone, 247
Dianhydrohellcbrigenin methylal, 262
Dianhydrostrophanthidin ethylal, 239
Dianhydrostrophanthidin methylal, 240
21-Diazoprogesterone, 199
2 : 2-Dibromocholestan-3-one, 71
2a : 4a-Dibromocholestan-3-one, 71
5a : 68-Dibromocholestan-3-one, 76
4 : 6-Dibromocholest-4-¢n-3-one, 76
Diels’ acid, 38
Digilamdase, 242, 244
Digilanide
A, 228-9, 242
B, 228-9, 244
C, 228-9, 241
Diginigenin, 232, 256-7
Diginin, 256-7
Diginose, 247, 248, 252, 256
p-Diginose, 230
Digitatinum verum, 244
Digitalose, 230
Digitogcenic acid, 289
Digitogenin, 275, 276, 281, 285, 289,
290

2 : 3-diacetate, 289

¢-Digitogenin, 290

1soDigitogen-15-one, 289

Digitoic acid, 289

Digitonin, 274, 275

Digitoxan diacid, 233

‘y’-Digitoxanoldiacid, 233, 243, 246

Digitoxigenin, 200, 231, 232, 233, 234,
235, 240, 242-4, 250, 260

3-¢piDigitoxigenin, 232, 243

isoDigitoxigenin, 234, 243

Digitoxigenin-acetyldigitaloside-[gluco-
side]y, 242

Digitoxigenin - cymaroside - glucoside,
242
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Digitoxigenin-cymaroside-[glucoside],,
242

Digitoxigenin-digitaloside, 242
Digitoxigenin-digitaloside-2-glucoside,
242

Digrtoxigenin-digitaloside-4-glucoside,
242

Digitoxigenin-[digitoxoside|]s, 242
Digitoxigenin - [digitoxoside]3 - gluco-
side, 24
Digitoxigenin-rhamnoside, 243
Digitoxigenin - rhamnoside - glucoside,
243
Digitoxigenin-rhamnoside-[glucoside],,

Digitoxigenin-thevetoside, 242
Digitoxigenin-thevetoside-[glucoside],,
242

Digitoxigenone, 243

Digitoxin, 228-9, 242

Digitoxose, 230

Digoxigenin, 232, 241-2, 250

Digoxigenone, 241

Digoxin, 228-9, 241

17-Dihydroandrosterone, 291

17-Dihydroepiandrosterone, 291

20 : 22 - Dihydro - 8(14) - anhydrodigi-
toxigenin, 247

4 : 58-Dihydrocortisol acetate, 211

Dihydrogitoxigenin, 245, 246

Dihydrogitoxigenone, 245

22 : 23-Dihydrobrassicasterol, 61

Dihydroequihinin, 108, 114, 119, 120

Dihydroergocalciferol, 57, 58

22 :63-l?ihydroergocalcifcrol, vitamin

4, 6

5 : 6-Dihydrocrgosterol, 35, 51, 60

22 : 23-Dihydroergosterol, 53, 60, 67

Dihydrolanosterol, 6

20 : 22-Dihydro-onabagenin, 254

Dihydroperiplogenin, 236, 240

Dihydrosarsasapogenin, 278, 281

Dihydro-20-isosarsasapogenin, 2801

22 : 23-Dihydro-‘ 8’-sitosterol, 61

Dihydrosmilagenin, 279, 281

Dihydro-20-isosmilagenin, 280-1

5 : 6-Dihydrostigmasterol, 51

22 : 23-Dihydrostigmasterol, 51, 63

Dihyd{gstrophanthidin, 235, 236, 238,
2

Dihydrostrophanthidinic acid, 235
Dihydrotachysterol, 57
Dihydrotestosterone, 142, 148
benzoate, 117
Dihydroepitestosterone, 143, 148
20 : 22-Dihydrouzarigenin, 249
a : 118- and 3B : 11B8-Dihydroxyaetio-
cholan-17-one, 145
3a:118- and 38: 118-Dihydroxyandro-
stan-17-one, 145
3a : 17a-Dihydroxy-21-bromopregnan-
20-one, 200

INDEX

Dihydroxycholadienic acid, 87

Dihydroxycholanic acids, 80, 83

3 : 7- and 3 : 12-Dihydroxycholanic
acid, see Dcoxvcholic acid

3a : 12a-Dihydroxycholenic acids, 87,
190

3ﬂ-D1hydro‘cydlethylsulphoxlde, 172

3a : 148- and 38 : I4B-D1hydroxy-7o. :

15a-epoxy-14-isoetianic acid, 254

18 : 38-Dihydroxyetianic acid, 253

38 : 1la-Dihydroxyetianic acid, 251

38 : 11B - Dihydroxyalloetianic acid,
179

38 : 128-Dihydroxyetianic aad, 241

38 : 168-Dihydroxyetianic acid, 245

3B : 14B-Dihydroxy-14-ws0etianic acid,
234, 243, 260

38 : 148 - Dihydroxy - 14 - isoalloetianic
acid, 249

3B : 17a-Dihydroxyalloctianic acid, 174

3B : 19-Dihydroxyetianic acid, 236

3B : 19-Dihydroxyalloctianic acid, 260

148 : 19-Dihydroxy-14-iseetianic acid,
236

3a : 17a-Dihydroxy-178-methyl-n-
homoactiocholan-17a-one, 136

3a : 17aa-Dihydroxy-17ag- and 3a:
17aB-Dihydroxy-17aa-methyl-p-
homoaetiocholan-17-one, 136

1 : 6-Dihydroxynaphthalene, 11, 42

3a : 7a-Dihydroxy-12-oxocholanic acid,
84

3a : 12a-Dihydroxy-7-oxocholanic acid,

38 : li,lB - Dihydroxy - 11 - oxocholanic
acid, 192
7 : 12-Dihydroxy-3-oxocholanic acids,

8

118 : 17a-Dihydroxy - 3 - oxoeti - 4-enic
acid, 176

118 : 17a-Dihydroxypregnane-3 : 20-
dione, 211

3a : 17a-Dihydroxypregnane-11 : 20-
dione, 136, 208, 210

3a : 6a-Dihydroxypregnan-20-one, 136

3a : gg-Dihydroxyallopregnan—20—one,
1

3B : 6a-Dihydroxyallopregnan-20-one,
136

3a : 118-Dihydroxypregnan-20-one, 136
3a : 17a-Dihydroxypregnan-20-one, 136
3a-17a-Dihydroxyallopregnan-20-one,
136
3B-17a-Dihydroxypregnan-20-one, 136
38 : 17a-Dihydroxyallopregnan-20-one,
147
o : 21-Dihydroxypregnane-3 : 11
20-trione, 207
38 : l7a-D1hydroxyprcg'n-5 en-20-one,
136

