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Abstract—The first examples of the directed, boron-mediated aldol reaction between different ketones are presented. Transformation of a
variety of ketones to their corresponding boron enolates with Chx2BCl/Et3N, followed by reaction with acceptor ketones in diethyl ether,
and oxidation of the resultant boron aldolate (H2O2, MeOH/pH 7 buffer), provided the aldol addition products. The reaction was most facile
when cyclic ketones were used, with the highest yields obtained for the reaction of boron enolates with cyclohexanone as the acceptor. ©
2004 Elsevier Science. All rights reserved

The directed aldol reaction is one of the most valuable
carbon-carbon bond-forming processes available to the
organic chemist.1 Amid the plethora of available
procedures, the aldol reaction of boron enolates with
aldehydes has found particularly widespread application in
stereoselective organic synthesis.2 Attractive features of
this process include the highly predictable regio- and
stereoselective outcomes that can be achieved with a
variety of ketones and aldehydes, under mild conditions.
The many applications of this reaction to the late-stage
coupling of complex molecules in the area of natural
product synthesis,3 serve to highlight the reliability and
functional group tolerance of this transformation. However,
despite the exemplary nature of the boron-mediated aldol
reaction of ketone-derived enolates with acceptor
aldehydes, there have been no reports of the reaction of
boron enolates with acceptor ketones to give aldol addition
products in synthetically useful yields. In contrast to the
myriad of procedures available for directed aldol reactions
employing aldehydes as acceptors, there are relatively few
general procedures for the directed aldol reaction of two
different ketones. Reactions of ketone-derived, Sn(II),4
Ce(III)5 and Ti(IV)6 enolates with acceptor ketones have
been reported, however, examples of the direct crosscoupling of differing aliphatic ketones have been limited to
the last of these procedures.6a,c
As part of a program directed toward the synthesis of
sterically-congested 1,3-diols, we have investigated the

boron-mediated aldol reaction between two different
ketones for the construction of highly substituted βhydroxy ketones. We now report the reaction of
dicyclohexylboron enolates, derived from an assortment of
aliphatic ketones, with a variety of acceptor ketones, to
provide the aldol addition products under mild conditions.
Initial experiments involved the enolisation of
cyclohexanone (Chx2BCl, Et3N, Et2O),7 to give the
corresponding boron enolate in situ, and subsequent
reaction with acetone or 3-pentanone (Et2O, 5 °C, 16 h),
followed by treatment with H2O2 in MeOH/pH 7 buffer
(Scheme 1). The reaction with acetone afforded the
expected aldol product 1a in low yield (15%), along with a
comparable quantity of compound 2 (12%),8 presumably
resulting from the reaction of cyclohexanone with its
corresponding dicyclohexylboron enolate. In contrast,
attempts to extend this reaction to 3-pentanone failed to
give any of the desired aldol product 1b. Changing the
reaction solvent to pentane led to only trace quantities of
aldol products.
While the low yields obtained using the simple acyclic
ketones, acetone and 3-pentanone, suggested that ketones
are relatively unreactive towards boron enolates, as implied
by the lack of literature precedence in this regard, we were
intrigued by the apparent reactivity of cyclohexanone as an
acceptor under these conditions.
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Table 1. Boron-mediated aldol reaction between cyclic ketones.
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The boron-mediated aldol reaction
of
simple
cycloalkanones was systematically studied for five- to
seven-membered rings (Table 1).9 In all cases studied, the
desired cross aldol product could be isolated in low to good
yields. The highest yields were obtained when
cyclohexanone was used as the acceptor ketone (entries 1
and 6, 70% and 64% respectively). The lower yields
obtained with cyclopentanone or cycloheptanone as the
acceptor under the standard reaction conditions, are
attributed to a slower rate of reaction. In the case of the
cycloheptanone-derived
enolate
reacting
with
cyclopentanone (entry 5), increasing the reaction time from
16 h to 40 h led to a moderate increase in yield (41 →
61%).10 Furthermore, reactions involving cyclohexanone as
the donor ketone (entries 3-4) resulted in the formation of
small amounts of 2 (5-8%). In contrast, when
cyclopentanone or cycloheptanone were used as the donor
ketone, none of the analogous “self-aldol” product was
obtained (entries 1-2, 5-6). These findings serve to
demonstrate the high reactivity of cyclohexanone as an
acceptor ketone in these reactions.
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Variation of the reaction conditions, e.g. rate/order of
addition, enolisation temperature (–78 °C) and solvent
(pentane, CH2Cl2), failed to improve the overall yield of
aldol product or decrease the quantity of 2 produced in
these reactions. Furthermore, the use of the corresponding
di-n-butylboron enolates, gave lower yields of the desired
aldol products (<20%). In this case, the reaction was
conducted in CH2Cl2, which we have found to be a greatly
inferior solvent for this reaction, and therefore the low
yields likely illustrate the effect of solvent on the rate of the
reaction, rather than the nature of the boron ligands.
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Compounds 2 and 3d were not separable by flash chromatography.

