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On studying the ring A reactions of naturally occurring lupeol derivatives, L. Ruzicka, O. Jeger and
co-workers at the ETH (Zurich) investigated the reduction of the 1-oxo-group in steroid and
triterpenoid derivatives. In a paper published in 1947 in Helvetica Chimica Actat, they reported the
earliest synthesis of a 1-0x0-A*-compound by allylic oxidation of A’-lupene, and the hydrogenation
of the resultant enone over a platinum catalyst to the corresponding saturated alcohol. The ETH
team was able to assign the correct 1f-configuration to the hydroxyl group in the reduced product,
and to distinguish it from its la-isomer obtained independently. This still remains the method of
choice for the preparation of steroidal 18-alcohols. Continuing the trend set up by this early work,

1 See ref. 179.
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modern studies on 1-oxo-steroids were initiated by investigations done with naturally occurring 1-
hydroxy-steroids (acovenosigenin A, ruscogenin and kitigenin, among others), and 1-oxo-steroids
like withanolides. During research undertaken to elucidate the structure of these compounds, some
unusual reactions related to the presence of the carbonyl group at C-1 were encountered and that
prompted the synthesis of model 1-oxygenated derivatives in more easily available steroidal series
such as cholestane, androstane and pregnane. One of the most intriguing reactions of these com-
pounds proved to be the reduction of the 1-keto-group, where a complex interplay of factors
including C-1:C-10 and C-1:C-11 substituent interactions led to unexpected results. A detailed
consideration of this subject is presented herein.

INTRODUCTION

The oxygenation at position C-3 is the most widely encountered nuclear location in naturally
occurring steroids of animal or plant origin.! Nonetheless, oxygen functions also have been found
in other positions of the steroid nucleus appearing in natural products; as far as rings A/B are
concerned, a series of 1-, 2-, 4-, 5-, 6-, and 7-oxygenated derivatives have been isolated from natural
sources.’

Naturally occurring l-oxygenated steroids comprise both 1-hydroxy- and 1-oxo-derivatives.*
The former are found in plants (as saponins,® cardiac glycosides,'™ calcinogenic glycosides,? ecdy-
sones™ and brassinosteroids’®), in marine sponges'® and also in avian, mammalian and human
species (as metabolites' '* including vitamin D hormonal derivatives'®). To the group of 1-oxo-
steroids belong ergostane derivatives isolated either from Solanaceae plants including Acnistus
(Dunalia), Datura, Deprea, Discopodium, Iochroma, Jaborosa, Lycium, Nicandra, Physalis,
Trechonaetes, Withania and Witheringia genera (withanolides and physalins),'*!” or from the
stoloniferan Okinawa soft coral, Clavularia viridis (stoloniferones).'® Most of these compounds possess
a characteristic epoxy-enone moiety in rings A/B, and some of them are cytotoxic.'*'® Other C-28
steroidal derivatives originating from modified withanolides and containing a 1-oxo-2-en-4§,5f-
dihydroxy-6a-hydroxy- or 6a-chloro-system were isolated from Tubocapsicum anomalum plants
(Solanaceae).”” Yet other ergostanoids, petuniasterone O and petunianine A, occur in leaves of
Petunia species (Solanaceae) and have, respectively, a 1-oxo-2x-acetoxy->"* or a 1-oxo-2-en-*"" 5u-
hydroxy-6a,70-epoxy structure in rings A/B.* Likewise, the 1-keto-polyhydroxy-pregnene flavescin,
having a 1-oxo-38-hydroxy-5-ene substitution pattern in rings A/B, has been isolated from
Marsdenia flavescens plants (Asclepiadaceae).”’ A few 1-oxo-compounds were also found among
tetracyclic triterpenoids (which are the biogenetic precursors of steroids®), most of them related to
the oleanane and nimbin series.?” In addition, several 1-oxo-steroidal derivatives occur as metabolites
in various tissues of mammals, including humans.'**

Insofar as every carbonyl substituent of the carbon atoms of the steroidal nucleus is sterically
and electronically unique compared with each of the others,*** the position 1 in ring A renders its
corresponding ketones quite exceptional. This special character is reflected inter alia in the inertness
or reduced activity of 1-oxo-5a-steroidal derivatives to both carbonyl reactions (formation of a
hemi-ketal,**?" cyclic ketal,®** dibenzyl thioketal,*® oxime,* p-nitrophenylhydrazone,* conjugated
nitrile,”” iminium derivatives®), and reactions at the position adjacent to carbonyl (enolisation,*
bromination,?****7 chlorination,” oxygenation in basic solution*** and the Zimmermann colour
reaction®®*"). Likewise, 1-oxo0-5f-steroidal derivatives were reported to form slowly a thioketal,****
to afford an oxime under forcing conditions,* and to lead to a negative Zimmermann colour
reaction.*! Unexpected results have been encountered also in a series of reduction reactions of 1-

* A few compounds having [,2-* and 1,11-*oxido-bridged structures, or 1,3,5-orthoacetate functional groups,® have also
been isolated from plants.
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Figure 1. 1-Oxo-5a-steroidal derivative.

\~H

Figure 2. 1-Oxo-5f-steroidal derivative.

oxo-steroidal derivatives to the corresponding secondary alcohols, and/or to methylene derivatives
via hydrazone or thioketal intermediates. These reactions, which involve a change in coordination
of the trigonal (sp?) carbonyl at C-1 to tetrahedral (sp®) hybridisation, constitute the subject of this
survey.

The unusual stability of the 1-oxo group in 5a-1,3-diketones®~** was initially attributed to an
intramolecular hydrogen bridge between the 11a-hydrogen atom and the carbonyl at C-1,** or
alternatively to a long-range effect of the side chain,** and was found to occur irrespective of the
A/B ring juncture.* Furthermore, examination of molecular models of 1-oxo-5¢-steroids revealed
that the proximity of the equatorial 11a-hydrogen to the C-1 carbonyl oxygen (1.9 A) causes a
severe non-bonded interaction, resulting in a steric hindrance*’ without analogy in other systems.
Additional hindrance is seen on the f-side by the adjacent axial angular methyl group at C-10,%%47%
along with the equatorially fixed C-9-C-11 bond.”® The repulsion between the C-1 and C-11
substituents is relieved in the 5§ (A/B cis) isomer because the C-11-C-9—C-8 moiety can now assume
an axial orientation with respect to ring A,**® whereas the bridgehead methyl group at C-10 lies
almost in the same plane as the C=0 bond, but in an equatorial relationship. This decrease of
unfavourable C-1: C-11 substituent interactions is reflected, inter alia, in a directive effect of the 1-
oxo-group on enhancing the stability of the A/B-cis ring system in 1,4-diones** and 1,6-diones,”'
and also in 1-oxo-derivatives obtained following hydrogenation of 4,5-°*** and 5,6-*»* double
bonds, and peracid epoxidation of 4,5-4°% and 5,6->5¢% double bonds. Based on reactivity towards
derivatisation and reduction reactions, the hindrance of the carbonyl at position 1 has variously
been evaluated as moderate in the Sa-series,* ™% to substantial in the Sa-series'*?’*"*> and in the
5p-series, 4

* Conceivably, the influence of at least two additional rings is reflected in the chiroptical properties of the carbonyl group
in 1-oxo-steroids.*

+ This seems to be the earliest reference to hindrance of the C-1 carbonyl by the C-H-11a bond.
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1. REDUCTION OF THE CARBONYL GROUP IN 1-OXO-STEROIDS TO THE METHYLENE GROUP

Two methods, the Wolff-Kishner reduction and the desulphurisation of mercapto-derivatives
with Raney nickel, have been used for the reduction of 1-oxo-steroids to the parent deoxo-deriva-
tives. Both procedures involve prior derivatisation of the carbonyl group, however, the hydrazones
of the various 1-oxo-steroids submitted to the Wolff-Kishner reaction have never been isolated but
rather processed further in situ, to give finally the corresponding methylene derivatives (Table 1).
The former method has apparently been preferred for preparative and/or structure determination
purposes, while the latter has been used often in connection with studies on thioketals.?**

1.1. Wolff-Kishner

This procedure, usually performed as modified by Huang-Minlon,' involves formation of the
ketone’s hydrazone, which is heated rapidly at 200°C in diethylene glycol containing strong alkali.
Despite previous statements on C-1:C-11 steric interaction’? and on the stereoelectronic con-
tribution of the adjacent angular methyl group?*® which have variously been invoked in order to
explain the sluggishness of some derivatisation reactions of the 1-oxo-group, especially in the A/B-
trans series, the 1-hydrazones can apparently be formed in sizable amounts, as inferred from overall
yields of 1-deoxo-steroidal derivatives, ranging from 30 to 97% (Table 1). However, while no
steroidal 1-hydrazone has so far been isolated and characterised, 5a-1-oxo-steroidal derivatives were
reported to react readily with 2,4-dinitrophenylhydrazine® and p-toluenesulphonylhydrazine,* but
to remain virtually inactive towards p-nitrophenylhydrazine,®' whereas a 1-oxo0-38-hydroxy-5-ene
afforded a phenylhydrazone under usual conditions.”’ Admittedly, the formation rate of the vari-
ously substituted 1-hydrazones, and especially of their sterically-overcrowded 1-carbinolamine
intermediates, would be affected by steric factors.?® Incidentally, in the only attempt reported to
date at a Kishner reductive elimination of «,B-epoxy-1-ketones by the Wharton transformation,®
a 1-o0x0-2,3-epoxy-triterpenoid derivative could be converted upon treatment with hydrazine into
the allylic alcohol A'-3-0lin 20% yield,* through a mechanism believed to involve the corresponding
hydrazone as an intermediate.**