38 : 21-Dihydroxypregn-5-en-20-one,
136
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68 : 11a-Dihydroxyprogestcrone, 131
68 : 17a-Dihydroxyprogesterone, 131,
183

11a : 17a-Dihydroxyprogesterone, 131,
183

38 : 128-Dihydroxy-22a : 25a-allospiro-
stan-11-one, 207

(+)-5 : 6-Dimethylheptan-2-one, 13, 61

(—)-5 : 6-Dimethylheptan-2-one, 13, 27

2 : 3-Dimethylnaphthalene, 59

3’ : 7-Dimethyl-1 : 2-¢yclopentenophen-
anthrene, 18

1 : 2-Dimethylphenanthrene, 22, 23

1 : 2-Dimethylphenanthr-7-ol, 109

Dimethylsulphone, 172

Dioscin, 275

Dioscorea sapotoxin, 275

Diosgenin, 142, 189, 198, 207, 208, 275,
277, 280, 281, 283, 286, 287

y-Diosgenin 3 : 26-diacetate, 291

Diosterols, 77

: 6-Dioxocholanic acid, 86

: 6-Dioxoallocholanic acid, 86

: 12-Dioxocholanic acid, 84

: 6-Dioxocholestane, 36, 37

: 6-Dioxocholestan-5-o0l, 37, 39

: 6-Dioxocholest-4-ene, 37

: 7-Dioxocholestanyl acetate, 36

: 6-Dioxocholestan-5-yl acetate, 47

: GBIZioxoergostaJ : 22-dien-5a-0l, 53,

: 6-Dioxoergostane, 53

: 6-Dioxoergost-4-cne, 53

: 11-Dioxoetianic acid, 251

: 11-Dioxoalloetianic acid, 174, 179,
180

: 11-Dioxocti-4-enic acid, 179, 180

: 6-Dioxolumista-7 : 22-dien-5a-ol, 56

: 20-Dioxo-14-150-17-150pregnanc, 257

Divaricoside, 250

(--)-e2s-Doisynolic acid-A, 126

(+)-trans-Doisynolic acid, 110, 116,

124, 126
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Echubioside, 242

Echujin, 242

Electrocortin, 178

Emicymarin, 240, 250

‘alloEmicymarin’, 241

17-isoEmicymarin, 241

Episterol, 65

16a : 17a-Epoxy-38-acetoxypregn-5-en-
20-one, 200

16a : 17a-Epoxy-21-acetoxyprogester-
one, 202

168 : 22-Epoxycoprostan-3g-ol, 279

Equatorial and axial character of steroid
alcoholic groups, 70

Equilenin, 8, 108, 110, 118-19, 127

total synthesis, 121-3

20
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(+)-Equilenin, 108, 118, 120, 124, 143
acetate, 127, 143

(—)-Equilenin, 108, 120

(4 )-14-isoEquilenin, 114, 120, 124
acetate, 127

(—)-14-isoEquilenin, 108, 110, 113, 120

( |-)-14-isoEquilenin, 155

18-nor-14-isoEquilenin, 123

Ergocalciferol, vitamin D5, 55. 57

‘Ergopinacol’, 53

Ergosta-6 : 22-diene-38 : 5a : 8a-triol,

54

Ergosta-7 : 22-diene-38 : 5a : 6a-triol, 52

Eigosta-9(11) : 22-diene-38 : 5a : 8a-
triol, 55

Ergosta-7 : 22-dien-3-0l, 63

Ergostane, 2, 68

Ergostane-38 : 5a-6a-triol, 52

Ergostanol, 13, 27, 34, 35, 52. 61

Ergosta-4 : 6 : 8(14) : 22-tetraene, 53

3 : 5-¢ycloErgosta-6 : 8(14) : 9(11) : 22-
tetraene, 55

Ergosta-5 : 7 : 22 : 24(28)-tetrz ~n-38-ol,
65

9 : 10-seco-5(10) : 6 : 8 : 22-Ergosta-
tetracn-3B-ol, see Preergocalciferol
3 - 5-¢ycloErgosta-6 : 8(14) : 22-tricne, 53
Ergosta-7 : 9(11) : 22-triene-38 : 5a-
diol, 55
3 : 5-cpcloErgosta-7 : 9(11) . 22-trien-
6f-ol, 55
Ergost-22-cne, 68
Ergosten-3g-ol, 66-67
Ergost-8(14)-enol, 65
Ergosterol, 1, 11, 12, 13, 34, 35, 51-61.
67, 131, 189, 194, 207
derivatives, 56 61
peroxide, 54
side chain structure, 27
22 : 23 double bond, 28
‘Ergostcrone’, 53
‘1soErgosterone’, 53
17a-Ethinyloestradiol-178, 108, 118
17a-Ethinyltestosterone, 133
19-nor- 17a-Ethinyltestosterone, 133,
147, 150
24a-Ethylcholestanol, 66
24a- and 24b-Ethylcholest-5-en-38-ol,

63
1-Ethyl-2 : 5-dimethyl-7-methoxyphen-
anthrene, 111
24-Ethylidenecholest-5-en-g-ol, 65 .
(+)-5-Ethyl-6-methylheptan-2-one, 27,
63

(—)-5-Ethyl-6-methylheptan-2-one, 63
1-Ethyl-2-methylphenanthrene, 124
21-Ethylprogesterone, 133
Ethylisopropylacetaldchydc, 27
Etianic acid, 233, 234, 243

series, 192
alloEtianic acid, 233
Euphadienol, 1
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Lvobioside, 243
Evomonoside, 243
Lvonoside, 242

Fecosterol, 64
Fesogenin, 285, 286
Fluorene, 1
9a-Fluoro, chloro-, bromo, and iodo-
cortisol acetate, 211
9a-Fluorocortisone acetate, 209
9a - Fluoro - 17a - hydroxyprogesterone,
18+
‘Folliculosterone’, 114
3a-Formoxy-17a-hydroxypregnan-20-
one, 200
Frugoside, 249, 256
Fucostandienone, 63
Fucosterol, 63
Fusion of rings
Jdand B, 8
B and C, 10-11
Cand D, 11-12

