Steroids

1. Iatroduction

The sterords form a group Qf structurally related compounds which are widely distributed in
gnimals and th"ls~ lpcluded in the steroids are the sterols (from which the name sterord is derived).
\iamin D, the bile acids, a number of sex hormones, the adrenal cortex hormones. some ca rcinogenic
hydrocarbons, certain sapogenins, etc. The structures of the steroids
e based on the 1,2-cyclopentenophenanthrene skeleton (Rosen-
heim and King, 1932; Wieland and Dane, 1932). All the steroids give,
among other products, Diels’ hydrocarbon on dehydrogenation with
selenium at 360" C (Diels, 1927). In fact, a steroid could be defined as
any compound which gives Diels’ hydrocarbon when distilled with
selenium. When the distillation with selenium is carried out at 420 C,
the steroids give mainly chrysene (10 §4b) and a small amount of
picene (10 §4c).

Inthe earlier work, the various steroids were designated by trivial names, but the tendency now is
10 discard these in favour of systematic names, which may be applied when the structure is known
(see §7).

Diels’ hydrocarbon is a solid, m.p. 126-127°C. Its molecular formula is C,4H,,, and the results
of oxidation experiments, X-ray crystal analysis and absorption spectrum measurements showed
that the hydrocarbon is probably 3'-methyl-1,2-cyclopentenophenanthrene. This structure was

efinitely established by synthesis, e.g., that of Harper, Kon and Ruzicka (1934), who used the
Bogert-Cook method [10 §2vi], starting from 2-(1-naphthyl)-ethylmagnesium bromide and 2.5-
dimethylcyclopentanone.
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alcoholic group; they occur free or as esters 0
unsaponifiable portion of oils and fats. Cholesterol,
cholestan-3f-0l (coprostanol) are the animal sterols; ergoster e
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obtained from yeast and fungi, are referred to as the nycoster 0; hese groups
not rigid, since some sterols are obtained from more than one ©

§3. Cholesterol, C,,H460, m.p. 149°C.

occurring free or as fatty esters in all animal cells, particulariy

in the brain and spinal cord. Cholesterol was first isolated from human ga.llpston_es (these consist
almost entirely of cholesterol). The main sources of choleste_rol are the fish-liver oils, :'md the brai
and spinal cord of cattle. Lanoline, the fat from wool, is a mixture of cholesteryl palmitate, stearats

This is the sterol of the higher animals,

and oleate. i
Cholesterol is a white crystalline solid which is optically active, ([e]p 39°). Cholesterol (and other
sterols) gives many colour reactions, e.g., . o

trated sulphuric acid 1s added to a somtion of

(i) The Salkowski reaction (1908). When concen
cholesterol in chloroform, a red colour is produced in the chloroform layer.
(if) The Liebermann—Burchard reaction (1885, 1890). A greenish colour 18 developed when 2

solution of cholesterol in chloroform is treated with concentrated sulphuric acid and acetic

anhydride.
When an ethanolic solution of cholesterol is treated with an ethanolic solution of digitonin (2

saponin; see §32), a large white precipitate of cholesterol digitonide is formed. This is a molecular
complex containing one molecule of cholesterol and one of digitonin, from which the components
may be recovered by dissolving the complex in pyridine (which brings about complete dissociatioz)
and then adding ether (the cholesterol remains in soluti
alternative method is to dissolve the digitonide in dimethyl sulphoxide and heaton a steam bath
Dissociation oceurs, and on cooling only the sterol is precipitated (Issidorides et al., 1962). Digh
onide formation is used for the estimation of cholesterol. An interesting point in this connection s
that 3f-hydroxysteroids usually form complexes with digitonin, whereas the correspondind
3z-compounds do not (see §5 for the meaning of « and f).

1 ‘}'nc structure of cholesterol was clucidated only after a tremendous amou
particularly by Wieland, Windaus and their coworkers (1903-1932). Only a very bare ou

ion and the digitonin is precipitated). A1

nt of work was do%
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n here, and morder to appreciate the evidence that (s going ta be described, it is necessary to have
blished structure of cholesterol at the beginning of our discussion. (1) is the structure of

cholesterol, and shows the method of numbering. The molecule consists of a side-chain and a nucleus
whichis composgd of four rings; these rings are usually designated A, B, C and D (or (I), (II). (I1)
and (IV)). beginning fl‘?m the six-membered ring on the left (see also (iii) below). It should be noted
that the nucleus contains two angular methyl groups, one at C-10 and the other at C-13.

(1) Structure of the ring system. Under this heading we shall deal with the nature of the ring system

resent in cholesterol; the problem of the angular methyl groups is dealt with later [see (iv)].

The usual tests for functional groups showed that cholesterol contains one double bond and one

h}-dm_\-)‘l group. Now let us consider the following set of reactions.

