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ABSTRACT

The feasibility of kinetic resolutions of racemic monosubstituted cyclohex-2-enones by Rh/binap-catalyzed reactions was investigated. 1,2-
Addition of AlMe3 to the 5-substituted derivatives furnished allylic alcohols in the matched case, while the less reactive enantiomers were either
left over or transformed into trans-3,5-disubstituted cyclohexanones in parallel or sequential 1,4-additions. Altogether, these represent
regiodivergent reactions on racemic mixtures. In contrast, 1,4-addition of aryl groups led to inferior results since either catalyst or substrate
control dominated.

Enantioselective additions of carbon nucleophiles to
cyclic enones, particularly cyclohex-2-enones, are highly
important transformations in organic synthesis. For 1,4-
additions, Cu-catalyzed processes are well established,1

yet the Rh-catalyzed 1,4-addition of aryl groups, the
Hayashi�Miyaura reaction, has also been developed
into a powerful tool.2While boron organyls are the principal
reagents in this transformation, other metal organyls, e.g.
zinc reagents, can be used aswell.2c,e Recently, we reported
on the first Rh/binap-catalyzed addition of aluminum
organyls,3 which surprisingly occurs in a highly selective

1,2-manner and thus yields valuable enantiopure tertiary
allylic alcohols.4

In the case of 1,4-addition, most studies were performed
on cyclohex-2-enone itself or on 3-substituted derivatives.5

In contrast, little is known about reactions with chiral
cyclohex-2-enones, even though such compounds are
the rule rather than the exception when it comes to the
preparation of synthetic targets. Additionally, the correla-
tion of substrate control and catalyst control is interesting
formechanistic and synthetic reasons; it can open the door
to kinetic resolutions of racemic starting materials, if both
modes of control are comparably strong.6 To the best of
our knowledge, 4-substituted chiral cyclohex-2-enones
were never investigated under Rh-catalysis but show sig-
nificant substrate control in Cu-catalyzed 1,4-additions,7
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thus allowing for a moderately effective kinetic resolu-
tion.7d Rh-catalyzed 1,4-additions to racemic 5-TMS- or
5-phenylcyclohex-2-enone proceeded with high enantio-
selectivity but low diastereoselectivity, thus revealing the
predominance of catalyst control.8 Substrate control,
however, can prevail under Cu-catalysis resulting in only
one diastereomer, but with low ee.8c With a different Cu-
catalyst, however, Feringa et al. achieved very impressive
kinetic resolutions of various 5-substituted derivatives.7d

Finally, 6-substituted cyclohex-2-enones exerted very low
substrate control inbothCu-andRh-catalyzed1,4-additions,
and mixtures of diastereomers were obtained which, via
their enolates, could be epimerized into enantiopure trans-
2,5-disubstituted cyclohexanones.9,10 Herein, we report on
kinetic resolutions of 4- and 5-substituted cyclohex-2-
enones by Rh/binap-catalyzed 1,2-addition of AlMe3 or
1,4-addition of boron and zinc organyls.
First, addition reactions to geminal dimethylated cyclo-

hex-2-enones were studied to determine whether substitu-
ents in the respective positions would interfere with the
catalyst. As already reported,4 1,2-addition of AlMe3 to
the 4,4-dimethylated 1b occurred in the same high yield as
in the case of the unsubstituted 1a (Table 1, entries 1, 2).
The 5,5-dimethylated 1c furnished only a moderate yield,
while the 6,6-disubstituted 1d showed again a very high
reactivity (entries 3, 4). In contrast, 1b did not undergo a
1,4-addition of PhB(OH)2 but slowly decomposed, while
1c smoothly reacted to cyclohexanone 3cm (entries 5, 6).
These results led to the hypothesis that the 1,2-addition

is most promising for kinetic resolutions of 5-substituted
cyclohex-2-enones whereas the 1,4-addition might be sui-
table for those with substituents in the 4-position. There-
fore, racemic 5-methylcyclohex-2-enone (1e) was reacted
with AlMe3 (1.2 equiv) and GC analysis revealed the
formation of the 1,2-adduct cis-(R,R)-2e in 50% yield with
79% ee, together with the 1,4-adduct (S,S)-4e (15% yield,
96% ee) and traces of trans-2e (Table 2, entry 1). Enantio-
pure (R)-1ewas then treatedwith theRh-catalysts contain-
ing (S)- and (R)-binap, respectively, and the former turned
out to be the matched pair furnishing only cis-2e in an
excellent yield (entry 2). In the case of themismatched pair,
however, both diastereomers of the 1,2-adduct 2e were
obtained in 9% combined yield and, additionally, the 1,4-
adduct (R,R)-4ewas formedas a single diastereomer in 16%
yield, most likely the consequence of a trans-selectivity