Gamabufogenin, 258, 261-2
Gamabufotalin, 12
Gamabufotoxin, 261-2
Gentrogenin, 285, 289
Gestogens, 127-37
Gitogenic acid, 288, 289
Gaitogenin, 275, 276, 277, 281, 283, 287,
288, 289, 290
Gitonin, 274, 275
Gitorin, 244
Gitoxigenin, 232, 244-7, 263
3-acetate, 247
16-acetate, 232, 244
tsoGitoxigenin, 244
Gitoxigenin-acetyl-digitaloside-gluco-
side, 244
Gitoxigenin-cymaroside, 244
Gitoxigenin-digitaloside, 244
Gitoxigenin-digitaloside-glucoside, 244
Gitoxigenin-[digitoxoside]s, 244
Gitoxigenin-[digitoxoside]3-glucoside
acetate, 244
Gitoxigenin-glucoside, 244
Gitoxigenin-oleandroside, 244
Gitoxigenin-sarmentoside, 244
isoGitoxigeninic acid, 245, 246
‘a’- and ‘B’-Gitoxigenone, 245
Gitoxin, 228-9, 244
Glucoconvalloside, 240
Glucoscillaren A, 258-60
Glucoscilliphaeoside, 258
v-Glucose, 229
Glycosides, structure of individual,
235-57
‘alloGlycosides’, 234

INDEX

Gofruside, 249
Gossweiloside, 256
Graciloside, 242

a-Halogeno-keto-steroids, 72-75
table of stabilities of cpimeric 2-
bromoketo-steroids, 74
Hecogenic acid, 289
Hecogenin, 207, 209, 280, 284, 288,
291, 293
series, 192
y-Hecogenin, 289, 291, 292
Hellibrigenin, 258, 262
Hellibrigenin - rhamnoside - glucoside,
262
Hellibrigen-19-ol, 258, 262
Hellebrin, 262
Heteroannular dienes, 68
‘Hippulin’, 118
Historical development of structural
investigations, 6-7
D-Homoaetiocholane-3 : 17a-dione, 154
D-Homoandrostane-3 : 17-dione, 153,
154
18-nor-D-Homoandrostane-3 : 17a-di-
one, 154
D-Homoandrosterone, 152
D-Homoepiandrosterone, 154
D-Homoeprandroster-17-one, 153
18-nor-D-Homoeprandrosterone, 139,
154
Homoannular dienes, 67-68
D- l—{%r;mdcoxycortlcosterone acetate,
D-Homodihydrotestosterone, 154
(+)-D-Homoequilenin, 155
(1 )-14-iso-D-Homoequilenin, 155
(+)-18-nor-D-Homo-11B-hydroxyepi-
androsteronc, 146
D-Homo-oestradiol-17a8, 155
D-Homo-oestrone, 155
D-bisHlomo-oestrone, 155
D-Homoprogesterone, 155
Homosteroids, 149-56
D-Homotestosterone, 154
18 : 19-bisnor-D-Homotestosterone, 154
Hongheloside
A, 244, 247
B and C, 244
G, 242, 244
3B-Hydroxyactiobilianic acid, 277
11 ﬁ-}l{‘t);droxyaetiocholanc-fi : 17-dione,

3a- and 38-Hydroxyaetiocholane-11 :
17-dione, 145, 206 (3a-)

3a-Hydroxyaetiocholan-17-one, 82,
140, 144

3B-Hydroxyaetiocholan-17-one, 144

3a- and 38- Hydroxyaetiochol-9(11)-en-
17-one, 144
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178-Hydroxyandrosta-1 : 4-dien-3 one,
118 -?Iydroxyandrostane -3 : 17-dione,
3a- I}I‘:"ctlroxyandrostane -11 : 17-dione,
3a- aiﬁ 38-Hydroxyandrostan-17-onc,

3B-Hydroxy-16 17-secoandrost-5-cn-
16 : 17-dioic acid, 147

3a- and 38-Hydroxyandrost-16-cne, 143

1la-Hydroxyandrost-4-ene-3 : 17-di-
one, 144

118-Hydroxyandrost-4-¢ne-3 : 17-di-
one, 145, 184

3B-Hydroxyandrost-5-ene-7 : 17-dione,
144

17a- and 178-Hydroxyandrost-4-cn-3-
one, 144

17B-Hydroxyandrost-5-en-4-one, 145

3B8-Hydroxyandrost-5-en-17-one, 144

3a- and 3B-Hydroxyandrost-9(11)-en-
17-one, 144

118-Hydroxyepandrosterone, 145, 146

total synthesis, 212
168- 2Hydroxyborogenin-A- thevetoside,
61

3a -Hydroxy - 12a - chloro(bromo)chol-
9(11)-enate, 82
38-Hydroxychola-5 : 7-dienic acid, 87
3a-Hydroxychola-7 : 9(11)-dienic acid,
194
Hydroxycholanic acids, 82-86
hydrogenation, 86
oxidation of, 83-86
structure, 82-83
38-Hydroxycholanic acid, 80
3a-Hydroxyallocholanic acid, 10, 18, 80
3B-Hydroxyallocholanic acid, 80, 138,
259

6a-Hydroxycholanic acid, 80
7a-Hydroxycholanic acid, 80, 85
118-Hydroxycholanic acid, 80
12a-Hydroxycholamic aad, 80, 85, 189
128-Hydroxycholanic acid, 80
3B-Hydroxynorallocholanic acid, 27, 51,
52, 61, 63
3B-Hydroxybisnorallocholanic acid, 65
12a - Hydroxychol -2(or 3) - enic acid,
85

3B-Hydroxychol-5-enic acid, 87, 129
3B-Hydroxybisnorchol-5-enic acid, 51,
66, 128
3e-Hydroxychol-8(14)-enic acid, 88
3a-Hydroxychol-11-enic acid, 190
3a-Hydroxychol-9(11)-enic acid, 192
3B-Fydroxyallochol-14-enic acid, 259
3-Hydroxy-19-norcholesta-1 : 3 : 5(10)-
triene, 72
7a- and 7B8-Hydroxycholesterol, 50
17-Hydroxycorticosterone, 28
17a-Hydroxycorticosterone, 170

20*
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2a- and 68-Hydroxycortisone, 209

21-Hydroxy-20-cyanopregn 17(20)-en-
3 : 11-dione, 210

6B-1 Izyggmxy- 11-dehydrocorticosterone,

17a - Hydroxy - 11 - dehydrocorticoster-
one, 170, 176

6a-,68-,7a-, 11a-, 118-, 12a-, 148-, 16a-,
17a-, and 19e-Hydroxy-11-deoxy-
corticosterone, 200 171 (17a-)

