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Stereoselectivity in the catalytic hydrogenation of an olefin is usually explained by differences in
steric hindrance to the two faces of the C-C double bonv:l.l We have now found that hydrogenation of a simple,
a;f-unsaturated ketone (enone) la shows a hundred-fold variation in stereoselectivity with changes in catalyst

and conditions, with addition of hydrogen occurring preferentially from the more hindered face of the molecule

(Tables). The exceptional stereoselectivity shown by Pd, and earlier work on the hydrogenation of enones,
has prompted us to begin a study of the hydrogenation of enones and analogous conjugated system with special
emphasis on Pd catalysts and our preliminary results indicate the inadequacy of earlier mechanisms, that are in
any case partly controdicl'ory.s For example, McQuillin, Ord, and Simpson3 considered that 1, 4-addition to
5, was favoured by acid (protonation of the carbonyl oxygen before adsorption) and apparently also by non-polar
solvents (in which it was proposed that the oxygen coordinated with the metal, acting as a Lewis acid, leading
to an ‘uncoupling' of the double bond) and led to Sa-steroids (5a-§: trans-fusion of the A and B rings). In
contrast Augustine et ol .4 have suggested that 1, 4-aoddition was favoured by acid, polar aprotic solvents, and
the less polar hydroxylic solvents, but not by non-polar nor by very polar hydroxylic solvents and led to cis-
decal-2-one (cis—4) from 3

In a preliminary sfudy6 of the palladium catalysed hydrogenation of three deuteriated enones we have
observed cis-1, 2-addition of hydrogen (varying from «~80-85% in EtOH—1% HCI to 1004 5% in cyclohexane
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Table 1. SIereosdecﬁvityo for hydrogenation of lu d, b mainly in efhanol, and ;I.b,c, mainly CF3C02H
(data in brackets), 0.5M, at 20 /I atm, as a function of the cafalysl'

Substrate Catalyst: 5% Pd/C PO, Raney Ni R!"./A!203 Ry Ir
la = 90 @ 130 4.9 29%¢ 24 48
19 18 (18) - @.0)

18 - (13) - (3.4
1d 0.6 1.2 2.0 0.77 0.83  0.70

a R = [cis=g)/[trans-2] b R for reduction of 2,3-double bond only in 1d is given here: on investigation of
regio- and stereoselectivity in the hydrogenation of 1d and related dienes will be published elsewhere.®

€ See note 9 and Table 2. d Hydrogenation was stopped when 60-80% complete to avoid over-reduction

to alcohols. Slgmﬁcunf over~reduction to alcohols, which were re-oxidised to 2 with Jones' chromic
acid, was observed. fR reported as 1.3 for ~2M solution in EfOH/H o, 10 we have observed R = 1.6 for
2.5M solution in MeOH. gzb,c hydrolysed to 2a for analysis by GLC following hydrogenation; relatively
few solvents and catalysts are suitable for these substrates.

and neutral EtOH) in the major stereoisomeric products. As a working hypothesis, therefore, we suppose that
direct ¢is-1, 2-addition is the only important mechanism in neutral and weakly acidic media because (a) prior
enolisation by acid would have led to loss of deuterium and (b) 1, 4-addition followed by ketonisation, in view
of the known stereoselectivity in the ketonisation of c:yclc.’hexenols,7 would have given a more or less large
amount of trans-1, 2-addition overall. These observations are not consistent with the dichotomy of mechanism,
1,2-oddition and 1,4-addition followed by ketonisation, previously proposed to explain the effects of change
of solvent and acidity on the stereoselectivity of hydrogenation of bicyc|ic,4 e.g. 3 and sferoid3 () enones
over palladium.

Deuterium labeling experiments are not practicable in alkaline or strongly acid solutions and at present
there is no direct evidence conceming the mechanism in the former. We have found, however, that as the
acidity is raised from the dilute acids, in which cis-1,2-addition predominates and marked changes of stereo-
selectivity are found,3'4 to very high acidities (up to 64% sulphuric acid: Table 2) at which la will be

substantially protonated the stereoselectivity decreases. There is no clear evidence, therefore, that the

Table 2.  Stereoselectivity for hydrogenation of 1a (0.5M) over Pd/C as a function of solvent

. . _ MeOH b 20% 54%  64%
Solvent: MeOH EtOH iPrOH t-BuOH Me2CO Ef20 1% H.SO H20 H SO H SO H.SO CF CO F
2774 2 4 2774
R? 120 90 76 62 66 38 150 47 58 47 35 23

R= [iii-?_a]/[franh&:]. Data within each group of six solvents were determined using a single batch of

catalyst in the same apparatus by the same experimenter. b 0.125M.
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Figure. Suggested transition state for the

Pd-catalysed hydrogenation of la to cis-2a:
the formation of trans-2a may involve either
an axial 5-methyl group or a less favourable
relationship between the ring atoms and the

metal.

protonated enone Je is the substrate at low acidities, as has been assumed, and is hydrogenated with very high
stereoselectivity, whether by 1,2- or 1,4-oddition.

The part played by the carbonyl group in Ya is indicated by the considerable stereoselectivity shown in
the hydrogenation of the analogues ‘l_b ur:i Jde. but not .1;1,8 over Pd/C. This slulggests that the polar carbony!
group, like the polar C=N in l!a and C=N in Lc, acts as a Lewis acidic centre ' giving a more or less fully
formed w-allylic complex with Pd, the exact extent of bonding between Pd and C-1 depending on the polarity
of the C=X bond, sometimes augmented by hydrogen bonding when X = O, while the non-polar bond in Mdis
ineffective.

We suggest that the catalytic hydrogenation of enones over Pd catalysts takes place through predominant
cis-1,2-addition in which the product determining transition complex (see Fig.) involves hydrogenolysis of a
C-3 metal bond in a chemisorbed molecule in which strong metal-carbon bonding to C-2 and C-3 is
supplemented by Pd bonding to C-1 in the C=0O, with the ring in a chair-like rather than a boat-like
cc)nforrnm‘ion12 with the 5-methy| group equatorial. The minor product trans~2a may then arise from the chair-
like complex with a hindered axial 5-methy| or from a boat-like complex with an unhindered 5-methyl group.
For metals such as Ir, Rh, and Ru with little tendency to form w-allyl complexes there will be little bonding to
C-1 and low stereoselectivity is to be expected for any one of several product determining steps: it is notable,

however, that hydrogenation from the more hindered side of the molecule is always favoured.
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