H,—Pt =
Cholesterol ———> Cholestanol —— 2% » Cholestanone %}I{—gb Cholestane
Ca7HesO (D) C37HayO (1D C;,H4sO (I1D) Ca7Has (IV)

The conversion of cholesterol into cholestanol (II) shows the presence of one double bond in (I)
and the oxidation of (II) to the ketone cholestanone (III) shows that cholesterol is a secondary
alcohol. Cholestane (IV) is a saturated hydrocarbon, and corresponds to the general formula
C,H.,-. and consequently is tetracyclic; thus cholesterol is tetracyclic. [D.B.E. of cholestane 1s
27+ 1 —48/2 = 4.]

When cholesterol is distilled with selenium at 360°C, Diels’ hydrocarbon is obtained (see §1).
The formation of this compound could be explained by assuming that this nucleus is present in
cholesterol. The yield of this hydrocarbon, however, is always poor, and other products are always
formed at the same time, particularly chrysene (see §1). Thus, on the basis of this dehydrogenation,
the presence of the cyclopentenophenanthrene nucleus must be accepted with reserve. Rosenheim
and King (1932) thought that chrysene was the normal product of the selenium dehydrogenation,
and so proposed (on this basis and also on some information obtained from X-ray analysis work of
Bernal, 1932 see §5) that the steroids contained the chrysene skeleton. Within a few months, how-
ever, Rosenheim and King (1932) modified this suggestion, as did also Wieland and Dane (1932).
These two groups of workers proposed that the cyclopentenophenanthrene nucleus is the one
present in cholesterol (i.e., in steroids in general). This structure fits far better all the evidence that
has been obtained from a detailed investigation of the oxidation products of the sterols and bile
acids, and has now been confirmed by the synthesis of cholesterol (see §9).

(a) The nature of the nucleus in sterols and bile acids was shown to be the same, since 5-cholanic
acid (cholanic acid) or 5a-cholanic acid (allocholanic acid) is one of the oxidation products (see §5).

(h) The oxidation of the bile acids led to the formation of products in which various rings were
opened. The examination of these products showed that the positions of the hydroxyl groups were
limited mainly to three positions 3, 7 and 12, and further work showed that the hydroxyl groups

behaved differently towards a given reagent (see also §5).
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Ring C. Deoxycholic acid was converted into a dicarboxylic a'cid whi(_:h gave a cyclx_c -"mhydn'g!?.
It was therefore assumed that ring C was five-membered, and this leFl er}daus and W}eland (1928)
to propose the following formula for cholesterol, and the uncertain point (at that time) was the

nature of the two extra carbon atoms. These were assumed to be present as an ethyl group at position
10, but Wieland ez al. (1930) finally proved that there wasno |

Me ethyl group at this position. These two “homeless’ carbon g

ﬁ Me atoms were not placed until Rosenheim and King first
°‘ lH(CHmCHMe, proposed that steroids contained the chrysene nucleus and |

' then proposed the cyclopentenophenanthrene nucleus (see |

°e above). Bernal (1932) also showed, from the X-ray analysisof

oH cholesterol, ergosterol, etc., that the molecule was thin,

whereas the above structure for the steroid nucleus would be

rather thick. i
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If we use the correct structure of cholesterol, the cyclisation reaction results in the formation of 2

seven-membered cyclic anhydride. Thus, in this case (and in some others), the Blanc rule fails and E
leads to erroncous conclusions, |
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(i) Positions of the hydroxy) Eroup and double bond. Let ys consider the following reactions:

* Dicarboxylje aciq 2t
CiH 0, (V)

Cholestanone -HNO.
CyH,.0 (In

> Ketone

CasllO (V1)
gince the dicarboxylic acid (V) contaj

ns the same number of carb
which it is derived. the Keto group in (IT1) must theref,
dicarboxylic acid (V) produces a ketone with the |

On atoms as the ketone (I11) from
ore be in
glanc's rule that (V) is either a 1,6 of 1.7
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Now we have seen that the nucleus
ing. Thus the dicarboxylic acid (V)
€quently it follows that the hydroxyl
P in cholestanone; see (1) above) is in

. 0ss of one car
»/-dicarboxylic acid.

g p d into the keto grou
ring A, Bor C.

Actually nvo isom.eric.: di(;arboxylic acids are obtained when cholestanone is oxidised. The forma-
tion of these two acids indicates that the keto group i
methylene group, i.e., the grouping '—CHzCOCHg'—iS present in cholestanone. Examination of the
reference structure (I) of cholesterol shows that such an arrangement is possible only if the hydroxyl
group is in ring A.