under substrate control (entry 3).11 Obviously, steric inter-
actions hampered the regular coordination of (R)-1e to the
(R)-catalyst, but some sort of unspecific activation must
have occurred. These results elucidate that, under the
conditions of entry 1, (S)-1e is transformed unspecifically
leading to the moderate 79% ee in the formation of cis-2e.
Finally, rac-1e was treated with the racemic catalyst, which
furnished almost exclusively cis-2e (entry 4). Thus, the
inherent 1,2-selectivity of the Rh-catalyzed AlMe3 addition
is maintained and combined with strong substrate control,
leading to a highly selective approach of the methyl group
from the face opposite to the substituent in the 5-position.
Under the conditions for akinetic resolutionwith 0.5 equiv

of AlMe3, rac-1e reacted extraordinarily well furnishing
almost exclusively the expected cis-(R,R)-2e in 46% yield
with95%ee togetherwithunreacted (S)-1e in 32%yieldwith
97% ee (entry 5). Similar results were obtained at a lower
temperature, with the air-stable Lewis acid�base pair
DABCO 3 2AlMe3 (DABCO = 1,4-diazabicyclo[2.2.2]-
octane)12 or with the bulkier 5-isopropylcyclohexenone
1f (entries 6�8).Compared to theknownkinetic resolution
of 5-substituted cyclohex-2-enones by Cu-catalyzed 1,4-
additions,7d this procedure furnishes synthetically interest-
ing allylic alcohols in high yield andoptical puritywhile the
amount of recovered starting material is lower due to
unspecific side reactions.
Besides the possibility of a kinetic resolution, the Rh-

catalyzed addition of AlMe3 to 1e is an unprecedented
example of a regiodivergent reaction on a racemic mixture
(regiodivergent RRM)6 due to the formation of the

Table 1. Addition to Geminal Dimethylated Cyclohex-2-enones

aA: [Rh(cod)OMe]2 (2.5 mol %), (S)-binap (6.0 mol %), THF, rt,
15 min, then enone, AlMe3 (1.0 equiv), temp, time. B: [Rh(cod)OH]2
(1.5 mol %), (R)-binap (3.6 mol %), dioxane/H2O (10:1), rt, 1 h, then
enone, PhB(OH)2 (2.5 equiv), temp, time. bYield of isolated product,
GC yield in parentheses. cDetermined by chiral GC. d See ref 4. e [Rh-
(cod)Cl]2 and 1.2 equiv of AlMe3 were used.

f Slow decomposition.
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1,2-adduct cis-2e from (R)-1e and the 1,4-adduct 4e from
(S)-1e (entry 1). Because the attempted optimization of the
yield of (S,S)-4emetwith little success we envisaged a trans-
formation which may be called “sequential regiodivergent
RRM”: The kinetic resolution of 1e by a 1,2-addition to the
(R)-enantiomer followed by a 1,4-addition to the less
reactive (S)-enantiomer in the same reaction vessel.
As the achiral complex [Rh(cod)Cl]2 (cod = cyclo-

octadiene) catalyzes the racemic 1,4-addition of AlMe3 to
cyclohex-2-enone,4 experiments were performed in which
in situ formed [Rh(binap)Cl]2 for the 1,2-addition and an
excess of AlMe3 were present from the beginning; addi-
tional [Rh(cod)Cl]2 was added after a time delay (time 1,
Table 3). A delay of 15 min was obviously too long as (S)-
1e had already partially reacted in an unspecific manner
(concluded from the low ee of cis-2e and the low yield of
(S,S)-4e, entry 1). Addition of [Rh(cod)Cl]2 after only
5 min furnished 4e in higher yield with a low ee, indicating
incomplete conversion of (R)-1e at this time (entry 2). The
best results were obtained with a time delay of 10 min at rt
leading to a 75% combined yield of 1,2- and 1,4-adduct,
both with >90% ee (entry 3).