1.2. Desulphurisation of thioketals by Raney nickel

This technique comprises thioketalisation of the keto-derivatives with thiols or dithiols in the
presence of boron trifluoride, followed by treatment of the formed thioketals with freshly prepared
Raney nickel in ethyl alcohol. The results listed in Table 1 indicate that in the S«-series ethylene
thioketals are readily formed, indeed more easily than their oxygen-containing analogues which
require forcing conditions,” in agreement with early observations.!® Longer periods of time and
lower yields were reported for thioketalisation of 1-oxo-steroids in the 5f-series, except for a 1-oxo-
A-nor-derivative (Table 1, entry 17). Actually, extensive studies of thioketalisation of 5a- and 53-
1,4-dioxo-steroids substantiated further the increased stability of the cis A/B rings system in the
presence of a carbonyl group at C-1,* already referred to in the Introduction. Hence, thioketalisation
of 1,4-dioxo-5f-steroids allowed selective preparation of 4-thioketals in the 58-series which could
not otherwise be obtained, since direct thioketalisation of both 5x- and 58-4-oxo-steroids led to the
same 5x-4-dithioketal.*” Yet, when the hybridisation of C-1in 5f-1-oxo-4-dithioketal was changed
from sp® to sp® by thioketalisation or by reduction of the I-carbonyl group, the trans A/B rings
system became favoured* (see, for example, Table 1, entries 14 and 15, for the complete inversion
of configuration at C-5 which occurred upon thioketalisation of the 1-keto group in 1-0x0-4-
dithioketal 58-derivatives). Since the C-S bond distance is 1.82 A, this minimises the C-1 sulphur:
C-11 hydrogen interaction in both 5x- and 5p-series. Besides, in the 58-series there are two gauche

* 20,3a-Epoxy-5a-cholestan-1-one could also be converted into the corresponding A'-3x-ol derivative in approximately
42% yield.”
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interactions C-1 sulphur: C-10 methy! as compared with only one in the Sa-series, whence the
increased stability of the S¢-compound. The conventional desulphurisation of thioketals by Raney
nickel in ethyl alcohol proceeds smoothly in both Sa- and 58-series, to give the corresponding
methylene derivatives. However, when acetone was used as solvent, the Al-olefin was obtained in
high yield (see Table 1, entry 9).

2. REDUCTION OF THE CARBONYL GROUP IN 1-OXO-STEROIDS TO HYDROXY-DERIVATIVES

2.1. Sa-Series

The results of reduction of the carbonyl at almost every position on the steroid nucleus have
been well documented '****7®™ and various theories have been advanced to predict or to rationalise
the steric course of this reaction.”**” Earlier concepts were formulated in terms of steric hindrance
(D. H. R. Barton),¥ steric approach control and product development control (W. G. Dauben),®!
steric strain control and product stability control (H. C. Brown),*? and participation of flexible
(twist-boat) forms (S. R. Landor).®* Dauben’s treatment, especially the concept of product devel-
opment control, has been challenged,** and other interpretations stressing torsional strain,* polar
effects,”’ steric interference with axial groups,®*® eclipsing effects,”® antiperiplanar attack,’™ orbital
unsymmetric distribution,”'*® electrostatic effects,”'** transition state stability control’ and nucleo-
philic/electrophilic character of the reduction agent,’'® have been suggested.”

Regarding the 1-oxo-steroids, disparate and conflicting evaluations and results have been
reported for most of the reduction methods employed (see Table 2), partly due to difficulties
encountered earlier on in the characterisation of the 1-hydroxy-epimers* and concerned with
similarities in their melting points and optical rotations,” and with discrepancies in their chro-
matographic mobilities recorded by paper,” thin layer® and gas chromatography.**

Obviously, the prospect of predicting the steric course of the reduction of 1-oxo-steroids has
attracted certain interest. Dauben, on the basis of his concepts, predicted that reduction of 5a-
cholestan-1-one with lithium aluminium hydride should yield the axial 1z-alcohol in a larger amount
than obtained by equilibration, and that the use of the bulkier sodium borohydride should increase
this preference.®® Although later work confirmed this prediction (see Table 2), their results were
regarded as surprising,” largely in view of the steric hindrance expected from the adjacent angular
methyl group.”***’ In a further attempt at predicting the preferred direction of nucleophilic attack
for a large variety of ketones including nine steroidal derivatives, W. T. Wipke and P. Gund®
developed an empirical calculation which incorporates the effect of steric congestion—sometimes
torsion-corrected—on the stereoselectivity of nucleophilic addition to ketones, in a form amenable
to computer analysis of this reaction. The results of reduction of 52 various ketones by small
effective steric size nucleophiles (complex hydrides) showed good agreement between experimental
and calculated axial/equatorial product ratios. The only one wrongly predicted was Sa-cholestan-
1-one, thereby implying its special character. Nevertheless, the reduction of 5a-cholestan-1-one with
a large steric size nucleophile (H,/Pt/H*) exhibits a specificity consistent with that predicted by the
calculated congestion ratio.”” Other empirical methods for quantitative prediction of the stereo-
chemical product ratio in the complex hydrides reduction of cyclic ketones—including steroidal
models—have subsequently been outlined,’®*” but none of them considered the particular case of 1-
oxo-steroids. As for the rationalisation of the steric outcome of the 1-oxo-steroids reduction by
various reagents, this will be discussed in more detail below.

2.1.1. Reduction with metal hydrides. Reduction of a 1-oxo-steroid with a complex metal hydride
was first reported by H. B. Henbest and R. A. L. Wilson in 1956.*® Accordingly, treatment of Sa-
cholestan-1-one with lithium aluminium hydride afforded a mixture of alcohols in which the axial
isomer predominated (52% of the axial l1a-ol versus 28% of the equatorial 18-ol),* as predicted by
Dauben.® Nonetheless, this result was regarded at the time as surprising, since both thermodynamic
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and steric considerations were believed to favour the formation of the presumably more stable
equatorial 1f-ol by attack from the a-face of the molecule. Subsequent experiments, however,
substantiated the preferential formation of the axial alcohol in even higher amounts, and this trend
was observed also when various substituents were present at C-3 or C-4 in the 1-oxo-steroidal
derivative (Table 2). The view was expressed®” that predominance of the axial stereomer is perhaps
due to preferential reaction from a less congested twist-boat conformation,® notwithstanding an
earlier inference that such a conformation is hardly probable in the Sx-series, being located at an
energy maximum of the potential curve.”® In fact, in this case it is rather the boat conformation
with C-2 and C-5 becoming prow and stern, respectively, which seems to be more stable. At any rate,
replacement of lithium aluminium hydride by the more selective lithium tri-zers-butoxyaluminium
hydride™ raised the yield of the axial la-ol to nearly quantitative (Table 2).

Further confirmation of the remarkably accurate prediction of Dauben was adduced by using
as reducing agent the sterically more demanding sodium borohydride in methyl alcohol in which the
reducing species, being solvated, is of greater size and reactivity®' and consequently, the preference of
the reduction is increased. Indeed, reduction of 5a-cholestan-1-one by sodium borohydride was
noticed’™ and then demonstrated® to afford stereospecifically* the axial 1a-alcohol. The same
result was obtained with other 1-oxo-steroidal derivatives as well (Table 2).

The outcome of such reductions of 1-oxo-steroids was quite different from that of trans-8a-
methyl-1-decalone derivatives,'® of the related 12-oxo-steroids,”® and of the similarly located D-
homo-17a-oxo-steroidal derivatives,'®'* in which the reducing species attacked from the rear to
give largely the corresponding f-oriented equatorial alcohols.t The difference in behaviour of
steroidal 1-ones and their quasi-enantiomeric D-homo-17a-one (six-membered D-ring) counterparts
was rationalised*'®>!% by considering the close proximity and the resulting steric interference
between C-1 and C-11, already commented upon in the Introduction in connection with other
unexpected reactions of 1-oxo-steroids. Severe non-bonded interactions between the C-H-11« bond
and equatorial C-1 bonds with hydroxyl,24d-3337404993.107-111 pathy 112113 or amine®* 1911428 groups,
have been reported.i Interestingly, interaction between a 1f-cyano group and the C-H-11a bond
does not cause ring distortion as reported for the 1f-methyl group, the ‘linear’ cyano group
presumably exerting less steric interference than the ‘tetrahedral’ methyl group.'' A degree of the
steric compression of the equatorial 1f-hydroxyl group by the C-H-11a bond and/or by weak 1:2
interaction with the axial C-10 methyl group' might actually be seen in its reactivity to oxidation
with Cr"!, which is remarkable for an equatorial alcohol and comparable to that of its axial

Figure 3. la-Hydroxy-5x-steroidal derivative.

* Throughout this survey, the term ‘stereospecific’ is used in the sense proposed by F. G. Bordwell and P. S. Landis'®
(i.e., denoting nearly complete stereoselectivity). For other views on this matter, see refs 101, 102.

t Although carbonyl reactions in ring D of the normal (five-membered D-ring) steroid series cannot be assessed in
axial/equatorial terms,”* one should note the exclusive formation of 17p-alcohols by reduction of 17-ketones with all the
usual reagents,” as a result of steric hindrance toward front-side attack.