3a-Hydroxy-7 : 12-dioxor holanic acid,
84

17~ Hydroxy -3 : 11 - dioxoalloetianic
acid, 173

174 - Hydroxy- 3 : 11-dioxoeti - 4-enic
acid, 176

3B-Hydroxyetianic acid, 245, 246, 260

19-Hydroxyalloctianic acid, 236

38-Hydroxy- 14-is0-17-isoetianic acid,
243, 245, 257

3B - Hydroxy - 14 - iso - 17 - isoalloetianic
acid, 234, 241

3a- and 38-Hydroxyeti-5-cnic acid, 199

3a-Hydroxyeti-8-enic acid, 254

3B-Hydroxyeti-16-enic acid, 246

SB-Hysdroxy-l 7-1s50allocti-14-enic  acid,
234

( 1-)-118-Hydroxylumiepiandrosterone,
147

1-Hydroxy-4-methyl-3-deoxyoestradiol-
178, 117

1-Hydroxymethyl-3-deoxyoestrone, 111

1-Hydroxy-4-methyl-3-deoxyoestrone,
117

3-Hydroxyoestra-5(10) : 6 : 8-tricne-17-
one, 114

7-Hydroxyocstrone, 119

3a-Hydroxy-11-oxocholanic acid, 190,
192

3a-Hydrexy-7-oxocholanic acid, 88

3a-Hydroxy-12-oxocholanic acid, 88

3a-Hydroxy-6-oxoallocholanic acid, 88

3B-Hydroxy-16-oxobisnorcholanic acid,
277

3a - Hydroxy - 12 - oxochol - 9(11) - enic
acid, 192

3B-Hydroxy-11-oxoalloetianic acid, 179

17a-Hydroxy-3-oxoeti-4-enic acid, 182

3B-Hydroxypregna-5 : 16-dien-17-one,
129

3B-Hydroxypregna-5 : 16-dien-20 one,
291

3a-Hydroxypregnane-11:20-dione, 136,
208

38-Hydroxyallopregnane-11 : 20-dione,
207

17a-Hydroxyallopregnane-3 : 12 : 20-
trione, 292
3a-Hydroxypregnan-20-one, 136
3a-Hydroxyallopregnan-20-one, 136
38- Hydrox)éallapregnan- 20-one, 128,
36, 14

El
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3a-Hydroxy-17-isopregnan-20-one, 136

21-Hydroxypregn-17(20)-ene-3 : 11-di-
one, 2

3B-Hydroxypregn-4-en-20-one, 143

38-Hydroxypregn-5-en-20-onc, 128,
133

3a-Hydroxypregn-16-en-20-one, 136
3B-Hydroxyallopregn-16-en-20-one,291
Hydroxyprogesterone, 184
2q- and 68-Hydroxyprogesterone, 131
11a-Hydroxyprogesterone, 131, 198,
208, 210
118-Hydroxyprogesterone, 131, 181
12a-, 14-, and 16a-Hydroxyprogester-
once, 131
17a-Hydroxyprogesterone, 28, 131, 133,
147, 151, 171, 183
19-Hydroxyprogesterone, 133
21-Hydroxyprogesteronc, 129, 133, 183
11e-Hydroxy-17-1soprogesterone, 132
38-Hydroxy-22a : 25a-allospirostan-11-
one, 207
11a-Hydroxysteroids, 195, 198
118-Hydroxysteroids, 192, 198
20-Hydroxysteroids, nomenclature, 3
Hydroxytestosterones, 147
‘a’-Hyodeoxycholic acid, 7, 9, 10, 17,
18, 79, 80, 82, 84, 85, 86, 88
¢8’-Hyodeoxycholic acid, 80, 82

Inertogenin, 232, 252
Inertoside, 252
Intermedioside, 252

Kammogenin, 275, 285, 289
Kammonin, 275
Kendall’s Compound

A, 179

E, see Cortisone

F, see Cortisol
1 - Keto-8-methoxydodecahydrochrys-

ene, 113

Ketones, steroid, 68-78
11-Ketoprogesterone, 131
6-Ketotestosterone, 147
Kryptogenin, 281, 286
Kwangoside, 250

Lagodeoxycholic acid, 80, 88
Lanosterol, 1, 29
Lathosterol, 35

Leptogenin, 232, 252
Leptoside, 252
Leucylproline, 172
Lilagenin, 284, 287, 288
Lithobilianic acids, 9, 86

INDEX

Lithobilienic acids, 86
Lithocholic acid, 7, 9, 79, 80, 82, 84, 85,
86, 134, 200

acetate, 140

OH group at C(3), 18
Lumiandrosterone, 145
(_1.)-Lumiepiandrosterone, 139, 145
(+ )-¢is-Lumidoisynolic acid, 124, 126
(4 )-c1s-Lumimarrianolic acid, 124
Lumioestrone, 113, 124
Lumusterol, 55, 56, 58, GO
9B-Lumisterol, 57
98-Luminstanol, 57

Magogenin, 28+, 288-9
Manogenin, 285, 288, 289
Marine sterols, 65-6
chalinasterol, 65
chondrillasterol, 66
clionasterol, 66
neospongosterol, 65
ponfasterol, 66
stettasterol, 65
Marinobufagin, 258, 263—4
Marker-Lawson acid, 192
Marker’s acid, 40
Markogenin, 279, 283, 288
(+)-trans-Marrianolic acid, 109, 112,
114, 123, 124
‘Metacortandracin’, 210
‘Metacortandralone’, 211
68-Methoxy-3 : 5-cyclocholestane, 39, 48
3B-Methoxycholest-5-ene, 48
4B-Methoxycholest-5-ene, 47
68-Mcthoxycholest-4-ene, 47
3-Methoxycoprost-3-cne, 72
3- M;;l}oxy -6-deoxy-hexose thevetose,
7-Mcthoxy-3’ : 3’-dimcthyl-1 : 2-cyclo-
pentenophenanthrene, 110, 118
68-Methoxy-3 : 5-cycloergosta-7 : 9(11) :
22-triene, 55
7-Methoxy: 3’-methyl-1:2-cyclopenteno-
phenanthrene, 116
5-Methoxy-1-mecthyl-B-tetralone, 42
G-Mtit21130xy-2-naphthyl methyl ketone,
7-Methoxy-1-oxo-1 : 2 : 3 : 4-tetra-
hydro-phenanthrene, 120, 121
7-Methoxy-1 : 2-¢yclopentenophenan-
threnc, 109
16a-Methoxyallopregnane-3 : 12 : 20-
trione, 292
5-Methoxy-2-tetralone, 139
Methyl 3a - acetoxychol -9(11) - enate,
192, 193
Methyl 3a-acetoxychol-11-enate, 23
Methyl 3B-acetoxy-58 : 14g-dihydroxy-
14-isoaetiocholanate, 12
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Methyl 38 acetoxy-14B-hydroxy-14-is0-
aetiocholanate, 12