Now let us consider the further set of reactions:

H,0, § CrO,
—_—
Cholesterol CH,COoH Cholestanetriol —=2_, H

-H,0
ydroxycholestanedione e
C;-HiO (1) C21H4go3 (VID

() Zn—CH,CO,H
C2:Hao 0, (v

CrO .
Cholestanedione ——— Tetracarboxylic acid

C17H 0, (1X) C37Ho 04 (X)
In the conversion of (T) into (VII), the double bond in

hydroxyl groups in (VII) are oxidised to produce (V

groups (one of these being the secondary alcoholic group in cholesterol), and the third, bc?ng
resistant to oxidation, is probably a tertiary alcoholic group. Dehydration of (VIII) (by heating
in vacuo) and subsequent reduction of the double bond forms (IX), and this, on oxidation, g_ives.;.t
tetracarboxylic acid without loss of carbon atoms. Thus the two keto groups in (IX) must be in dif-
ferent rings; had they been in the same ring, then carbon would have been lost and (_X) not oblul_ncd.
Ittherefore follows that the hydroxyl group and double bond in cholesterol must be.m d:ﬁcreia_r rings.
Furthermore, since (IX) forms a pyridazine derivative with hydrazine, (IX) is a }'_-dtketonc. Since \.\g
have already tentatively placed the hydroxyl group in ring A, the above reactions can be reudg)
explained if we place the hydroxyl group at position 33 a.nd the double bond bgtwccn 5 md b; 'ln l. ¢
following equations only rings A and B are drawn; this is an ac.ceptcd convention PYI;QgL}?xn‘b .m‘::n;
tion onany part of the steroid molecule thatis under consnd'erauon (also not.e thfqt hﬁjl(l lmu‘,sr)tpr:ﬁ:;lgr
groups lying above the plane, and broken lines groups lying below the plane; see also §5).
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The position of the hydroxyl group at position 3 is definitely proved by the experiments of Kon
er al. (1937, 1939). These authors reduced cholesterol (I) to cholestanol (11), oxidised this
cholestznone (1), treated this with methylmagnesium iodide and dehydrogenated the product, 3
tertiary alcohol (X111), to 3,7-dimethyleyclopentenophenanthrene (XI1V) by means of selenium.
The structure of (X1V) was proved by synthesis, and so the reactions may be formulated as follows,

with the hydroxyl at position 3.
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The ,gcrc(\chcn\istr_\’ of the various reactions g

i) Nature and position of the side-chain
-:-Iaff and this, on oxidation with chromiu
8c

ven above is discussed in §55 and §.

- Acetylation of cholesterol produces cholesteryl

2 M tnoxide, forms a steam-volaule ketone and the

3:{‘!-1“' of a h.\dr‘u\_\ k\c)lf\l]c‘ (\\hfch lii not ﬁ!f.ln‘l volatile). The ketone was shown to be 1sohexyl

methyl ketone: 8 ““(r( t( “:1)‘(‘1“('( “3_)1' Thus this ketone is the side<hain of cholesterol. the
Sint of.llldk‘h“‘_c“l 0 _' 1€ s1de-chain being at the carbon of the keto group. These results do not

where the side<chamiis attached to the ¢

¢ nucleus of cholesterol. but if we accept that the position
reactions as follows:

Q- .
Ac, 0
- —
4 p il
f
AN
HO'

W
_ghg‘{ 17, then we may formulate the
pat i o

AcO
: OH n

(0]
CrO,
e + Y\/\(
Oéjﬁ ;
LAcO - AcO

The nature of the side-chain has also been shown b
degradation. Si.nce this method z}lso leads to evidence that shows which ring of the nucleus is attached
10 the side-chain, we shall consider the problem of the nature of the side-chain again.

The Barbier-Wieland degradation offers a means of ¢ steppingdown’an acid onecarbonatomata
ume as follows:

y the application of the Barbier-Wieland

CH,OH 2C, H MgB —H.0 cro,
RCH,CO;H — o= RCH,CO,CH; —*=——> RCH,C(OH)(C{Hy), — 2> RCH=C(C,Hs); —2»

RCOH + (C¢H,),CO

Methylmagnesium bromide may be used instead of phenylmagnesium bromide, and the alcohol
so obtained may be directly oxidised:

Cro, «
RCH,C(OH)(CH;); —— RCO,H + (CH,),CO

In the following account, only phenylmagnesium bromide will be used to demonstrate the applica-
ton of the method to the steroids.

Cholesterol was first converted into 58-cholestane (coprostane). If we represent the nucleus of
Sp<holestane as Ar, and the side-chain as C.,, then we may formulate the degradation of 3f-
cholestane as follows (B-W represents a Barbier—Wieland degradation):
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g CrO, = i
5f-Cholestane ———ts CH,COCH, + $A-Cholanic acid ———— (C,H,),CO + Nor-5p-cholanic acid Ll

A—C. Ar—=C, .y Ar—C,,
(CoH3);CO + Bisnor-Sp-cholanic acld ——+ (C¢H;),CO + Etiocholyl methyl ketone Lo 5‘y'mmn(i_‘c "
Ar‘_(‘l' 4 Af'-(_‘., & AT a1