1 An opposing view, suggesting favourable position of, and distance between the equatorial 18-ol and the equatorial C-
H-11« bond, has also been expressed.''*
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Figure 4. 1 f-Hydroxy-5a-steroidal derivative.

isomer.'"**¢ The latter’s la-hydroxyl group, in turn, experiences 1 : 3 diaxial interactions with C-H-
3a-, C-H-5%-, and C-H-9« bonds.'s

Since in the chair conformation of ring A in 1-oxo-5a-steroids the carbonyl bond points ‘down-
wards’, it is likely that equatorial attack from the ‘top’ of the molecule implies a reactant-like
transition state and is steric-approach-controlled, as predicted by Dauben, or steric-intermediate-
controlled, as suggested afterwards.'” The alternative rear-side attack might be more difficult, owing
to the conformational distortion induced in the transition state by interaction between the C-OH-
18 bond and the C-H-11x bond, the crowding of the oxygen atom increasing with the size of the
reducing species. Additional steric strain for this mode of attack could be expected from the axial
C-H-5a¢- and C-H-9a bonds.” The contrast with the D-homo-17a-ketone, which is not involved
in any specific steric interference and hence behaves in an expected fashion upon reduction,'®
bromination'®® and Zimmermann colour reactions,* is also apparent in their respective behaviour
towards Grignard reactions, albeit in an ambiguous manner. In this case, addition of methyl
magnesium halides to both 1-oxo-'"® and D-homo-17a-oxo-'"" steroidal derivatives proceeds with
almost exclusive formation of the corresponding equatorial f-methyl carbinols.* In fact, Henbest
and Wilson had called attention at the time to the S-side approach of the Grignard reagent toward
a D-homo-17a-one derivative, paralleling the major route taken by hydride reduction of the 1-
ketone in their experiment.** Some ambiguity suggested by this view has been subsequently dissipated
by the different outcome observed for the hydrides reduction of D-homo-17a-oxo-steroids.'**'%*
Summing up, the similar behaviour of 1-ones and D-homo-17a-ones toward Grignard reagents is
conceivably due to the general propensity for equatorial methyl attack in the steroid series, leading
to extensive formation of products with equatorial methyl and axial hydroxyl groups,** despite the
shielding of the B-face by the axial angular methyl groups adjacent to the carbonyl function.'® All
considered, the case of C-1 remains a particular one.

The presence in ring A of 1-oxo-5a-steroidal compounds of other substituents like 2a-brom and
4,4-dimethyl,”” 3-oxo0 and 4,4-dimethyl,'"” or 4-0x0* (see Table 2), does not alter the stereospecificity
of the 1-ketone reduction by sodium borohydride. In the case of the 1,4-diketone (Table 2, entry
25), the second keto-group at C-4 is also stereospecifically reduced to the 4f-0l,” as might be
expected to occur in a 4-oxo-5a-compound.” It is noteworthy that no epimerisation of the 5a-1,4-
diketone (or the 5f-1,4-diketone for that matter; see Section 2.2) occurred under the reaction
conditions, as shown by re-oxidation of the diols to the original diketones.”

A case in point is offered by 1-oxo-steroids having vicinal epoxide groups (Table 2, entries 15
and 16). According to an early evaluation,' frans-epoxy-alcohols were predicted to predominate
on hydride reduction of relatively unhindered «,S-epoxy-ketones, arguably due to electronic factors
favouring the kinetic addition of the hydride ion on the same side of the oxiranic oxygen atom.
However, the reduction of 2a,3a-epoxy-5«-cholestan-1-one was found to proceed like that of any
1-oxo-5a-steroid, affording stereospecifically the cis-epoxy-alcohol.'*' In this case the tendency, if

* Conversely, a 17-oxo0-steroid containing a five-membered ring D yielded mainly a 17a-methyl derivative.''™
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any, for rear-side attack of the reducing agent is counterbalanced by the hindrance due to the
epoxide ring.'”' This result prompted a re-examination of the sodium borohydride reduction of
various a,B-epoxy-ketones,'?! which stressed the importance of steric factors alongside electronic
factors. Accordingly, the main direction of attack of the reducing agent is the same as in the
corresponding unsubstituted ketone, whilst the epoxide ring may sterically interfere with this attack,
leading to various amounts of the stereoisomeric epoxy-alcohol.””' Electronic and steric factors
should have been anticipated to concur in the reduction of 2,3 -epoxy-Sa-cholestan-1-one, afford-
ing mainly the trans-epoxy-alcohol. In fact, a 2:1 mixture of trans-and cis-epoxy-alcohols is
obtained, the hindrance exerted by the f-oriented epoxide ring diminishing the propensity for
approach of the reducing agent from the ‘top’ of the molecule (Table 2, entry 16). A re-appraisal
of kinetic 1,2-addition of hydride ions to a,f-epoxy-ketones using the torsion angle notation,
emphasised the relative importance of controlling factors such as the ability of the epoxide oxygen
to chelate the metallic cation of the reducing agent, and the stability of the conformer of lowest
energy of the ring, for the steric outcome of the reduction.'?

While the la-alcohol could be obtained stereospecifically by the reduction of the corresponding
1-one with sodium borohydride, an attempt to prepare its equatorial 18-isomer using potassium tri-
sec-butyl borohydride (‘K-selectride’, held to favour selective formation of equatorial alcohols'?)
led to only about 5% of the desired product, most of the starting material being recovered
unchanged.'"” The 1B-epimer did arise, however, as a major product (91%), along with the 1a-ol
(9%), following reduction of the 1-one with the electrophilic reagent aluminium hydride.** Under
the same conditions, the D-homo-17a-one afforded again the equatorial 17xf-0l as the major
product (69%), but now accompanied by a slightly higher amount (19%) of its axial counterpart.**'%
Since the environment around the carbonyl group in both 1-one and D-homo-17a-one is similar, as
indicated by their respective optical rotatory dispersion curves'* and increments in NMR chemical
shifts for adjacent angular methyl groups,'® the product ratios obtained from them by using
aluminium hydride could be rationalised by D. N. Kirk and associates in a general way.” Accord-
ingly, in both cases the bridgehead methyl groups flanking the carbonyls sterically hinder approach
to the f-face and might exert a larger torsional strain than hydrogen in the transition state for this
mode of attack. Approach from the «-face is therefore favoured, since torsional interactions are
minimised and steric interactions involve only axial C-H bonds.” The difference in reactivity
between K-selectride and aluminium hydride might be accounted for, assuming the absence of
electrophilic assistance by the potassium cation of the former, whereas the latter acts as a strong
Lewis acid.”

2.1.2. Catalytic reduction. It was considered earlier that catalytic hydrogenation of both hindered
and unhindered ketones in strongly acid media (fast hydrogenation) affords axial alcohols.*® The
view was expressed that reduction on platinum should involve steric approach control, i.e. adsorp-
tion on the catalyst and approach of hydrogen from the less hindered, equatorial side of the carbonyl
group, and thus would lead mainly to axial alcohols'*** (von Auwers-Skita modified hydrogenation
rule). On this ground, the reduction of 5a-cholestan-1-one exclusively to the equatorial 15-ol (Table
2, entry 5) was regarded as an exception to the hydrogenation rule,'* or else as an oversimplification
of it.** Later evaluation inferred that reduction of the 1-one proceeds by equatorial adsorption of
the flexible form to give the equatorial 15-ol, since the axial 10-methyl group prevents equatorial
adsorption of chair form which would normally give the axial la-ol, and axial adsorption of chair
and flexible forms is ruled out owing to the angle of the carbonyl group.®** Further examination of
this reaction by the steric congestion and/or torsion corrected congestion ratios function®® offered
a satisfactorily consistent prediction of stereospecificity (75: 25 18-ol to 1a-ol) with the experimental
product ratios (Table 2, entries 5 and 18, notwithstanding the surprising result at entry 29). At any
rate, the exclusive formation of the 18-ol points to the hydrogenation on platinum as the method of

* See Section 2.1.1 for an appraisal of the flexible form stability in the Sa-series.
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choice for obtaining equatorial 18-alcohols from 1-oxo-steroids'?® or 1-oxo-2-en-steroids (see Section

3.1). In contrast, D-homo-17a-oxo-steroids gave by catalytic hydrogenation along with the main
product, that is, the equatorial 17af-alcohol, a sizeable amount (8-15%)'%*'" of the axial 17ax-
epimer, as compared with that obtained by means of sodium borohydride (about 5%).'** Isolation
of certain amounts of the axial alcohol was attributed to some steric hindrance of the 17a-keto
group toward rearward approach of the reduction reagent.'**