Methyl 3a - acctoxy-11-oxocholanate,
193, 194

Methyl 3a-acetoxy-12-oxocholanate,
23,191

17a-Methylandrostane-3a : 178-diol,
148

Methyl 3a-benzoyloxy-12-oxocholan-
ate, 192

1-Mecthyl-1-carboxyglutaric acid, 23

Methyl cholanate, 25, 26

20-Methylcholanthrene, 24

Mecthyl cholate-3-acetate, 87

24b-Methylcholesta-5 : 22-dien-38-0l,
61, 65

24a-Methylcholest-5-en-38-ol, 61

17a-Methyl - 11 -dehydrocorticosteronc,
203

(| )-cis- and ( |-)-trans-7-Methylbisde-
hydromarrianolic acid, 120, 127
(cis-)

17a - Methyl - 11 - deoxycorticosterone
acetate, 200

Methyl 38 : 1la-diacetoxy- 148 -hy-
droxy-14-isoaetiocholanate, 12

Mecthyl 38 : 168 - diacctoxy - 148 - hy -
droxy-14-isoaetiocholanate, 12

1-Methyl-17-dihydroequilenin, 120

17a-Methyldihydrotestosterone, 148

(4)-7-Methyldoisynolic acid, 126

2a - Methyl - 9a - fluorocorbisol acetate,
211

D (—)- and L(+4)-a-Methylglutaric
acd,

17a-Methyl-D-homoandiostane, 156

17a-Methyl - D -homoandrostane, 38 :
17aa-diol diacetate, 136

17a-Methyl-D-homoandrostan-38-ol-
17a-one, 156

17aa-Methyl - D -homoandrost-5-ene-
38 : 17aB-diol-17-one, 156

17aB-Methyl - D -homoandrost-5-en-38-
ol-17-one, 150

7-Methylhomomarrianolic acid, 113

17aa - Methyl - D - homotestosterone,
155

Mcthyl 3a-hydroxychola-7 : 9 (11)-
dienate, 195

Methyl 3a-hydroxy-chol-9(11)-cnate,
193

Mcthyl 3B-hydroxy-11-o0x0-3a : 9a-
epoxycholanate, 193

cis- and frans-7-Methylmonodehydrodo-
isynolic acid, 126

1-Methyloestradiol-178, 117

1-Methyloestrone, 111

Methyl 3-oxoaetioallocholanate, 45

(4)-Methyl 3-oxoaetiochola-4 : 9(11) :
16-tricnate, 45

Methyl 3-oxoetianate, 212

Methyl 3-oxoalloetianate, 212
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(+) - Methyl 3 -oxoetia-4:9(11) : 16 -
trienate, total synthesis, 212
3’ Methyl - 1 : 2 - ¢yclopentenophenan-
threne, 1, 231, 276
7 -Methyl -1 : 2 - ¢yclopentenophenan -
threne, 277
17a- and 21-Methylprogesterone, 133
Methylisopropylacetaldehyde. 27
Methyl strophanthidonate, 235
17a-Methyltestosterone, 133, 117
19 - nor - 17a - Mcthyltestosterone, 147,
148, 150
M: xogenin, 284, 288, 289
Mulloside, 249
Monoanhydrostrophanthidin, 239, 240
Musaroside, 251
Mycosterols, 63-65
ascosterol, 64
episterol, 65
fecosterol, 64
zymosterol, 63

Nabogenin, 256
Neobologenin, 284, 288, 289
Neocholestene, see Cholest-2-ene
Neochlorogenin, 283, 288
B-Neochlorogenin, 288
Neoergosterol, 53, 114
epiNeoergosterol, 54
Neogitogenin, 283, 287
Neokammogenin, 285, 289
Neomanogenin, 285, 289
Neomexogenin, 284, 289
‘Neopregnenolone’, 150
Neospongosterol, 65
Neotigogenin, 280, 282, 2867
Neriantin, 248
Neriantogenin, 232, 247-8
Neriantogenin-glucoside, 248
Neriifolin, 242
Nigrescigenin, 256
Nologenin, 281, 286

3 : 26-diacetate, 291
Nolonin, 275, 286
Nomenclature of the steroids, 2-6
Nuclear carbon skeleton common to

sterols and bile acids, 17

Nucleus of steroids, see Steroid nucleus
Nutriacholic acid, 88

Odorigenin, B, 248
Odorobioside

G, 242

K, 248
Odoroside, 248

A, 242

B, 248, 249
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Odoroside, D, 242, 255
E, 255
F, 242, 255
G, 242
H, 242
Oestradiol, 107
‘a’- and ‘B’-Oestradiol, 115-18
partial synthesis, 117
Oestradiol-17a, 108, 115, 116
Qestradiol-178, 72, 105, 107, 108, 115,
116, 117, 118, 124, 127, 143
8-is00estradiol-178, 114
Oestragenolic acids, 123-6
table, 127
Oestragenolic lactones, 126
Qestrane, 107
Qestrasterol, 65
Oestriol, 105, 106, 108, 109, 114-15, 123
Qestrogens, 105-27, 128
colorimetric determination, 107
properties (table), 108
structure, 107
16- and 17-¢piOestrol, 115
Qestrolic acid, 126
Oestrone, 8, 105, 106, 107, 109-14, 127
-+-)-Oestrone, 72, 111, 113
(4-)-Oestrone, 1, 108, 110, 113-18, 124,
127, 143, 147, 171, 184
acetate, 127
cyanhydrin, 155
parual synthesis, 110
structure, 110
total synthesis, 111
is0Oestrone, 119
8-i500estrone, 114
13-is0Qestrone, 113, 124
Oleandrigenin, 232, 244-7, 263
Oleandrigenin-cymaroside, 244
Oleandigenin - cymaroside - glucoside,
244