The formation of acetone from Sp-cholestane indicates that the side-chain terminates in an 1S0-
propyl group. The conversion of bisnor-5fi-cholanic acid into a ketone shows that there isign alkyl
group on the a-carbon atom in the former compound. Furthermore, since the ketone 13 Omd‘;‘*ed to
$p-etianic acid (formerly known as actiocholanic acid) with the loss of one carbon atom, l_he k?u?“e
must be a methyl ketone, and so the alkyl group on the a-carbon atom in bisnor-3p-cholanicacidisa

methyl group. .
Now the carboxyl group in etianic acid is dircctly attached to the nucleus; this 15 f,hownkby the
following fact. When ctianic acid is subjected to one more Barbier-Wieland qegradatsqﬂ,’ a kelone,
ctiocholanone, is obtained and this, on oxidation with nitric acid, gives @ dlcarboxyhc acld, etlo_-
bilianic acid, without loss of any carbon atoms. Thus etiocholanon¢ mustbea cyclic kelqne. and sojt
follows that there are m‘_th carbon atoms in the side-chain, which must have the Ijollot.\'f.yn.n'; structure
in order to account for the foregoing degradations (sc¢ also the end of this section (it}):

‘}l! 3 b 1
Ar-L i cH,A-CH, - CHy-CHICH)):

6
her methods for degrading the side-chaip.

tion, there are also ot '
1wo carbon atoms at a time:

In addition to the Barbier-Wieland degrada als
o eliminate

(i) Gallagher er al. (1946) have introduced a method t

HCl 4.}
ArCHMeCH,CH,CO,H %ice.?;a_’ ArCHMeCH,CH,COCHN; ——> ArCHMeCH;CH,COCH,Cl ————
|1 PP

_ Cro
@Bu_ ArCHMeCH=CHCOCH; —> ArCHM:CO,1

—

ArCHMeCH,CH,COCH; ) —HBr

(i) Miescher et al. ( 1944) have introduced a method to eliminate three carbon atoms at a time:

—H,0 — i1
2PhMgBr ArCHMeCH;CHzC(OH)PhZ —H9 . ArCHMeCH,CH=CPh, “um;-._

ArCHMeCH,CH,CO;Me

—-HB Cro,
ArCHMeCHBrCH=CPh, —HBr _ .\ (CMe=CHCH=CPh, —> ArCOM:

(iii) Jones et al. (1958) have carried out the fission of a steroid side-chain with.an aci_d catalyst and have they
subjected the volatile products to chromatography. This method has been used with aslittle as 30 mg of materia]

The problem now is: Where is the position of this side-chain? This is partly answered by the

following observation. The dicarboxylic acid, etiobilianic acid, forms an anhydride when heated

with acetic anhydride. Thus the ketone (etiocholanone) is probably a five-membered ring ketonz (in

accordance with Blanc’s rule), and therefore the side-chain is attached to the five-membered ringD.
The actual point of attachment to this ring, however, is not shown by this work. The formation of
Diels” hydrocarbon (§1) from cholesterol suggests that the side-chain is at position 17, since selenium
dehydrogenations may degrade a side-chain to a methyl group (see 10 §2vii). Position 17 is also
supported by evidence obtained from X-ray photographs and surface film measurements. Finally,
the following chemical evidence may be cited to show that the position of the side-chain s 17. Asv
have seen above, 5p-cholanic acid may be obtained by the oxidation of 58-cholestane. 58-C holanic
acid may also be obtained by the oxidation of deoxycholic acid (a bile acid; see §14) followed by2
Clemmensen reduction. Thus the side-chains in cholesterol and deoxycholic acid are in the same

e —— il
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ythrene has been contirmed by synthesis (see 10 §5h), The foregoing facts can be explained only
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12-keto-Sf-cholanic acid dehydronorcholene

SO
5,6-dimethyl-1,2- anthraquinone-1.2,5.6-
benzanthraquinone tetracarboxylic acid

It should be noted that the isolation of methylcholanthrene affords additional evidence for the
presence of the cyclopentenophenanthrene nucleus in cholesterol,
Thus, now that we know the nature and position of the side-

. oy e = chain, we can formulate the conversion
of Sp-cholestane into etiobilianic acid as follows:

5 ~CO,H
OH p_yw B—W
—_— { —_—

Cro,
—— > CH,COCH, + {

5p-cholestane Sf-cholanic acid nor-5f-cholanic acid
= -C();H - /O
O;H 0]
B—w Cro = CO;H
{ , { 3 { B—W {jﬁ HNO, {LTo,H
bisnor-54- etiocholyl methyl etianic acid etiocholanone etiobilianic acid
cholanic acid ketone

A point of interest in this connection is that when the anhydride of etiobilianic acid is distilled
with selenium, 1,2-dimethylphenanthrene is obtained (Butenandt ez al., 1933). This also provides
proof for the presence of the phenanthrene nucleus in cholesterol, and also evidence for the position
of the C-13 angular methyl group (see (iv)).
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() Positions of the two angular methyl groups. The cyclopcntcnoph‘mamhrmc micteis of
cholesterol accounts for seventeen carbon atoms, and the side-chain for eight. b u;,'enty-m:e
carbon atoms in all have been accounted for, but since the molecular formula of cholesterol i
C;;H,,O. two more carbon atoms must be fitted into the structure. These two carbon atoms haye
been shown to be angular methyl groups.

