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It is generally assumed (1) that the steric course of the reactions of cy-
clohexanones with hydrides and with Grignard reagents (2) is governed by two
factors:

(a) Steric Approach Control, which implies an essentially reactant-like
transition state, and is used to explain the predominant "equatorial attack®
(formation of axial alcohol IIA) observed in the reactions of hindered cyclo-
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hexanones (I, R = alkyl) with both hydrides (R' = H) and Grignard reagents;
(b) Product Development Control, which implies an essentially product-like

transition state, and is used to explain the predominant formation of the more
stable alcohol, observed in the reactions of unhindered cyclohexanones (I, R =

H): the axial alcohol (IIA, R' = alkyl) with Grignard reagents, and the equa-
torial alcohol (IIE, R' = H) with hydrides.

It seems most unlikely that, as this theory suggests, there can be any fun-
damental difference between the factors which determine the preferential ste-
ric outcome of these reactions in the case of open-chair ketones, on the one
hand, and of cyclohexancnes, on the other. It follows that the simple pre-
mises outlined in the accompanying communicatior (3) for open-chain carbonyl
compounds should, if they are valid, be applicable to cyclohexanones. We pro-
pose to show that this is indeed so, and that there is no need to assume a
change in the preferred transition state from one that is essentially reac-
tant-like in the case of sterically hindered cyclohexancnes, to one that is
essentially product-like in the case of unhindered cyclohexanones (4).
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The alternative interpretation is based upon the fact that, whereas both
torsional strain and steric strain can be simultaneously minimised in a reac-
tant-like transition state when the substrate is acyeclic, as in our sugges-
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ted preferred transition state A1¥ (3), this is not possible in the cyclohexa-
none case: formation of the axial alcohol (IIA) ("equatorial attack") implies
a partialily eclipsed transition state A* involving some degree of torsional
strain (3, 5), and formation of the equatorial alcohol (IIE) (maxial attack")
implies an essentially staggered transition state o involving some degree of
steric strain., We suggest, therefore, that these reactions all proceed via
reactant-like transition states, and that, in the absence of polar effects (6),
their steric outcome is determined by the relative magnitudes of torsional
strain in A% and of steric strain in Ef

When both R' and R are small, as is the case in the reaction between hydri-
des (R' = H) and unhindered cyclohexanones (R = H), steric strain in transi-
tion state et is expected to be small, smaller than the torsional strain in
transition state A% (7), and this will result (as observed) in the predominant
formation of the equatorial alcohol IIE. Although the product (IIE, R' = H)
happens in this instance to be the more stable of the twvo, this, we suggest,
is Portuitous; the predominant formation of the equatorial alcohol is due to
torsional strain in the reactant-like transition state A*, and not to the

kind of steric strain implied by the term "product development control® (8).

Making R bulky (e.g., alkyl) will lead to increased@ steric strain in tran-
sition state E*; the result is the observed formation of a regularly increa-
sing proportion of axial alcohol IIA (via transition state A*) as the number
or bulk of the axial substituents is increased (2b).

Increasing the reffective bulk" of the reagent should lead to the same
trend, since torsional strain in transition state A% is expected to remain
essentially unchanged (9); and the proportion of axial alcohol IIA is indeed
always larger from alkyl Grignard reagents (R' = alkyl), for example, than
it is from hydrides (R' = H) (2b). The "effective bulk" of the reagent is,
howvever, not always easy to assess, sirce it must depend not only upon the
nrintrinsic bulk" of R', but also upon such things as solvation, the length
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of the R'™...C bond in the transition state, and the mechanism whereby "R'™"
is being transferred from metal to carbon. For instance, despite its similar
tintrinsic bulk", allyl magnesium bromide, which reacts with electrophilic
substrates by an 8g2! mechanism (10), is expected to behave as an "effective-
ly" less bulky reagent than propyl magnesium bromide, because in the SE2'
transition state the magnesium and the carbonyl carbon are not bonded to the
same carbon atom; there should therefore be less steric strain in the tran-
sition state E¥, and hence more of the equatorial alcohol in the product,
wvhen R' = allyl than when R' = propyl.

This has been found to be the case: propyl magnesium bromide and allyl
magnesium bromide were allowed to react (at 0° in ether) with 4-t-butyl-cyclo-
hexanone, and the product ratios (IIIE/IIIA) were respectively 0.35 (R' =
propyl) and 1.06 (R' = allyl) (11). It is important to note that this steric
outcome is predicted neither by "product development control?", since the pre-

dominant epimer IIIE (R' = allyl) is certainly the less stable, nor by "ste-
o 'y
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ric approach control® since the predominant epimer is the equatorial alcohol,
formed by "axial attack",

In conclusion, the postulate that partial bonds in transition states can
be the source of considerable torsional strain has been made the basis of an
internally consistent interpretation of the steric course of the reactions
between carbonyl compounds and nucleophilic reagents such as hydrpides and
Grignard reagents. It seems, moreover, not unlikely that this postulate will
be found useful in other areas,
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