Oleandrigenin-oleandroside, 244

Oleandrigenin-sarmentoside, 244

Oleandrigenin-sarmentoside-glucoside,
244

Oleandrigenone, 247

Oleandrin, 244, 247

Oleandrose, 230, 251

Onabagenin, 232, 254-6

acetonide, 254-6

‘a’- and ‘B’-Onabagenin diacetate,
255

Oridigin, 244

Ouabain, 254

isoOuabain, 254

3-Oxoacetoxychol-11-enic acid, 190

3-Oxlcéaa:etoxybisnorchol-l l-enic acids,

3-Oxoacetoxyeti-11-enic acid, 190
3-Oxoandrosta-1 : 4 : 6-triene-178-yl
acetate, 117
11-Oxoandrost-4-ene-3 : 17-dione, 145
3., 7-, and 11-Oxocholanic acids, 86

INDEX

12-Oxocholanic acid, 21, 24, 86, 88
6-Ox0-2 : 3-secocholestane-2 : 3-dioic
acid, 37
3-Ox0-6 : 7-secocholestane-6 : 7-dioic
acid, 37
6-Oxocholestanyl acetate, 36, 41
7-Oxocholestanyl acetate, 36
6-Oxocholest-4-cn-3-ol, 47
7-Oxocholesterol, 38, 39
7-Oxocholesteryl acetate, 39, 50
18-Oxocorticosterone, 179
6-Oxocortisone acetate, 209
19-Oxo-11-deoxycorticosterone, 200
11-Ox0-17a : 21-dihydroxyprogester-
one, 131
3-Oxoergosta-4 : 22-diene, 53
3-Oxoergosta-4 : 6 : 22-triene, 53
3-Oxoergosta-4 : 7 : 22-trione, 53
3-Oxoetianic acid, 253
3-Oxoeti-4-enic acid, 183, 200
7-Oxogitogenic acid, 288
19-Oxogitoxigenin, 232, 248
19-Oxogitoxigenin-rhamnoside, 248
17-Oxohydroxyandrosta-1 : 4-dien-3-
onc, 72
7-Oxo-oestrone, 119
11-Oxo-steroids, 195, 198
3-Oxostigmasta-4 : 22-diene, 51
11-Oxotestosterone, 147, 184
16-Oxotestosterone, 147
11-Oxotigogenin, 288, 293
19-Oxouzarigenin, 232, 249

Pantroside, 252
Parillin, 275
Paulioside, 249
Pennogenin, 281, 286
Pentahydroxybufostane, 90
1 : 2-¢yclo-Pentenophenanthrene, 1

nuclear skeleton of steroids, as, 8
Perhydropyroergocalciferol, 57
Periplocin, 240
Periplocymarin, 240, 250
17-1s0Periplocymarin, 241
Pcriglggcnin, 232, 236, 240-1, 249,

1

‘alloPeriplogenin’, 241
17-isoPeriplogenin, 234, 241
‘ B’-Phocaecholic acid, 81
Photopyroergocalciferol, 55
Phytosterols, 61-63

brassicasterol, 61

campesterol, 61

fucosterol, 63

sitosterol, 62

‘a’, ‘B’, ‘¢’ and ‘8’-spinasterol, 61
Picene, 1
Poriferasterol, 13, 66
Precholecalciferol, 59
‘ Prednisolone’, 211
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‘Prednisonc’, 210
Preergocalciferol, 55, 56
Pregna-5 : 16-dien-3B-0l-20-one, 134
Pregnan-3a : 13a-diol-20-one, 203
Pregnane, 8, 129
derivatives, 133-7
-3a : 20a-diol, 128, 133, 134, 136
-3a : 20B-diol, 134
-38 : 20a-diol, 134, 136
-38 : 20B-diol, 134
-11B : 21-diol-3 : 20-dione 21-acctate,
204
-3a : 12a-diol-20-one, 204
-3a : 17a-diol-20-one, 152
-3 : 20-dione, 128, 131, 132, 134, 135,
136, 181, 291
-3a: 118 : 17a : 20a : 21-pentol, 137
-3a : 118 : 17a : 208 : 21-pentol, 137
-3a : 118 : 17a : 20a-tetrol 3 : 20-
diacetate, 137
-SaIL 3:61 18 : 20a-triol 3 : 20-diacctate,
-3a : 17a : 20a-triol 3 : 20-diacetate,
136
-3 : 11 : 20-trione, 204
alloPregnanc, 8, 129, 180
derivatives, 133-7, 172-6
-3a : 20a-diol, 136
-38 : 20a-diol, 136, 291
-38 : 21-diol-11 : 20-dione, 171
-38 : 17a-diol-20-one, 152, 171
-3 : 20-dione, 129, 131, 132, 134, 136,
181
-3a : 118 : 17a : 208 : 21-pentol, 170
-38: 17a : 208 : 21-tetrol, 170
-3a : 118 : 17a : 21-tetrol-20-one, 170
-38:118: 17a : 21-tctrol-20-one, 170
-38 : 17a : 20a-triol, 171
-38 : 17a : 20B-triol, 171
-3 : 17a : 21-triol-11 : 20-dione, 170
-11B8 : 17a : 21-triol-3 : 20-dione, 170
-38 : 17a : 21-triol-20-one, 170
-38 : 118 : 21-triol-20-oune, 171
-3B : 16a : 20a-triol triacetate, 136
-3 : 12 : 20-trione, 289, 292
-3 : 15 : 20-trione, 290
14-is0-17-is0Pregnane, 243, 257
17-isoPregnane-3 : 20-dione, 132
17-isoalloPregnane-3 : 20-dione, 132
Pregnanolone, 135
alloPregnanolone, 129, 132, 133, 135
17-isoalloPregnanolone, 132
Pregnan-3a-ol-20-one, 134
Pregnan-38-ol-20-one, 134
alloPregnan-3B-ol-20-one, 171, 184
alloPregnan-20-one, 143
Pregn-5-en-4 : 20-dione, 136
alloPregn-16-ene-38 : 6a-diol, 287
Pregn;{-ene-l 18 : 21-diol-3 : 20-dione,

1
Prcgn-‘i-ene-”a : 21-diol-3 : 20-dione,
17
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Pregn-4-ene-208 : 21-diol-3 : 11-dione,
Prcg:lz‘i-ene-lf) : 21-diol-3 : 20-dione,
l7-is¢izl§gegn-5-ene-33 : 178-diol-20-one,