2.1.3. Reduction with alkali metals in alcohols. Early evaluation of the stereochemistry of this
reaction assumed that the thermodynamically more stable equatorial alcohol would be the major
product of the reduction with alkali metals in alcohols of steroidal ketones,*'? including 1-0xo-
steroids.®' Later work, however, summarised in Table 2, displays conflicting and disparate results
for reduction of 1-oxo-steroids with sodium—alcohol systems, and a preponderance of either epimer,
as well as roughly equivalent mixtures of both of them, have variously been claimed. The high
variance in the reported product composition data originating from many different laboratories
might be associated with the various reaction conditions (temperature, time), reagents (nature of
metal and alcohol, stoichiometry), and isolation procedures (work up, side reactions, difficulties in
characterisation of the epimers,* and preparative rather than product analysis purposes) which
were used. A recent re-examination of this reaction''' pointed to preponderant formation of the
axial la-alcohol, and attributed it both to the steric interaction between C-11 methylene and the
hydroxyl destabilising the normal quasi-equatorial arrangement and pushing the oxygen towards
the quasi-axial direction, and to the stereoelectronic contribution of the adjacent angular methyl
group supporting orbital extension in the equatorial direction. These two combined effects are held
to overcome the stereoelectronic stabilisation of orbital extension in the axial direction.'"" Further
investigation of the reduction of steroidal 1-, 2-, 3-, 6- and 16-ketones was done with both sodium
and lithium in ethyl alcohol or tert-butyl alcohol, respectively, in order to assess the relevance of
the cation, as well as that of hydride transfer from—and hydrogen bonding by—solvent, which are
presumably weaker in z-butanol than in ethanol.'"! The results showed that the amount of major
product in all cases is decreased in shifting from sodium to lithium in the same solvent, with the
exception of the l-one, wherein strong steric effects are believed to operate'''® (see Table 2).
Contrariwise, the quasi-enantiomeric D-homo-17a-one which is, however, devoid of the strong
steric interference present in the 1-one, has been reduced with sodium in ethyl alcohol largely to the
expected equatorial 17ag-alcohol.'®

2.2. 5p-Series

Inspection of a model of {-oxo0-5p-steroids shows that the hindering effect of the C-10 angular
methyl group to frontal attack becomes negligible since ring A is nearly perpendicular to the plane
formed by rings B, C, and D, whereas the axial C-H-4a- and C-H-7x bonds may impede approach
to ring A from the rear a-side. The carbonyl at C-1 is not assumed to be involved in interaction
with the C-H-11a bond, in contrast to its counterpart in the Sx-series ; indeed, a 1-oxo-58-derivative was
found to undergo easily bromination and acetoxylation."” Although 5¢-2830-34357172.126.138-143 g n q 58.13
1,3-diketones are equally enolised in various solvents,* the absorption maximum in UV spectra of
5p-1-ketones is at a shorter wavelength than that of 5a-1-ketones,'**'** and more like that of D-
homo-17a-ones.'”*!'”* On the other hand, neither 5a- nor 58-1-ketones give the Zimmermann colour
reaction,”*' whilst 17a-ketones display a positive reaction,*'-!*® albeit slowly developed.'*® All these
data point to the 58-1-one as being sterically different from both the strained Sa-1-one and the
relatively unhindered D-homo-17a-one. Additional information on the steric environment of the
keto group in 1-oxo-5p-steroids, as compared with that of 1-0xo-5«- and D-homo-17a-oxo-deriva-
tives, is corroborated from the position**'%'*" 14 and solvent-dependence**'**'* of the vicinal
angular C-19 and/or C-18 protons signal in NMR spectra, the chemical shift of the carbonyl
carbon atom frequency in carbon-13 NMR spectra,'> carbonyl stretching frequencies****'*'15? and
perturbed methylene absorptions'*? in IR spectra, principal bands in UV spectra®-14414 and
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Table 3. Reduction of the | -Oxo-Group in 5p-Steroids

No. 1-Oxo- Other substituents Ha-P1 Na-alcohol LiAlH, NaBH4* Reference
steroid la-OH 1B-OH 1o-OH 1B-OH 1e-OH 1B-OH 1a-OH 18-OH
substrate (%) (%) (%) (%) (%) (%) (%) (%)
1  Cholestane 100 99
2 Cholestane 1002 137
3 Androstane  17B-COOMe 90 30c.d 90d 41
4 Cholestane  28,3B-epoxy unreacted 121
5 Spirostane 2B 30-(OAc),, SB-OH, (25R) 43¢ 4 160
6 Cholestane  3o-OTHP, 4,4-Me;, 5B,6p-ethylidene acetal onlyf 161
7 Pregnane 3a,17a-(OH)y, 11-CO unreacted unreacted unreacted 45
8 Pregnane  3c,17x-(OH),, 20-CO major§ minor 13
9 Pregnane 3a,170,200-(OH)3 only 13
10 Pregnane  3-CO, 17a-OH, 20-CO major{ minor 13
11 Pregnane 3a,170,20B,21-(OH)4, 11-CO unreacted unreacted unreacted 45
12 Pregnane  30,17a-(OH);, 20,21-acetonide 670 4s
13 Cholestane 4-CO 100 99
14 Cholestane 4-ethylene thioketal 100 42
15 Withanolide 4B-OAc, 5B,6B-epoxy, 424, 24,25-Me, onlyf 148

* In methanol, unless stated otherwise.
a In ether- methanot 3:1; © following crystallisation; © in propanol-1; d following chromatography on alumina; € following chromatography on florisil,
f yield not reported.

ORD data.*#¢:14713°156 Taple 3 shows that reduction of 1-oxo-5f-derivatives by all methods led
stereoselectively to the corresponding equatorial 1x-alcohol which, in turn, was produced stereo-
specifically by using sodium borohydride in methyl alcohol as the reduction agent. This result should
have been expected in view of the ‘folding back’ of ring A,'*® precluding rear-side a-attack. Still,
the formation of the 1a-ol-derivative is noteworthy, this compound providing another case of an
equatorial alcohol more prone to conformational distortion than its axial counterpart (see Section
2.1.1 for a similar example in the 5a-series). In fact, a Dreiding display of a 58-androstane-la-
hydroxy-derivative in the all-chair conformation (Fig. 5) suggested that the distance between the
oxygen atom of the equatorial hydroxyl group at C-1 and the 11a-hydrogen atom is very small (ca
1.6 A), the resultant interaction increasing unexpectedly its chromatographic mobility®® as well as
its reactivity to oxidation with Cr¥".*"* Conversely, the axially-oriented 18-hydroxy-group of its
epimer appears to be relatively unhindered, sharing simple 1 : 3 interactions.” Incidentally, the result
presented in Table 3, entry 15, is not an exception to the general rule of equatorial alcohols formation
by sodium borohydride reduction : the reaction product in this case is equatorial too, but has a §-
orientation due to distortion of the regular cis-A/B rings system by the 58,6-epoxide ring, which
leads to a spatial arrangement approaching the Sx-steroid-type structure (more on that subject in
Section 3.2).

The stereospecificity of the 1-ketone reduction is not influenced by the presence of other sub-
stituents in rings A and B of 1-oxo steroids (Table 3). In the case of 1,4-dioxo-58-cholestane (Table

Figure 5. Dreiding model of rings A/B/C of 58-androstan-1a-ol, photographed from the front (8) face. (FromJ. J. Schneider,”
with permission).
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3, entry 13), reduction of the 4-oxo-group proceeds largely by S-attack to give a 4:1 mixture of
la,40- and 1a,4B-dihydroxy derivatives.” The formation of the former diol as the major product
could be expected, since the equatorial orientation of the angular C-10 methyl group with respect
to ring A does not hinder the S-approach of the anion, and since the folding of the A/B rings hinders
the back-side a-approach; nonetheless, the fairly substantial amount of the 1«,4f8-diol resulting
from attack on the 4-oxo-group from the more hindered «-side, is remarkable for a ketone in the

/

be involved in this case. Again, as in the 5a-series, re-oxidation of the diols to the original diketone
inferred that no epimerisation of the latter at C-5 occurred under the reaction conditions.” However,
the presence of an additional oxo-group at C-11 suppresses the reduction of the 1-oxo-group, even
under vigorous reducing conditions (Table 3, entries 7 and 11) ; this result is due, presumably, to a
reduction in the degree of polarisation of the two closely approaching (2.8 A)'*' carbonyl groups of
that cisoid 1,4-dione, with a consequent reduction in the positive charge on each carbon atom and,
admittedly, an adverse effect on metal hydride reduction.® In the 5x-series, the maximum C-1:C-
11 oxygen—oxygen separations are 2.4 A for a 1,11-diketone and 2.2 A for a 2-en-1,11-
diketone, as evaluated from Dreiding models, and the interaction effects should be even more
severe.””’ While no reduction of such compounds is documented in the literature, attention is
called to the reduction of quassin, a naturally occurring quassinoid that is a triterpenoid-degraded
compound.’ Quassin (Fig. 6) displays in its A/B/C rings system a functionality recalling the
relevant moieties of a steroidal 5x-A’-1,11-dione. In the case of quassin, too, reduction with diiso-
butylaluminium hydride'*®* and sodium borohydride'*®!* under usual conditions leaves both car-
bonyl groups at C-1 and C-11 unreacted ; however, treatment with sodium borohydride under
forcing conditions led to the corresponding 1a-hydroxy-derivative in 50% yield, the 11-oxo-group
still remaining intact.'®

Another interesting example of inertness towards reduction with sodium borohydride of the C-
1 carbonyl group in the 5f-series is furnished by a 2,3 -epoxy-1-one-derivative (Table 3, entry 4).
In this case, front-side approach of the reducing agent is difficult due to hindrance by the epoxide
ring, whereas rear-side approach at C-1 is difficult because of the folding of rings A and B. As a
result, this compound remained mostly unchanged on attempted reduction under usual conditions,'*'
unlike its isomers in the Sx-series (Table 2, entries 15 and 16).