In elucidating the positions of the hydroxyl group and double bond, one of the compour}dg
obtained was the keto-acid (XII). This compound, when subjected to th.e Clemrpensen reducu.on
and followed by two Barbier-Wieland degradations, gives an acid which is very difficult to esterify,
and evolves carbon monoxide when warmed with concentrated sulphuric acid (Tschesche, 19_32).
Since these reactions are characteristic of an acid containing a carboxyl group attached to a tertiary
carbon atom (cf. abietic acid, 8 §32), the side-chain in (XII) must be of the type

. B a 2B—W b
c—?'——c-c——cozﬂ —_— C—ﬁl—cozH
C C

Thus there must be an alkyl group at position 10 in (XII). This could be an ethyl group (as originally
believed by Windaus and Wieland) or a methyl group, provided that in the latter case the second
‘missing’ carbon atom can be accounted for. 'As we shall see later, there is also a methyl group at
position 13, and so the alkyl group at position 10 must be a methyl group. On this basis, the degrada-
tion of (XII) may be formulated:

F\\ \\ HO,C '\\
Zn—Hg 2B—W
—_— —_—
CO;H HCl O,H
(o)
(X11)

The posil.ion of the other angular methyl group is indicated by the following evidence. When
cholesterol is distilled with selenium, chrysene is obtained as well as Diels’ hydrocarbon (see §1).
How, then, is the former produced if the latter is the ring skeleton of cholesterol ? One possible

cxplanation is that there isan angular methyl groupat position 13, and on selenium dehydrogenation,
this methyl group enters the five-membered ring D to form a six-membered ring; thus:

cholesterol Diels’ hydrocarbon chrysene

e = T Al SR, SR g oL 5 C SRS Sty UL SO L e e S
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HO™
deonycholic acd
dehydrodeoxycholic acid
é /1
O,H
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H
CcO (XVID) (lj
07> CO,H
. . (XVIII)
diketo-dicarboxylic acid
o CO;H HO,C CO,H
HNO,
—_—
H HO,C”
CO.H “
(XIX) (XX)

(XVII) was shown to be butane-2,2,4-tricarboxylic acid; thus there is a methyl group at position 10.
(XVIII) was shown to be a tetracarboxylic acid containing a cyclopentane ring with a side-chain

Thus this compound is derived from ring D. (XX) was also shown to be a tricarboxylic acid contain-
ing a cyclopentane ring. Furthermore, one carboxyl group in (XX) was shown to be attached to a
tertiary carbon atom, and so it follows that there is a methyl group at 13 or 14. (XX) was then shown
to have the trans configuration, i.e., the two carboxyl groups are trans. Thus its precursor (XIX)
must have its two rings in the trans configuration (the methyl group and hydrogen atom at the junc-
tion of the rings are thus trans). Theoretical considerations of the strain involved in the cis- and
trans-forms of (XIX) suggest that the cis-form of (XIX) would have been obtained hud.lhc methyl
group been at position 14. Thus the position of thisangular methyl group appears (from this evidence)
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to be at 13, and this is supported by the fact that etiobilianic acid ((XV). section (i) E“{cs ;11
dimethylphenanthrene (XVI) on dehydrogenation with sclenium. Had the angular methyl group
been at position 14, I-methylphenanthrene would most likely have been obtained.
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;l.cll‘ﬂ‘ Jescnibing the svnthesis of cholesterol, w

L o \hilu dp;cu‘s th r - N . t" P f‘ cOT~

: ; SCus: oblem of the synthesis of com
ex moleculesin general. Many examples of the P y

I ]

: 4 >5¢C H o o / - 3 ] (see C 5
= epoids. Ch. 9, Carotenoids). Two dimculnczto:'}t?‘fur5 hf“ d].udd) bc.m dcrc-r.'.bsd ‘- e (h g
Terp<  Trory nailifil Bources And the wee. 1€ classical chemists were the isolation of pure
N,.‘,p\:unb n - B ¢ separation of isomers (usually geometrical and optical)
formed 10 the vanous steps ob a synthesis. Modern methods of separation. particularly chromato-
craphy. have \“L‘R“OTW'l!lCSC_prohicms. Also, recent syntheses have been more successful and more
sjcgant duc 10 the increased knowledge of reaction mechanisms and to the introduction of selective
‘,:.J:_-‘_-nls. ) )

An interesting dcn_:lopment in the presentation of recent syntheses is the discussion of the reasons
(bat led tO the 3d°P“°f‘ of the sequence of steps for carrying out the synthesis. Classical chemists
obviously also had their reasons f9r carrying out their syntheses in a particular way, but these are
a0t often described or are only briefly mentioned in their publications.

A characterisuic ttcatun? of recent syntheses is the use of control elements. These may be divided
ist0 two Lypes: regiospecific or regioselective control elements, and stereospecific or stereoselective
control elements. The terms *specific’ and * selective’ are used in the sense described in 4 §5k. Regio-
specific comrol_ elemeqls are groups which have been deliberately introduced to cause reactions to
occur at a specific site in a molecule and, if necessary, can be readily removed without affecting the
rest of the molecule. Stereospecific control elements are those which cause a reaction to proceed
in such manner that the product has one particular type of geometry rather than another. Control
elements were used by the classical chemists, but many more of these elements have now been
introduced. Some exarpp]e.s of their application have already been described, e.g., regiospecific:
protecting groups, activating of a methylene group by an adjacent oxo group; stereospecific:
asymmetric synthesis (more correctly this is an example of stereoselectivity), stereochemical control
by steric effects, addition and elimination reactions.