Pregn-4-ene-17a : 21-diol-3 : 11 : 20-
trione, 170

Pregn-4-ene-68 : 21-diol-3 : 11 : 20-
trione, 170

alloPregn-1-ene-3 : 20-dione, 132, 136

Pregn-4-ene-3 : 20-dione, 136, 171

Pregn-5-ene-3 : 20-dione, 132

Pregn-4-cne-118 : 17a : 208 : 21-teti0l-
3-one, 170

17-isoPregn-4-ene-178 : 208 : 21-triol di-
acetate, 199

Pregn-4-enc-17a : 20a : 21-triol-3 : 11-
dione, 170

Pregn-4-ene-17a : 208 : 21-triol-3 : 11-
dione, 170

Pregn-4-ene-68 : 118 : 21-tri 1-3 : 20-
dione, 170

Pregn-4-ene-6B : 17a : 21-triol-3 : 20-
dione, 170

Pregn-4-cne-118 : 17a : 21-tviol-3 : 20-
dione, 170

Pregn-4-ene-118 : 19 : 21-triol-3 : 20-
dione, 170

Preg-4-ene-17a : 208 : 21-triol-3-one di-
acetate, 183

alloPregn-16-enc-3 : 12 : 20-trione, 289,
291

Pregn-4-en-17a-0l-3 : 20-dione, 171

Pregn-4-en-21-0l-3 : 20-dione, 171

Pregnenolone, 128, 129, 131, 134 135,
150, 291

17-isoPregnenolone, 131, 132, 133,

17-isoalloPregnenolone, 132

14-i50-17-isoPregnenolone, 132

Pregn-4-en-20a-ol-3-one, 133

Pregn-5-en-3-0l-20-one, 199, 200

Pregn-16-en-3a-o0l-20-one, 134

Pregn-16-en-3p-0l-20-one, 134

Pregn-4-en-21-0l-3 : 11 : 20-trione,
171

alloPregn-2-en-20-one, 136
Progesterone, 105, 127-33, 147, 171,
183, 184, 198, 199, 208, 240, 291
activity, 132-3
isomerides, 131-2
metabolism, 133
structure, 128
synthesis, 129-31
total, 146
17-isoProgesterone, 131
14-i50-17-isoProgesterone, 131, 149
19-norProgesterone, 133, 150, 205
21-norProgesterone, 133
Proscillaridin, 258-60
Pseudocholestene, see Cholest-4-ene
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Pyroergocalciferol, 55, 57, 60
Pyrosolanellic acid, 20
Pythocholic acid, 81, 88

Quilonogoside, 256

4-14C-Radiocholesterol, 46

Radiocortisone, 209

Radio-oestradiol-178-[16-14(}], 116

Radiotestosterones, 142

Resibufogenin, 263-4

Rhamnose, 243

r.-Rhamnose, 229

Ricogenin, 286

Riconin, 275

Ring ;tructurc of steroid nucleus, 18-
2

Rockogenin, 284, 288
isoRubijervine, 1
Ruscogenin, 285, 289

Samogenin, 279, 283, 288, 289
Sapogenins, 274-93

constitution, 276-81

correlation, 281-6

degradation, 274
Saponins and sapogenins, 274-93
Sardenoside, 250
Sarmentocymarin, 250
Sarmentogenin, 208, 232, 250-1, 262
Sarmentogenin-11-acetate, 250
Sarmentogenin-sarmentoside, 250
Sarmentose, 230
Sarmentosides, A, C, D and E, 252
‘Sarmentoside B’, 250
‘Sarmentosigenin’, 250
Sarmutoside, 251
Sarnovide, 250
Sarsasapogenin, 142, 275, 276, 277,

278, 279, 280, 282, 286, 291
epiSarsasapogenin, 282, 286
-Sarsasapogenin, 134, 279, 291
y-epiSarsasapogenin, 134
20-isoSarsasapogenin, 280~1
Sarsasapogenin-rhamnoside-glucoside-
glucoside, 274

Sarsasapogenoic acid, 277, 286
Sarsasapogenone, 277
Sarsasaponin, 274, 275
Sarverogenin, 232, 252
Sarverogenone, 252
Sarveroside, 252
Scilladienolides, 257-8

aglycones, table, 258

synthetic approaches, 264-5
Scillaren A and F, 258-60

INDEX

Scillarenin, 258-60
Scillarenin-rhamnoside, 258
Scillarenin-rhamnoside-glucoside, 258
Scillarenin-rhamnoside-[glucoside],,
258
Scillarenose, 258
Scillaridin, A, 258
Scillazuroside, 258
Scillicoeloside, 258
Scillicyanoside, 258
Scilliglaucoside, 258
Scillikryptoside, 258
Scilliphaeoside, 258
Scilliroside, 258-60
Scymnol, 90
Selenium, dehydrogenation with, 1
Sex hormones, 105-67
Sexogens, see Sex hormones
Side chain of steroids, see Steroid side
chain
Sisalogemn, 280, 284, 288
Sitostanc, 2
Sitosterols, 13, 62-63, 66
Smilagenin, 275, 278, 279, 280, 282
286
-Smilagenin, 279
20-150Smilagenin, 280-1
Smilonin, 275
Solanellic acid, 20
Solanidine, 1, 5
Solasodine, 5, 286
Somalin, 242
Spinasterol, 61, 66
‘a’-Spinasterol, 13
Spirostan, 5
Squalene, 29
Stabilities of cpimeric a-bromoketo
steroids, 72-74
table, 74
Stellastanol, 12
Stellastenol, 65
Stellasterol, 12, 13, 65
Stereochemistry of steroids, 8-13
Sterocholic acid, 81, 89
Steroid
aglycones, 228-65
constitution, 231-5
nuclear structure, 231-3
alcohols, 68-78
biogencsis, 29
ketones, 68-78
nucleus
determination of, 17-24
rings A-D), 18-22
molecular geometry, 13-16
structure, 8-12
side chain
determination of, 24
structure, 12-13
norSteroids, 149-56
Sterols, 34-78
Sterophenol, 72
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Stigmastan | 68
Stigmastanol, 27, 34, 51, 61, 63, 128
epiStigmastanol, 138
3 : 5-¢ycloStigmastan-6a-ol, 51
3 : 5-¢yeloStigmastan-68-ol, 51
Stigmast-22-ene, 68
Stigmasten-3g-ols, 66-67
Stigmast-7-enol, 61, 67
Stigmast-8(14)-enol, 62, 67
Stigmast-14-enol, 62, 67
Stigmasterol, 12, 13, 34, 50-51, 63, 66,
131, 189, 207

side chain structure, 27

22 : 23 double bond, 28
Stigmasteryl
acetate, ©.0, 51
be  até 51
f-muoilircoate, 51
Strobost 19
Stropharjigfidic acid (31)-cymaroside,