5p-series. Some possible repulsions by either OH group in the R—-O-B{ form, then, might admittedly

2.3. A*- and A’-Series

The presence of a double bond in ring A or B of a 1-oxo-steroid may affect the steric outcome
of the hydride reduction, owing to flattening of the rings by the additional trigonal carbon atoms
at positions 4 and 5.' Accordingly, as a consequence of the conformation imposed on rings A and
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Figure 7. 1-Ox0-A*- and 1-oxo-A’-steroidal derivatives.

B by the unsaturated linkage (A* or A°),* the 108-methyl group projects away from the double bond
(Fig. 7), rendering the f approach more accessible.'*® Indeed, some results in Table 4 (entries 2, 4,
5,9 and 10) point up a predominant formation of the la-hydroxy-epimer, especially when sodium
borohydride was used as the reduction agent. A study conducted with 1-oxo-diosgenin suggested
that the percentage of the la-alcohol decreases with the increase in the bulkiness of the reducing
agent, and with the increase of the size of the 3f-substituent (entries 5 and 6).'® These results were
found to be consistent with the assumption that non-bonded interactions between the equatorial C-
OH-18 bond and the equatorial C-H-11a bond®® would cause the 1f-alcohol to be thermo-
dynamically unfavoured'® and to display anomalous chromatographic mobility, in spite of the
tendency of the 5,6-double bond both to flatten rings A and B and to limit conformational mobility.**
The characterisation of the products was done conveniently by computer-assisted analysis of their
lanthanide-induced NMR shifts, as the equatorial 18-alcohol was found to show a much higher
ability for complexation with tris-(dipivalomethanato)-europium than its axial 1a-hydroxy-epimer.'®®
In contrast, parent 1-ketones in the cholestane, androstane and withanolide series (Table 4, entries
7, 8 and 11) display a comparably preferential formation—this time of the 1§-alcohol—by all
hydride-reducing agents save lithium aluminium hydride which affords product ratios around parity
(entries 2 and 3). As compounds 5-8 (Table 4) have similar structures with regard to rings A and
B, it appears that their different behaviour towards hydrides reduction might be due to a long-range
effect of the side chain. The reason for the different behaviour of the withanolides 2-4 as compared
with 11 (Table 4) is not apparent. Summing up, even if a certain stereoselectivity could be seen in
either the a- or B-direction in the sodium borohydride reduction of various 1-oxo-A’-steroids, the
stereospecificity encountered in the similar reduction of 1-ox0-5a- and 5f-steroids is clearly lost in
the A’-series.

Turning to the A*-series, it can be seen from Table 4 (entry 1) that reduction of a 1-oxo-derivative
with lithium-tri-zert-butoxyaluminium hydride gave a mixture of the corresponding la- and 15-
alcohols in an approximately 50 : 40 ratio.'® It is worthwhile mentioning in this connection that in
the A’-series too, the equatorial 18-hydroxyl group is assumed to be involved in the C-1:C-11
interaction.'®® Hydrogenation of the same 1-oxo- A*-derivative with palladium as catalyst left the
carbonyl unreduced, as expected, and afforded by hydrogenolysis a 5: 1 mixture of 1-0xo0-A’- and
A*-derivatives.'® By hydrogenation over platinum in acetic acid, the 4,5-double bond was reduced
exclusively to the 58-isomer, as observed previously with 1-oxo-A‘-steroids,”>** whereas the 1-
carbonyl was reduced stereospecifically to the corresponding equatorial la-alcohol, in accord with
previous results in the 58-series*' (Table 3, entry 3). Partial hydrogenolysis of the 6f-acetate
group occurred too, and finally a 1.3 : 1 mixture of la-hydroxy-58- and 1x-hydroxy-6f-acetoxy-5p-
derivatives was obtained.'®

3. REDUCTION OF CONJUGATED 1-OXO-STEROIDS TO 1-HYDROXY-DERIVATIVES

3.1. 5a-Series
Conjugation of a carbonyl at C-1 with a double bond at C-2-C-3 changes appreciably the steric
outcome of its hydride reduction, owing to the flattening of the ring A by both the C—C and the

* Actually, some subtle differences between the A*-olefin and its A’-isomer in their half-chair conformation could be
envisaged, as the former was suggested to be slightly more *bent’ than the latter at the A/B ring junction.'®
t Compare with conjugated 2-en-1-oxo-derivatives (Section 3.1, Table 5).
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C=0 bonds. Examination of Dreiding models revealed that the C-1 carbonyl group projeccts toward
the « (rear) surface of the molecule and away from the C-10 methyl group.'® Significant and
consistent differences were noted in the UV and IR absorption,'® rotational characteristics'® and
NMR solvent shifts* of 1-oxo-A*-derivatives in the 5a-series as compared with their counterparts
in the 58-series, and with 3-oxo-A'-derivatives in both series.'®” The exceptionally large Cotton effect
found in CD data of a 2-en-1-one derivative has been ascribed to a positive contribution from the
forward-projecting ring C rather than from the vicinal angular methyl group, since the latter’s effect
is negligible in the analogous D-homo-enone.*'"® Although 1-ox0-A?-5a-steroids had been appraised
as hindered,'"” they readily underwent oximation at C-1,'** and base-catalysed oximination at C-
2 with a concomitant shift of A? to A*.!”

Table 5 shows that early experiments on the reduction with complex metal hydrides of 1-oxo-
A*-5a-steroids gave controversial results ; a cholestane derivative was reported to afford exclusively
the quasi-equatorial 1§-ol (entry 6), a result that was expected from consideration of (a) electronic
and steric factors which should favour the addition of the hydride ion on the opposite side of the
vicinal C-10 methyl group,'" with ring A in either the low energy half-chair or 1,2-diplanar forms ;'*
and (b) an approach vector analysis,'” which suggested a strong influence by substituents at C-5
and C-10 on the stereochemical outcome of the reduction.'”® However, this reaction seems to be
more complex. Although the A%-18-o0l was reportedly*’ obtained in 80% yield after chromatography
on alumina (entry 6), it was pointed out later'’* that a related androstane derivative gave, under
these conditions, only the quasi-axial la-ol (entry 11). According to yet another experiment in
the androstane series,'” the allylic 18- and la-alcohols were obtained in the ratio 9:1 following
chromatography on silica; however, their total amount accounted for only 40% of the starting
enone (entry 2). The epimerisation on alumina of the usually more stable quasi-equatorial 1f-
alcohol (and to a lesser extent of its acetate or benzoate*'”) to the quasi-axial 1x-alcohol is
interesting in itself and may be attributed to the release of steric compression due to the C-H-11«
bond, prevailing in the former isomer.” Further evidence on that matter is adduced from a study
of acid-catalysed allylic rearrangement of 1-hydroxy-2-enes and 3-hydroxy-1-enes, which showed
that the formation ratio of the 1-hydroxy- to 3-hydroxy-derivatives is 5: 4, of the 3a- to 3f-hydroxy-
derivatives is about 1:1, and of the la- to 1B-hydroxy-derivatives is 50:3."7 The ratios of these
products were assessed in terms of the relative stabilities of the C-1 and C-3 carbocations in the
intermediates, and of the thermodynamic stability of each allylic alcohol except the [f-ol, which
was suggested to be destabilised by steric repulsion between the C-H-11a- and C-OH-18 bonds.'”’
Incidentally, the allylic character of the la-hydroxy-A®-system, too, was believed to be distorted
because of the proximity of the C-10 methyl group and the C-11 protons,'” especially since attempts
by usual methods to oxidise it with manganese dioxide'™ or dichloro-dicyano-benzoquinone
(DDQ),'™ failed. Nevertheless, it is rather the 1a-hydroxy-A*-derivative which is formed by allylic
oxidation with selenium dioxide of A%-4,4-dimethyl-5a-compounds*”'” or by allylic bromination of
a similar system in the presence of water.'®

Re-examination of the reduction of 5x-cholest-2-en-1-one with lithium aluminium hydride as
well as with sodium borohydride demonstrated that ca 1: 1 mixtures of allylic alcohols are obtained,
and are easily separated on silica®® (entry 9). These results disagree with the predictions and the
early evaluations ;''*'"*1"* admittedly, the significant change in the direction of attack of the reagent
may be due to the flattening of ring A in the original enone. The alternative attempt to separate the
crude mixture of allylic alcohols on alumina, leads to epimerisation of the A>-1-alcohol to its la-
counterpart, for the reasons outlined above.

The reductions with sodium borohydride were usually done in methyl alcohol at room tempera-
ture.” In one case, when the reaction proceeded in aqueous ethyl alcohol at 0°C, a substantial
amount of 1-ketone remained unreduced after one hour (entry 16).>™®

*The ORD-curves for two such model compounds were found to be roughly ‘enantiomeric’.'”
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Introduction of a 4,5- or a 5,6-epoxy-group in the 2-en-1-one-system affects notably the direction
of attack of the reducing agent (more on that in Section 3.2). Indeed, while reduction with sodium
borohydride of a S«,6x-epoxy-4f-acetoxy-2en-1-one led to an inseparable mixture of the allylic 1a-
and 1B-alcohols,” the same reaction with 4o, 5a- and 5a,6a-epoxy-2-en-1-one-derivatives (entries 14
and 15, respectively) takes place by frontal attack as in unconjugated 5x-1-oxo-steroids (see Section
2.1). Besides, the reduction of the former derivative occurs with complete saturation of the double
bond, in contrast with other a,f-unsaturated 1-ones in the Sa-series, to yield the saturated axial 1a-
alcohol as the only isolable product.” The particular behaviour of the 4a,5x-epoxy-2-en-1-one-
compound is presumably related to the increased hindrance due to the epoxide ring.”