A simple molecule may be described as one which is small and whose total synthesis requires a
relatively small number of steps. Very often, such a synthesis may be readily achieved by *working
backwards’. On the other hand, a complex molecule may be described as a large molecule whose
total synthesis requires a large number of steps. Furthermore, the synthesis of a complex molecule
usually involves problems of stereochemistry. It is important to note, however, that success in
achieving a synthesis, be it of a simple or a complex molecule, ultimately depends on a very good
knowledge of organic reactions and their application.

Some points that may be noted for the general approach to the synthesis of complex molecules are
(see the appropriate reading references):

(i) The recognition of structural units within the molecule which can be formed and/or assembled
by known chemical methods. Starting materials should be readily accessible. The first objective is
assisted by examination of the molecule (to be synthesised) for any type of symmetry. Recognition
of symmetry will lead to a shorter route. Structural units within a molecule are termed *synthons’,
and their recognition may suggest routes for the synthesis. Furthermore, recognition of a relation-
ship of the molecule to some other known compound may permit the use of a complicated synthon if
the known compound is readily available.

(ii) The necessity of obtaining the best yields of the products is of paramount importance, and
to achieve this may require the use of control elements.

(i) The relative positions of chiral centres (when present) may give information on the type of
control elements required to give the desired configurations.

(iv) The presence of reactive functional groups which can give rise to neighbouring group
Participation may suggest steps that lead to a desired intermediate, e.g., by temporary cyclisation
and so controlling the stereochemical course of the reaction.
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Rascally, the svatheus of doroads invalves the condmuction of the ateroid nuclews in 1he (d”"y": w*ré
rogquired comformation The carly methods stantad with aing A or rings A/, and the ather f”'r; N :‘,.
then b up as followe A > AR o ARC « ANCDY. However, as the mnnhr_r«\l‘“‘i‘:""’": r-f.z’pur\( i
increassd, ifferent starming pointe amnd dtllevent orders of fusion wera de\cl.'npﬂf- ;;) i
AR -« ABUD, in} AC » AT CARCDY, Gy A s ARCTY: (v 1K « BCD =* ABCL . tv)
CD « ACD <« ARCD . OIUD » BCD « ARCD P

Two groaps ol workers, iz . Robinson er ¢ (1951) and Woodward ef af (1951). have 4y . ed
cholesterol One of the vutstanding difliculiies i the synthesis of sterowds 18 the Mﬂ"-“j“- <mical
problem. The choleaterol nuclens contaima etght chiral centres and o 256 _npucul N-,mic-ﬂ are
possable (see also 4 for turther details). Thus every step in the synthesis which producer ,,’l new
chiral centre had to result in the formation of some (the more the better) of the desired stereaisomer,
and at the same tme resolution of racemie modifications also had to be practicable. Anc.uhcr diff.
culty was attackmg a particular pointin the molecule without affecting the other parts. This problem;
lad to the development of specific reagents. The following is an outline of the }Voodwurd synthess
Some steps are noM stereospecific or even stereoselective. Later syntheses of various sterouds are
superior i this respect (sec, €.9., aldosterone, §28b). The synthesis of cholesterol described here 5
of the type: € —+ CD —» BCD — ABCD.

4-Methoxy-2.5-toluquinone (I) was prepared from 2-methoxy-p-cresol as follows:

s : CH,0 H CH,0 CH,  sn—HCO!
CH ;L’{i ‘\i('"s % ‘CH;)ISD‘ NOH 3 CH, HNO, 3 © 3 Sn—H
HOS .~ CH,0 CH,0 NO,

(8]
CH,0 CH; feqr, “NCH,
et lams :
CH] NHZ CHJ \

o
(I)