240

Strophanthuicin, 1, 229, 231, 212, 262
glucosides, 239-40
structure, 235-40
¢-Strophanthidin, 238
‘a’- and ‘B’-isoStrophanthidin, 236
17-1s0Strophanthidin, 240, 241
Strophanthidin - 6 - deoxyguloside -glu-
coside, 240
Strophantludinic acid, 232, 235, 237,
238
Strophanthidin-thamnoside-glucoside,
240
Strophanthidol, 1
Strophanthid-19-ol, 232, 235-6
Strophanthid-19-0l-(30)-cymaroside.
240
Suophanthid-19-ol-rhamnoside, 240
Strophanthid-19-ol-rhamnoside-gluco-
side, 240
‘a’-1soStrophanthin acid, 236
k-Strophanthin-g, 229
Strophanthobiase, 240, 242, 262
Strophanthobiose, 229
k-Strophanthoside, 229
Strophanthotriose, 229
Strospeside, 244
Suberylarginine, 228, 257
Substance
A, 172-3, 175, 184
G, 169, 172-3
D, 172-3
E, 176-9
F, see Cortisone
H, 179
J, 175-6
K, '74-5
L, 175-6
M, see Cortisol
N, 174-5, 180
0O, 175-6
P, 174-5
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Q,183

R, 174-5, 180

S, 169, 182-3, 198, 199, 200-2, 208
partial synthesis, 199
total synthesis, 212

T, 179

U, 176-9, 206

Vv, 172-3

Tachysterol, 55, 57
Tz ghiferigenin, 254
Tanghiferin, 254
‘T'anghinigenin, 232, 251
‘Tanghimgenin-ace tylthevetoside, 254
Tanghinin, 254
Telocobufagin, 12, 258, 261
(-F)-a-Terpincol, 274
I'estololactone, 147
Testosterone, 87, 105, 137, 138, 141-2,
147, 291

acctate, 143

activity, 148

total synthesis, 46
¢fn’L'estosterone, 143
17-epr'Lestosterone, 142
14-150-17-epn Testosterone, 145
19-norTestosterone, 147, 148, 150
( {.)-ac-Tetrahyd :o-B-naphthol, 274
‘I'etrahydroxynorbufostane, 90
30 : 7a : 14 : 22-Tetrahydroxycholane,

90

38 : 58 : 148 : 19-Tetrahydroxy-14-is0-
etianic acid, 236

Tetrahydroxysterocholanic acids, 81, 88

Texogenin, 288

Thevebioside, 242

Thevetin, 242

Thevetobiase, 242

Thevetose, 230, 254, 260

Thilobilianic acids, 19, 82

Tigogenin, 274, 275, 276, 280, 282,
286-7, 288, 291

epi'Tigogenin, 282, 286

y-Tigogenin, 134

y-epr’'I1gogenin, 134

"Tigogenoic acid, 276

Toad poisons, 12

‘T'omatidine, 5

Transvaalin, 258-60

3a : 20a : 21- and 3a : 208 : 21-Tri-
acetoxy - 17a-hydroxypregnan-11-
one, 137

2a : 3B : 15B8-Triacetoxyallopregn-16-en
20-one, 290

Trianhydrostrophanthidin, 239

3: 11 : 12-Trihydroxy acids, 81

Trihydroxybufosterocholenic acid, 89

3a : 12a : 16a-Trihydroxycholanic acid,
88

Trihydroxycoprostanoic acid, 81
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3a : 7a : 12a-Trihydroxycoprostan-26-
oic acid, 88
3B 58: lS-I‘nhydroxyet:amc acid, 236

18 : 38 : l4ﬁ-Tnhydroxy-l4-z.¢oetlamc
acxd, 253
3B : 5B : 14B-Trihydroxy-14-isoctianic

acid, 261

38 : 1la : 14B-Trihydroxy-14-isoetianic
acid, 262

38 : 148 : 16B-Trihydroxy-14-isoctianic
acid, 263

38 : 14B 19-Trihydroxy-14-isoallo-
ctianic amd 26!

3a:1la: 17a-Tr1hydroxyprcgnane-20-
one, 210

3a: llﬂ 17a-Trihydroxypregnane-20-
one, 211

3a : 118 : 21-Trihydroxypregnan-20-
one, 137

3a : 118 : 21-Trihydroxyallopregnan-
20-one, 136

17a : 208 : 21-Trihydroxypregn-4-en-3-
one 21-acetate, 201

118: ?l}'{a : 21-Trihydroxyprogesterone,
1

¢ B’-Trihydroxybisnorsterocholanic
acid, 81
Trihydroxybufosterocholenic acid, 81
Trihydroxyisosterocholenic acid, 81
a’-Trihydroxybisnorsterocholic  acid,
88

Trillarin, 275

Trillin, 275

1 : 2 : 8-Trimethylnaphthalene, 2

17a : 208 : 21-Triol-3 : 11-dione 20 : 21-
diacetate, 206

3 : 7 : 12-Trioxocholanic acid, 83

Triterpenoids, 1

¢Urane’, 156

‘Uranediol’, and ‘uranetriol’, 155
¢Uranedione’, 156

‘Uranolone’, 156

INDEX

Urezigenin, 231, 232, 24—9
Urezin, 249
Urinary

androgens, isolation, 137

Cjg-steroids, 144

Cjyj-steroids, 136
Ursodeoxycholic acid, 80, 82, 83
Uscharidin, 256
Uscharin, 256
Uzarigenin, 231, 232, 240, 248-9
Uzarigenin-diginoside, 248
Uzargenin-fucoside-glucoside, 248
Uzarigenin-[glucoside],, 248
Uzarigenin-[glucoside]s, 248
Uzarigenin-glucoside-diginoside, 248
Uzarigenin-[glucoside],-diginoside, 248
3-eprUzarigenin-|glucoside” ,
Uzarigen-19-o0l, 232, 249
Uzarin, 231, 248

isoUzarin, 249 Ste

Varamic acid, 81
Venaniferin, 242
17a-Vinyltestosterone. 133
Vitamin

Dy, 58

D;. 6, 11, 55, 57-59

D, 50, 59

Dy, 60

Wallogenin, 256
Walloside, 256

Yamogenin, 282, 286, 288
Yuccagenin, 275, 284, 288, 289
Yucconin, 274, 275

Zymosterol, 63-64
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