All other methods for reduction of 1-0x0-A%-5a«-steroids summarised in Table 5 (catalytic hydro-
genation and metal-ammonia reduction) afforded mainly the equatorial 1f-hydroxy-derivatives,
with saturation of the double bond. Indeed, the hydrogenation of conjugated 1-ketones in acetic
acid over platinum is considered'®™ ' to be the best method for preparing the corresponding
saturated equatorial 18-alcohols which are formed in various ratios, according to the reaction
conditions, together with the saturated 1-ketones from which they are easily separated by chro-
matography. In the oleanane series, the saturated axial 1a-alcohol was also formed along with its
15-counterpart, and in these cases no saturated 1-ketone was isolated (Table 5, entries 21 and 22).
The results of the hydrogenation over palladium (entries 13 and 17) are noteworthy, as ketones are
generally believed to be inert to this reduction, allowing selective hydrogenation of the conjugated
double bond of the «,f-unsaturated carbonyl system.'®' Nonetheless, reduction of the 1-oxo-group
was found to occur under these conditions too, leading again to the saturated equatorial 18-alcohol,
accompanied by various amounts of unreacted enones or saturated ketones. In one case, the
formation of the saturated axial lx-alcohol (in a 1 : 2 ratio to its 18-isomer) was observed as well*”’
(entry 17).

Finally, lithium-ammonia reduction of 1-oxo-A*-derivatives in the meliacane series could be
stopped at the saturated ketone stage if the latter’s enolate salt was quenched with ammonium
chloride added at the end of the reaction, while the use of methyl alcohol as proton donor for the
enolate salt led directly to the saturated 1g-alcohol,'® as expected.'®'#

3.2. 5B-Series

Examination of Dreiding models suggested that the carbonyl group in a A/B-cis-A*-1-ketone lies
close enough to the angular C-10 methyl group to imply a certain steric hindrance or shielding.'®
This C-1 ketone: C-10 methyl group interaction could account for the positivity of the molecular
rotation observed for 1-ketones pertaining to 5f-series, as compared with their counterparts in 5u-
series.'® Other considerations derived from UV, IR, NMR solvent shifts, and rotational charac-
teristics of 1-oxo0-A*- and 1,11-dioxo-A*steroids in both 5a- and 5B-series, and enabling better
characterisation and differentiation of them,'®® have already been evaluated herein (see Sections 2.2
and 3.1). Eventually, the cortisone analogue 17,21-dihydroxy-58-pregn-2-en-1,11,20-trione was
expected to be biologically inactive on the ground of the conformational distortion due to C-1: C-
11 carbonyl group interaction, in addition to relocation of the double bond and cis-fusion of the
A/B ring system which tends to deflect ring A towards the enzymically important « (rear) surface
of the molecule.'®

The results of sodium borohydride reduction of 1-oxo-A?-58-steroids are displayed in Table 6.
In contrast to its isomer in the 5a-series (Table 5, entry 9), reduction of 58-cholest-2-en-1-one takes
place with saturation of the 2,3-double bond to give a mixture of saturated ketone and the equatorial
la-alcohol, along with ca 15% of unreacted enone® (entry 1). In this case, the direction of attack of
the hydride is the same as for the saturated 1-ketone (c.f. Section 2.2).* However, the presence of

* The B-attack of the hydride on such compounds was actually predicted by Toromanoff,''* except for the saturation of
their double bond.
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Table 6. Reduction of conjugated 1-Oxo-Steroids in 5B-Series

No. 1-Oxo- A2-  Other substituents NaBH4 Reference
steroid la-OH 18-OH 1-Oxo 1-Oxo0-a?
substrate (%) (%) (%) (%)

1 Cholestane 372 132 15 99

2 Cholestane  4-CO 1002 99

3 Cholestane  4a-OAc, 58-OH 532 82 99

4 Cholestane  4p,5B-epoxy 288 353 99

5 Androstane  4B-OAc, 5B,6f8-epoxy, 17p-OAc 1002 99

6 Androstane  5B,6f-epoxy, 17B-OAc 1008 99

a With saturation of the conjugated double bond.

unchanged enone and of the saturated ketone in the reaction product is surprising, in view of the
complete and stereospecific reduction of 58-cholestan-1-one (Table 3, entry 1). Since allylic alcohols
are not reduced by sodium borohydride to saturated alcohols, the formation of the saturated alcohol
and ketone on the enone reduction suggests a 1,4-addition* of the reducing agent. Flattening of
ring A in this enone (monoplanar 5B8-form'®®) and steric hindrance by the C-10 methyl groupt may
well account for the more difficult front-side attack at C-1, rather than for attack at the other side
of the conjugated system.*”® A similar rationalisation has been attempted '’?® by application of the
approach vector analysis'’* discussed above (see Section 3.1).

5p-Cholest-2-en-1,4-dione yielded by reduction with sodium borohydride an easily separable
mixture of saturated la,4a- and la,48-diols in roughly the same ratio as obtained from the cor-
responding saturated dione” (c.f. Section 2.2). A similar mixture of saturated 4a- and 4f-hydroxy-
derivatives was obtained by reduction under the same conditions of 1§-acetoxy-5p-cholest-2-en-4-
one.”” Reduction of the isomeric 5a-derivatives (Sa-cholest-2-en-1,4-dione and la-acetoxy-5x-chol-
est-2-en-4-one) afforded inseparable mixtures of allylic alcohols, but not saturated products.*
The difference in behaviour of the 58- and 5a-1-acetoxy-2-en-4-one-compounds toward sodium
borohydride (1,4- versus 1,2-attack) may be rationalised” by considering the greater hindrance of
a 4-one in the 58-series rather than in the Sa-series.”'*

Likewise, 4a-acetoxy-5f-hydroxy-cholest-2-en-1-one gave the saturated equatorial la-hydroxy-
derivative accompanied by the saturated ketone® (Table 6, entry 3), whereas reduction of a 44-
acetoxy-5a-hydroxy-A2-1-one-derivative afforded an inseparable mixture of 1x- and 1p-allylic alco-
hols. Under similar conditions, Sa- and 58-hydroxy-cholest-2-en-1-one remained unchanged, for
reasons which are not apparent.*

Introduction of a 4,5- or 5,6-epoxy group in the 2-en-1-one system markedly affects the latter’s
geometry and implicitly the direction of attack of the reducing agent. Thus, in 58,68-epoxy-2-en-1-
oxo-steroids and in their 4f8-hydroxy-derivatives, ring A is in a boat-like conformation with C-1
and C-4 ‘upwards’.” This conclusion was reached by crystallographic analysis of two naturally
occurring steroids: withanolide E,'™ having a 58,68-epoxy-2-en-1-one partial structure, and
withaferin A,'"" possessing an additional 48-axial hydroxy-group. According to NMR data, ring A
has the same conformation in the corresponding 2,3-dihydro-derivatives.'* Owing to this geometry,
the distance between the C-1 carbonyl oxygen and the equatorial 11a-H is 2.9 A, instead of 1.9 A
as in Sa-cholestan-1-one, thus minimising the interaction between the two bonds. Since in such

* For a comprehensive discussion, see ref. 187.
+ In another view, the equatorial orientation with respect to ring A of the C-10 methyl group in a 58-A%-1-one would not
hinder the B-approach of the anion.''
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58,6B-epoxy-steroids the C-1 carbonyl bond points ‘upwards’, axial attack from the rear of the
molecule implies a reactant-like transition state. In 5f-cholestan-1-one, also, the carbonyl bond
points ‘upwards’; however, rear-side attack is difficult owing to the folding of rings A and B.
Moreover, in the case of 58,68-epoxy-2-en-1-ones, the tendency toward rear-side attack is increased
further by the hindrance on the f-side of the molecule due to the epoxide ring. Accordingly,
reduction of the 58,6f-epoxy-2-en-1-one derivatives (Table 6, entries 5 and 6) takes place with
concomitant saturation of the double bond to give stereospecifically the corresponding equatorial
1B-alcohols, in contrast with their 5o,6a-epoxy isomers which afforded the related allylic alcohols,
1.e. without involvement of the 2,3-double bond (c.f. Section 3.1). The absence of the conjugated
double bond does not influence the steric outcome of the reduction of the 1-carbonyl in 58,68-
epoxy-derivatives, as seen previously in the case of 48-acetoxy-58,6f-epoxy-1-oxo-with-24-enolide
(c.f. Section 2.2, Table 3, entry 15). The assignment of configuration to the 1-hydroxy-group in
these compounds is based on NMR evidence (broad multiplet for the 1-H signal). As a matter of
fact, in SB-steroids an equatorial substituent at C-1 should be a-oriented. However, the 58,68-
epoxide ring distorts the usual cis-A/B ring system to give a spatial arrangement approaching the
Sa-steroid-type structure, as shown by the 4a-H NMR signals (narrow triplets) for 48-acetoxy-
50,6a- and -58,6B-epoxy derivatives.”® The same pattern is exhibited by the 4-H signals for the
reduction products presented in Table 3, entry 15, and Table 6, entry 5, thus indicating the axial
orientation of the 4B-acetoxy-group.” Inspection of a model of 48,58-epoxy-cholest-2-en-1-one
shows that the dihedral angle between rings A and B should be similar to that of the isomeric 54,68-
epoxide. Furthermore, the aromatic solvent-induced shifts [A(CDC1;-C¢Dg)] of the C-10 methyl
NMR signals in both compounds are of the same sign and magnitude, pointing to the same
geometrical relationship between the carbonyl and the methyl groups.”® The reduction with sodium
borohydride of this compound proceeds, therefore, by rear-side attack—as for the isomeric 54,64-
epoxy-derivative—to give a mixture of the saturated axial 1p-alcohol, and of the corresponding
saturated ketone whence only the double bond was reduced (Table 6, entry 4). It should be recalled
in this connection that reduction of the isomeric 4a,5x-epoxy-cholest-2-en-1-one also occurred with
complete saturation of the double bond, although by frontal attack as in all 1-oxo-5a-steroids, to
yield the axial la-hydroxy-derivative (c.f. Section 3.1 and Table 5, entry 14).