(1) was condensed with butadiene (Diels-Alder reaction) to give (II). This has the cis configuration
and was isomerised (quantitatively) to the rrans-isomer (111) by dissolving in aqueous alkali, adding
a seed crystal of the trans-isomer and then acidifying. Isomerisation occurs via the enolate to give the
more stable rrans-isomer (see also §5; configuration of the nucleus). (IT11), on reduction with lithium
aluminium hvdride, gave (1V). (IV)isa vinyl ether of a glycol which, on treatment with aqueous acid,
undergoes hydrolysis (demethylation) to give a B-hydroxyketone which is readily dehydrated to (V)
in acid solution. Conversion of (V) to (VI) by removal of the hydroxyl group was carried out by a
new technigue: (V) was acetylated and the product, the ketol acetate, was heated with zinc in acetic
anhydride 1o give (VI) [reduction with metal and acid usually reduces «,f-unsaturated bonds in
ketones]. (V1), on treatment with ethyl formate in the presence of sodium methoxide, gave the
hydroxymethylene ketone (VII) [Claisen condensation]. When this was treated with ethyl vinyl
ketone in the presence of potassium t-butoxide, (VIII) was formed (Michael condensation). The
object of the double bond in the ketone ring in (V1) is to prevent formylation occurring on that side
of the keto group, and the purpose of the formyl group is to produce an active methylene group (this
is now flanked on both sides by carbonyl groups). The necessity for this ‘activation lies in the fact that
ethyl vinyl ketone tends to self-condense, and consequently decrease the yield of (VIII). Both opera-
tions are examples of the introduction of regiospecific control elements. (V1) was now cyclised
quantitatively by means of potassium hydroxide in aqueous dioxan to the single product (IX-). This
is the desired compound; the other possible isomer ((IX) with the two hydrogens cis instead of rans
as shown) is not formed since the cis-isomer is less stable than the frans due to greater steric inter-
actions in the former, i.e., the cyclisation is stereospecitic (steric eflect control). Also, the cyclisation
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gioxan, the dialdehyde (X1X) was obtained (via hydrolysis of the diol), aid, this, when feaced
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b small amount of pi i <
= X Loy Iperidine acetate. gave (XX) [and a sm:
amount of anisomer]. This cyclisation occurs by an j y ) e ) EATC At

e, piperidi ¥ an intramolecular aldol condensation under the
influence of the base, piperidine acetate. Since eitheraldehyde group can be ' .
tion. two products are possible. In (XIX), group is cis to the hydrogen atom at
C-14. whereas the lower methylene group is ci vt \ _
group expenences less sleri_c hindrance tha
proton to form the carbanion. Therefore

racemate, was resolved by reduction of the k
esters [(£)-32- and (£)-34-]. The (+)-
digitonin, and this stereoisomer was now oxidise
isomer (+)-(XXI). This was catalytically reduc
(XXITIT) which was now a mixture of stereoiso
and in front). These were separated, reduced (s
(XXIV), was converted into the methyl ket

mers (from the mixture of (XXII); H at 17 behind
odium borohydride), and hydrolysed. The g-isomer,

one by first acetylating, then treating with thionyl
chloride and finally with dimethylcadmium. This acetylated hydroxyketone, (XXV). on treatment

with isohexylmagnesium bromide, gave (XXVI). This was a mixture of isomers (a new chiral centre
has been introduced at position 20). (XXVI), on dehydration, gave one product, (XXVII), and this,
on catalytic hydrogenation (H,—Pt), gave a mixture of Sx-cholestanyl acetates (the chiral C-20
has been re-introduced). These acetates were separated and the desired isomer, on hydrolysis, gave
5a-cholestan-3f-ol, (XXVIII), which was identical with natural cholestanol. The conversion of
cholestanol into cholesterol (XXXIII) is then carried out by a series of reactions introduced by
varnious workers. Bromination of (XXIX) in acetic acid in the presence of hydrogen bromide (as
catalyst) gives the 22-bromo-derivative (XXX): see §8). (XXX), on treatment with pyridine, gives
(XXXI). The mechanism of this elimination is uncertain. A possibility is that because the equarorial
bromine is difficult to remove by the E2 mechanism, a 1,4-elimination occurs by removal ol'a proton
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An important point to note is that this total synthesis has involved a very large number of sf s,
and in most cases of this type the overall yield is very small. It may vary from about 4 to about
0-0005 per cent, depending on the number of steps involved. Thus, these syntheses cannot be exp
to be a commercial source of these compounds. However, once a total synthesis has been ae&ig-
plished, other syntheses of the compound may be carried out by starting from any particular lﬁig
mediate prepared in the sequence. Such a compound may actually occur naturally or be a degrada-
tion product of the desired final product. In many cases, the starting material may be a
compound that can be efficiently converted into the desired product. In such cases, the synth
the desired product is referred to as a partial synthesis. In general, most complex molecules
been prepared by partial syntheses before total syntheses have been achieved. Partia] syntheses

be commercially important, but complete confirmation of structure is always necessary, andit
usually achieved by total synthesis. T
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(i) Progesterone from cholesterol (Butenandt et al., 1939). Cholesterol s first co

, . Niver .
dehydroepiandrosterone (see §19), and then as follows: ted iny,

(i) Ac,0
TG HON

dehydroepiandrosterone
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The structure of (V) has been confirmed by synthesis (Cook er al., 1935). Thus the structure of
ocstrone 18 as shown (sce also below),

This has been cunhrmcd.by l.hc total synthesis of Anner and Miescher (1948). These authors started
with the phenanthrene derivative (V1) which had been prepared previously by Robinson et al (193%),

0 ““'d by Bachmann es al. (1942). The first step of the Anner-
Miescher synthesis involves the Reformatsky reaction, and a later
one the Arndt-Eistert synthesis.