Aldol reaction at 5 °C for 40 h gave a 61% yield of 3e.

c

The yields obtained using cyclic ketones as acceptors in
these aldol reactions correspond with their rates of
reduction with sodium borohydride,11 reflecting the relative
reactivity of each of these ketones toward nucleophilic
addition. Molecular mechanics calculations have been used
to rationalise the differing reactivity of cyclic ketones
according to ring size.12 Of the acceptor cycloalkanones
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studied here, only cyclohexanone has been calculated to be
more strained than the corresponding hydrocarbon,
cyclohexane. Moreover, the inability to have an alkyl group
eclipsing the carbonyl has been used to rationalise the
increased strain of cyclohexanone relative to 3-pentanone.
Hence, cyclohexanone represents a particularly reactive
acceptor ketone for the boron-mediated aldol reaction, due
to lack of steric hindrance about the carbonyl group and
release of ring strain upon nucleophilic addition.13 Noting
the superior results obtained with cyclohexanone as the
acceptor in these boron-mediated ketone-ketone aldol
reactions, the scope of this transformation was further
explored using a variety of ketone donors and
cyclohexanone as the acceptor (Table 2).

3

The aldol reaction of acyclic donor ketones, acetone and 3pentanone, with cyclohexanone proceeded less rapidly,
requiring 40 h to yield the corresponding aldol products, 4b
and 4c, respectively (entries 2 and 3).14 The aldol reaction
with a heterocyclic donor ketone, N-benzyl-4-piperidone,
provided 4d (entry 4) in good yield (75%).
The aldol products produced by the methods outlined here
could, in principle, be reduced to 1,3-diols by a variety of
methods. In order to verify the stereochemical assignments
of cis- and trans-4a (Table 2, entry 1), the major
diastereomer was subjected to NaBH(OAc)3 in
dichloromethane (Scheme 2).15 The corresponding,
crystalline 1,3-diol 5 was produced as the major
diastereomer (96:4 dr by GC and 1H NMR analysis).

Table 2. Boron-mediated aldol reaction between ketones and
cyclohexanone.
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The aldol reaction proceeded smoothly with 2methylcyclohexanone as the donor ketone (entry 1), via
regioselective enolate formation, providing the aldol
product 4a in good yield (75%), as a 2:1 mixture of cis and
trans diastereomers, respectively. The stereochemistry of
each of these were assigned on the basis of 1H NMR
coupling constants and NOESY spectra, and confirmed by
X-ray crystallographic analysis of a derivative, vide infra.

HO HO
Me
H

(40%, 96:4 dr)

cis-4a

H
5

OAc
B

AcO

OAc
O
B
H
OAc

O
H
O

H

(52%)
3b

H

H

(75%, 2:1 cis/trans-)
O

NaBH(OAc)3 ,

O HO
Me

4a

2b

Me
H

Me

H

O
H Me
TS-2

TS-1

Scheme 2. Reduction of cis-4a.

The structure and relative stereochemistry of 5 were
determined by single crystal X-ray diffraction,16-21 which
confirmed the aldol reaction gave predominantly the cisdiastereomer, while reduction occurred via equatorial
delivery of hydride to cis-4a (Figure 1). This is in contrast
to the reduction of syn- and anti-cyclohexanone–
benzaldehyde aldol adducts with NaBH(OAc)3, which
provide as the major products, 1,3-diols resulting from
axial delivery of hydride.15
Inspection of models, in relation to Evans’ mechanistic
studies on triacetoxyborohydride mediated reduction of
hydroxyketones,22 suggests that the stereoselectivity
observed in the reduction of cis-4a to 5 may arise by
internal delivery of hydride via a boat-like transition state
TS-1, leading to the axial alcohol.23 The boat-like transition
state, TS-2, for internal delivery of hydride in an axial
sense suffers from severe 1,4- steric interactions between
the acetoxy group on boron and a CH2 of the
cyclohexanone ring. Examination of alternative, chair-like
transition states for internal delivery of hydride to either
face of the ketone, suggests these are unfavourable in each
case due to 1,3-diaxial interactions between an acetoxy
group and an axially-oriented CH2 of one of the sixmembered rings.24
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Figure 1. ORTEP19,25 depiction of 5, with 50% displacement ellipsoids.

In summary, the boron-mediated ketone-ketone aldol
reaction has been shown to be a facile process with cyclic
acceptor ketones. In particular, cyclohexanone was found
to react with a variety of boron enolates to afford the cross
aldol products in good yields. Further efforts to explore the
stereoselectivity of this reaction with substituted ketones,
and to functionalize the aldol products toward stericallyencumbered 1,3-diols and related compounds, will be
reported in due course.
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