According to these results, saturation of the conjugated double bond upon treatment with
sodium borohydride seems to be a common reaction of 5p-steroidal 2-en-1-ones,” also observed
for 58-2-en-4-one-steroidal derivatives.”'** The peculiarly similar saturation of double bond in the
40,5a-epoxy-2-en-1-one-compound is admittedly associated with the increased hindrance due to the
epoxide ring.”

3.3. A*- and A>-Series

Only a few reduction experiments of 2,4- or 2,5-dien-1-ones are recorded in the literature. Thus,
I-ox0-A**-derivatives in the withanolide series are smoothly reduced with sodium borohydride'* or
diisobutylaluminium hydride'® to the corresponding allylic alchols, but the stereochemistry at C-1
has not been assessed for either of them. In the case of a 1-oxo-A**-androstane derivative, reduction
with sodium borohydride in methyl alcohol led to formation of the related 1-hydroxy-3u«,5a-ether.”
Again, no assignment of the 1-hydroxy configuration was attempted, and the reaction was considered
another example of the ready 3a,50-ether formation shown by this dienone under a variety of
conditions.” In the hydrocortisone series, treatment with lithium aluminium hydride of a A**-1,11-
dione led to the reduction of both keto-groups, resulting in the formation of the corresponding 18-
11p-diol"® (see Section 2.2 for a comparison with the inertness of 1,11-dioxo-derivatives in the So-
and 5f-series). The allylic 18-hydroxy-group thus produced could be oxidised back to the 1-ketone
with DDQ,'™ in contrast to the la-ol-A%-system in the Sa-series, which resists oxidation with this
reagent (c.f. Section 3.1). Regarding the reduction of the second hindered oxo-group, at C-11,
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shielding of the B-face by both C-18 and C-19 methyl groups leads to predominant formation of
the axial 118-hydroxy-derivative, in agreement with reported data.?

4. REDUCTION OF 1-OX0O-A-NOR-STEROIDS

Differences in reactivity toward addition reactions of oxo-A-nor-steroids as compared with the
corresponding oxo-steroids, originate in ring size and in strains caused by cis- and trans-fusion of
the cyclopentanone ring to adjacent rings.”* Much in the same way as cyclopentanone reacts more
slowly than cyclohexanone in this type of reaction, a steroidal A-nor-2-ketone reacts more slowly
than its 5a-3-ketone analogue,**® and 17-oxo-steroids more slowly than ketones in other rings.'**
Rate differences are presumably associated with a slow step in which the carbonyl carbon hybrid-
isation changes from sp? to sp>.** In cyclopentanones, due to the near-planar character of the five-
membered ring, the appearance of new eclipsing interactions with bonds on adjacent ring carbons
(internal or ‘I’-strain'®’) interferes with the change of hybridisation,** in contrast to cyclohexanones,
in which the substituents are nearly perfectly staggered in the chair conformation.'” Hence, the
six-membered ring ketone has the carbonyl eclipsed by the equatorial C-H bonds, and the addition
reactions are much faster.'**

Inasmuch as 1-oxo-A-nor-steroids are analogues of 1-oxo-steroids with respect to the C-10
angular methyl group, they could also be envisaged rather as analogues of 2-oxo-steroids, as far as
the juncture position 5 of the A/B rings system is concerned. This duality is reflected in the properties
of 1-oxo-A-nor-steroids. Thus, unlike 1-oxo-5a-steroids, they are not involved in C-1:C-11 inter-
action, give a positive Zimmermann colour reaction, and do not form a hemi-ketal.”® However, they
do afford an oxime,”'"" a 2,4-dinitrophenylhydrazone,'*® and, in the 5p-series, a thioketal.”” They
also readily undergo reduction with the usual agents, and some selected results are presented in Table
7. In the Sa-series, the 1-ketone was reduced by all agents to a single alcohol whose configuration was
assigned as 1f-ol by comparing the sign of its molecular rotatory contribution with that of the
hydroxyl group in the enantiomeric 17x- and 178-hydroxy-derivatives, and inferring that it should
have an equatorial character in the same way as 178-substituted steroids do.** Approximate
correspondences in magnitude were not expected, since the rotatory contribution of the 1-keto-
group in A-nor-Sa-cholestan-1-one is — 53°, whereas that of the enantiomeric 17-keto-group in
Sa-androstan-17-one is 4 266°.%

In the 5f-series the same trend toward preferential formation of the la-ol having equatorial
character, is apparent (Table 7, entries 3-5). All the same, a neighbouring effect of the vicinal 2a-
hydroxy-group is clearly seen in the reduction by complex hydrides of the corresponding 1-ketone
(Table 7, entry 3), whereby significant amounts of the 1§-epimer have also been isolated. Com-
plications arise in the case of enol derivatives such as compounds 6-8 (Table 7) when ketol
rearrangements occur as a result of non-bonded interaction between the C-H-1a- or C-OH-1a bonds
and the C-H-11« bond in the 2-oxo-A-nor-steroids, which has to be relieved by enolisation of the
2-ketone to A' or by formation of the ketone at C-1.'”° The following order of stability was observed
in these cases :'"*

20-OH,1-CO > 2-0OH,1-CO > 1$-OH,2-CO > 12-OH,2-CO.

The difference in stability between the 1-ketones having either a 2a- or a 2f-hydroxy group
probably lies in the structural feature of the cis-fused A/B rings bending to the a-side, in which
protonation of the enol at C-2 from the unhindered $-side should be favoured, leading to the former
derivative.'”

The formation of 58-derivatives following hydrogenation of A*® in compound 8 (Table 7) calls
for some comments; the A-nor A’*®-steroid actually adds hydrogen from the top, affording the
more stable cis-hydrindanone system, a process admittedly influenced by the presence of the carbonyl
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Figure 9. 1-Oxygenated A-ring seco-steroids.

at C-1. A similar tendency has been noted for the hydrogenation of a 1-oxo-A-nor-A’-steroid which
also led to the corresponding 5f-derivative.”

5. REDUCTION OF 1-OXO-seco-STEROIDS

5.1. A-Ring seco-steroids

A wide variety of 1-oxo-1,2-seco-steroids has been obtained in 5a-, 58- and A*-series, and some
of them which were submitted to reduction with metal hydrides are represented in Fig. 9. Most of
these A-ring seco- C-1 aldehydes are very reactive and/or labile : thus, seco-aldehydes alcohols (Fig.
9, 1d) and acids (le,f), once formed, cyclised spontaneously to give hemiacetals 2a** and lactols
2b,?®22 respectively. Yet, the seco-aldehyde 1a failed to yield a 2,4-dinitrophenylhydrazone in
acidic methyl alcohol solution, for reasons which could not be ascribed solely to hindrance exerted
by the adjacent angular methyl group, and afforded instead a 1,3-dimethoxy-derivative with ring
A reclosed.®® Be that as it may, reduction of either seco-C-1 aldehydes or their lactol forms
with metal hydrides, proceeds smoothly. Thus, treatment of the former compounds with sodium
borohydride (1b,c)*® or lithium aluminium hydride (1f)*® affords the corresponding primary alco-
hols, whereas reduction with sodium borohydride of the latter derivatives (2) leads to lactones,
including the pharmacologically important anti-inflammatory and anabolic 2-oxa-3-oxo-A*-
steroids.?*?*'*2% Since in the last mentioned case large amounts of undesired saturated lactonic
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products may also be formed, R. Pappo (at Searle and Co.) devised a reduction procedure that
involved a two-phase system consisting of chloroform and an aqueous alkaline solution of sodium
borohydride.”' Accordingly, the lactol is extracted into the aqueous phase and reduced to the
corresponding lactone which, in turn, is selectively removed back into the organic phase, and thus
protected from further reduction. "% In other experiments done with a related 4,4-dimethy! lactol
in the euphol series, reduction with sodium borohydride in methyl alcohol led to the corresponding
lactone as the main product, accompanied by 10% of a hemiacetal (3-hydroxy-2-oxa-derivative).**
In the presence of one equivalent of potassium hydroxide, the same reduction gave a mixture of
40% lactone and 45% hemiacetal. The lactone itself was reduced quantitatively with sodium
borohydride and alkali to the hemiacetal, and with lithium aluminium hydride to a seco-A-2-nor-
1,3-diol.** The treatment of a similar lactol acetate in the 4,4-dimethyl-cholest-5-en-3-one-series
with sodium borohydride has been noticed previously.?® Finally, a hemiacetal having the structure
2a (Fig. 9) was reduced with potassium borohydride to the corresponding seco-A-2-nor-1,3-diol in
60% yield.*® The preparation by other methods of la-lactols,?*%*™ |g-lactols,™” or their
mixtures,?® has been summarised.?**