The stereochemical problems involved in the synthesis of
oestrone are not so complicated as in cholesterol, since only four
chiral centres are present in the hormone (cf. §5). (VI) contains
3 chiral centres and so four racemates are possible. Three have
been isolated by Anner and Miescher, and one of these was
converted into (t)-oestrone (C/D trans) and the stereoisomer (C/D cis), (£ )-iso-oestrone. These
were separated and the (& )-oestrone resolved with (—)-menthoxyacetic acid. The (+ )-enantiomer
that was obtained was shown to be identical with the natural compound. The trans-B/C fusion of
the racemate used (for the oestrone synthesis) was deduced from other synthetic work, and the

HO

ocsirone

'__.COzMC ‘_'.COJMC

POCI,

+ BrCH,CO;Me + Zn — —_—
CH,CO,Me C:HsN

OH

MeO MeO

(V1)
..CO;Me
’ (1)ag McOH—KOH (€COCh,

i H* g
© "CH,CO,Me 7 CH,COH
\\_’ H -2 \\‘ H L0,

(VID)

.-CO;Me ..CO;Me

5 (i) CH,N, : (i) KOH; 180°C

_ (i) AgOH/McOH ; (ii) PbCO,: 320°C

\.\_, H CH,COCl \-\_, H CH,CH,CO;Me

(+ )-oestrone



&80

Kieroils

fl-conliguration of the CH I8 had already been established (see abovey T :
tep produced a mixture of stereoisomers (dimethyl estery) These ave). The catalytic reduction
3 ; by x ) Were setar: b 3 actIOn.|
B~ » oest . T separated by If a
crystallisation and the one chosen “"[ll.“', lcl:.:l(.":L synthesis, (VI1), was that which was identica]
with the methyl ethes dimethyl ester © I;ll"lri.uua .:(3““‘“"‘-m;lrr1unu|u; acid (see formula 11, §21)
Micscher and Annct h;nc_.ll‘.u prepared (":;l|) ; s1somers of oestrone by using other slcrcuimmgr.;
of (Vh and (VID. c@ . { )-iso-oestrone ( ;‘ .s).t ol |
Johnson ¢f al. (1958, 1962) have also “‘f;'c‘w‘(’):‘) "‘ ‘"‘(‘j “Yf[;:lccﬁls of oestrone ; each step in thei;
‘e tal. 1avedesc
synthesis was stereospecific, bu! Hughesetal.¢ ) ribed total syntheses of oestrone whig,

appear to be simpler than

and involves a Mannich reaction and a Michacl condensation (see Vol. 1),
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(i) CrO, 0
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(i1) HBr/AcOH H
HO
(+)-oestrone

On the other hand, Torgov et al. (1960-1962) have synthesised oestrone as follows:
0

OH

o]

z
o OH l
o
CH,=CHMgBr o TsOH
McO MeO OH~ MeO

(1) K/NH,
—_—
() Cri0y

MeO

(£ )-oestrone

(ch. 11 §

any previous method and just as eflicient. The better method is as follgy,
3

i
}
§
)
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Many compounds with oestrogenic activity but not of steroid Sy pidl, (1939) as follows:
Stilboestrol (4.4 -dihvdroxydicthylsulbene) was prepared by Dodas

i = = o,
2CH,04 ACHO .50 CH,0 CHO”CO—QOCH-‘
' X__/ - Q \ /

anisaldehyde anisoin
I —N
?2]— i / N\ OCH C H Myj
C,H,ONa CHCO 4 ——
CH;OQC}l;CD—'@OCHJ —_CW CH,O —_\__//
deoxyanisoin
H H
H_r, C:Hs (FZ S ?2 E] P
iz & %, CH.0 c==C OCH, —= =,
CH,O H— ] OCHj; —H.0) 3 KOH
OH ‘

HO

stilboestrol

The above structure of stilboestrol can exist in two geometrical isomeric forms‘,; it is the rrans-form which is the
active substance, and this configuration has been confirmed by X-ray analysis (Crowfoot et al., 1941),

CH
nor
C{\‘f
HO _CH,
H,C

3

trans-stilboestrol

Kharasch er al. (1943) have introduced a simpler synthesis of stilboestrol. Anethole is treated with hydro-
bromic acid and the product, anethole hydrobromide, is then treated with sodamide in liguid ammonia. The
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: \ g methylati : oo g :
rure of (1) is uncertain, but it is believed 10 ylation and isomerisation in the presence of alkalt. The

resul
be the one given,

siﬂlf

e

’_\ HBr

ELON f_;f"CH:CHCH“ = G CHBrCH,CH, —=
anethole I '
C — .
A O = Ol
1| (e C,Hs C;H;
CH, CH,
M

Stilboestrol is more active than oestrone when administered sub i i
. X cutaneously, and it can also be given orally.
Hexoestrol (dihydrostilboestrol) may be prepared from anethole hydrobromide as follows:

Na ;
2CH.0 \ / CHBrC,Hs — CH,O@(‘:H_EH@OCHJ ctix{n{::{hc
C:Hs C;H,
ol gl )™
:Hs C;Hs

hexoestrol

The active form is the meso-isomer (as shown by X-ray crystallography by Crowfoot et al., 1941).
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