5.2. B-Ring seco-steroids (vitamin D derivatives)

5.2.1.5(10),6,8,-Triene-1-one system. All compounds related to this series (Table 8) are analogues
and/or derivatives of the hormonal metabolite 1«,25-dihydroxyvitamin D, (Fig. 10, 1b) which
induces the formation of calcium-binding protein responsible for the calcium transport and its
mobilisation in the body.'* The requirement for a C-1 hydroxy-group having the « configuration*
was established through analogue studies, undertaken to explore the relationship between the ring
A hydroxy-groups’ stereochemistry, and binding affinity for the intestinal 1a,25-dihydroxyvitamin
D; receptor protein.”®*?!2 To this end, 1-oxo-vitamin D, derivatives were needed in order to yield
by reduction 1§-hydroxy-analogues (2) of the natural metabolite 1b. Eventually, oxidation of the
1-hydroxyl group in the available la-hydroxy-vitamin D, derivatives was found to afford not the
expected 1-oxo-vitamin D; compounds (3) but the corresponding 1-oxo-previtamin D; (4),2%%2"
also obtained in higher yield and at a faster rate by oxidation of la-hydroxy-previtamin D;** The
exclusive formation of the 1-oxo-previtamin D, in the former case was attributed to an increase in
its stability due to the linearly conjugated 5(10),6,8-triene-1-one system.?*®?*® QOther series of 1-oxo-
vitamin D compounds were obtained by oxidation of cyclovitamin D derivatives (5)*%**?'* and
of 6,8-PTD (4-phenyl-1,2,4-triazoline-3,5-dione) adducts of previtamin D, derivatives (6).>'*2'>2!¢
Following reduction and separation, the pure hydroxy-epimers were finally converted to the cor-
responding vitamin D compounds by thermal isomerisation (in the case of previtamins),”® "2 by
solvolysis and hydrolysis (cyclovitamins),?%'3?'* and by deprotection and subsequent thermal
isomerisation (PTD adducts).?'>215216

The results of hydride reduction of 1-oxo-vitamin D derivatives are collected in Table 8.
Reduction of 1-oxo-previtamin D, derivatives with sodium borohydride (entries 1,4,9 and 10) led
mainly to the 1p-hydroxy-isomer, and with sodium triacetoxyborohydride (entry 11) to the la-
epimer. With lithium aluminium hydride the la-hydroxy-epimer was also formed along with its 18-
counterpart {in a ca 1:3 ratio) (entries 1,2,5 and 8), presumably due to coordination of the
aluminium atom to the hydroxy-group, yielding a conformationally fixed bidentate ligand which
favours hydride attack from the less hindered side of the previtamin D; A-ring.*®?'° The opposite
stereoselectivity was observed, as expected, in the reduction of 1-oxo-epi-previtamin D, derivatives
with lithium aluminium hydride (entry 9) and with sodium borohydride (entry 13), and also by

*The configuration of the ring A hydroxyl groups in these 9,10-seco-steroids corresponds to the le,3f-dihydroxy-
tetracyclic steroids (Fig. 10). Unless otherwise specified, the configuration of the 3-hydroxy-group remains unchanged from
that of the 38-hydroxyl of the parent tetracyclic steroid, i.e. it is 35 if position 1 is unsubstituted, and 3R if position 1 carries
the a-hydroxyl (15).
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k <)

Figure 10. 1-Oxygenated B-ring seco-steroids (vitamin D derivatives and analogues).

using aluminium hydride with 1-oxo-previtamin D; derivatives (entries 3, 6 and 7). The latter results
with aluminium hydride were rationalised by considering initial formation of an alkoxy metal
hydride complex with the hydroxyl group at C-3 followed by intramolecular hydride transfer to the
carbonyl group at C-1.2"° Incidentally, the use of deuteriated or tritiated sodium tri-
acetoxyborohydride might be convenient for introducing a deuterium or tritium label at the 1-
position of the natural metabolite.’? Yet, reduction with sodium borohydride of 1-o0xo0-3-deoxy-
derivatives (entries 14, 15, and 16) led to about 1:1 mixtures of the corresponding 1-hydroxy-
epimers'zlv,us

Preliminary investigations of the reduction with lithium aluminium hydride in ether of 1-oxo-
3,5-cyclovitamin D; (Table 8, entry 14) showed that the 18- and la-hydroxy-isomers were formed
in a 5:1 ratio.”" In the case of the 1-oxo-epi-3,5-cyclovitamin D; (entry 20), the 18-hydroxy-
derivative still predominated, but in a lower ratio (2:1).%'° In a systematic study on the stereo-
chemistry of the reduction of 1-0x0-3,5-cyclovitamin D, (Fig. 10, 5a) and of its vitamin D, analogue
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Table 9. Reduction of the 1-Oxo-Group in Vitamin D-Type Vinylallene 1-One Derivatives

No. Vinyialiene 1-one NaBH, 2 LiAlt-BuO);HP  LiB(s-Bu)zH *P 9-BBN **b PBPH "' Reference
substrate 10-OH 18-OH 1«-OH 1p-OH la-OH 1p-OH 1a-OH 1p-OH 1a-OH 1P-OH
(%) (%) (%) (%) (%) (%) %) (%) (%) (%)
1 (6R)-9,10-Secocholesta- 385 385 323 387 455 545 480 400 537 413 218
-5(10),6,7-triene-1-one
2 (65)9,10-Secocholesta-  39.2 5038 393 357 583 417 414 456 L7 633 218

-5(10),6,7-tricne-1-one
21 eth \; b in ll PR .
* L-selectride, lithium tri-sec-butylborohydride; ** 9-borabicyclo[3.3.1]nonane; *** lithium perhydro-9b-boraphenalylhydride.

(Fig. 10, 5¢), the previously noted results with lithium aluminium hydride in ether were confirmed,
and the effect of reagents, solvents, and temperature on the ratio of the hydroxy-isomers formed,
was investigated.'"* Accordingly, the selectivity observed with lithium aluminium hydride in ether
was found to decrease when tetrahydrofuran was used as solvent, and the same trend was noted for
reduction with sodium dihydrobis(2-methoxyethoxy)aluminate (entries 21 and 22). These results
were explained by assuming that coordination of the methoxyl group at C-6 and of the carbonyl
group at C-1 in 5a and 5S¢ (Fig. 10) to the aluminium atom of the reagent, hinders the approach of
the hydride from the a-side.?'* Conversely, tetrahydrofuran might coordinate to the reducing agent,
thus rendering chelation between the aluminium atom and the oxygen atoms of ring A in 5a and 5¢
more difficult compared with the reduction in ether, and consequently leading to a lower ratio of
the 18- to la-hydroxy-isomers.”"* The effect of temperature was not apparent in the reduction
selectivity.?™*

Other reducing agents like sodium borohydride and diisobutylaluminium hydride showed no
appreciable stereoselectivity, as compared with lithium aluminium hydride. It was inferred that
diisobutylaluminium hydride might be too bulky for coordinating with the oxygen atoms of ring
A* and, in fact, when tetrahydrofuran was employed as solvent, the isomer ratio was found to be
1:1, and hence useful for preparing la-hydroxyvitamin D, and D, radioisotope-labeled at C-1.2"*
No effect of the side-chain on the stereochemistry of reduction of the 1-oxo-group in cyclovitamin
D, as compared with the vitamin D, analogue (Fig. 10, 3a and 3¢, respectively), could be observed
(Table 8).2"

5.2.2. 5(10),6,7-Triene-1-one system. An alternative to the classical linear steroid route for the
synthesis of vitamin D analogues is provided by a convergent approach whereby the A ring, and
the C/D rings with the proper side chain, are produced separately and then joined to construct the
target structure.”'® A key step in this sequence would be the reduction of intermediate vinylallenones
having a 5(10),6,7-triene-1-one system (Fig. 10, 7) to the corresponding vinylallenols, which by
thermolysis will rearrange to the related vitamin D derivatives. Accordingly, a study on reduction
of vitamin D-type vinylallene 1-one compounds with a variety of reagents was undertaken, but did
not point to any significant stereoselectivity (Table 9).2'*

CONCLUSION

The complex interplay of electronic, steric, and neighbouring group effects operating in the
reduction by different methods of unsubstituted and/or variously substituted 1-oxo-steroids was
assessed, in an attempt to outline the unique character of the carbonyl group at C-1 in the A/B rings

* In another view, the tricoordinated diisobutylaluminium hydride forms a complex with the carbonyl group before the
reduction and thus cannot chelate, whereas the methoxy- and carbonyl groups do chelate with the lithium atom of lithium
aluminium hydride but not with sodium borohydride/alcohol.”?
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system. The experimental results discussed herein should enable the choice of reducing agents and
conditions needed in order to prepare conveniently either C-1 epimeric alcohol in all steroidal series.
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