The facial selectivities of the Rh-catalyzed 1,2- and 1,4-
addition to cylohex-2-enone are reversed: while (S)-binap

directs the 1,2-addition of AlMe3 to the si face, the 1,4-
addition of aryl groups occurs on the opposite face.2,4

Thus, we envisaged another special type of divergentRRM,
a parallel kinetic resolution (PKR)6 with the same chiral
precatalyst but two different organometallic reagents. Cata-
lyzed by Rh/(S)-binap, the 1,2-addition of AlMe3 to (R)-1e
is the matched pair (cf. Table 2, entry 5). We expected that
the 1,4-addition of PhZnCl to (S)-1e to form trans-(3S,5S)-
3-methyl-5-phenylcyclohexanone3em shouldbe thematched
pair in the conjugate addition because it would fit with the
usual trans-selectivity of substrate control. Although both
addition reactions must proceed via entirely different me-
chanisms, and thus different catalytic species, it was indeed
possible to perform them in parallel (Scheme 1).13 Both,
product (R,R)-2e from the 1,2-addition of AlMe3 and pro-
duct 3em from the 1,4-addition of PhZnCl were formed in
33%yieldwith ee’sg95%; however, the latterwas formed as
a trans/cismixturewitha4:1dr.Using thebulkier substrate1f
the diastereoselectivity was only slightly increased.

These results are highly interesting from a conceptual
and mechanistic point of view, but not completely

Table 2. Rhodium-Catalyzed Addition of AlMe3 to 5-Substituted Cyclohex-2-enones

aGC yield, isolated yield in parentheses. bDetermined by chiral GC. c 96% ee. d 0.5 equiv of DABCO 3 2AlMe3 was used.

Table 3. Kinetic Resolution of 1e Followed by 1,4-Addition of
Remaining (S)-1e

aGCyield. bDetermined by chiralGC. cReaction carried out at 0 �C.

Scheme 1. Parallel Rh-Catalyzed 1,2-Addition of AlMe3 and
1,4-Addition of PhZnCla

aYields determined byGC. bAdditionally 19%of (S)-1ewith 96%ee.

(15) cis-Selective 1,4-additions of cuprates to enantiopure 5-alkoxy-
cyclohex-2-enones have been described: Hareau, G. P. J.; Koiwa, M.;
Hikichi, S.; Sato, F. J. Am. Chem. Soc. 1999, 121, 3640–3650 and
references therein.
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satisfying due to the moderate dr in the formation of the
1,4-adducts. To analyze the substrate control, PhZnCl or
PhB(OH)2 were added to enone 1e furnishing 1:1 mixtures
of cis- and trans-3em in excellent optical purities (Table 4,
entries 1, 2). From GC analyses of the reaction progress,
the ratio of rate constants kfast/kslow (the s-factor)6 was
calculated as 5.8�6.1 with PhZnCl and 1.3�1.5 with
PhB(OH)2.

14 These low selectivities could not be increased
using the bulkier enone 1f or the bulkier (o-Tol)ZnCl
(entries 3, 4). In the absence of any catalyst control, i.e.
with rac-binap, formation of the trans-diastereomers was
favored with selectivities from 4:1 to 12:1 (entries 5�8).
Thus, the strong catalyst control of the Hayashi�Miyaura
reaction outpaces the significant substrate control of such
enones.8a,b This contrasts sharply with not only the corre-
sponding Cu-catalyzed 1,4-additions7d,8c but also the [Rh-
(cod)Cl]2-catalyzed 1,4-addition of AlMe3 which led to
pure trans-product 4 (cf. Table 3). Although this is a
problem for the PKR described above (Scheme 1), it
enables the diastereoselective formation of cis-3,5-disub-
stituted cyclohexanones from enantiopure 5-substituted
cyclohex-2-enones: The transformation of (R)-1e cata-
lyzed by the (S)-catalyst furnished almost pure cis-3em
(entry 9) and is, to the best of our knowledge, the first cis-
selective 1,4-addition to a 5-substituted cyclohex-2-enone
which is not based on precoordination of the reagent to a
heteroatomic substituent.15

Drawn from the 1,4-additions to the geminal disubsti-
tuted cyclohexenones a much stronger substrate control
was expected in the case of 4-substituted cyclohexenones

(cf. Table 1, entries 5, 6). Yet, when 1g was treated with
PhB(OH)2 and [Rh(binap)OH]2, no conversion occurred
and a change in color from red to yellow indicated de-
composition of the catalyst. Transformationwith themore
reactivePhZnCl, however,was possible and furnishedonly
the trans-diastereomer 3gm in a good yield but with very
low ee (Scheme 2). Inferior results were achieved when
varying the aryl group, and time-resolved GC analysis of
the reactionwith 0.5 equiv of PhZnCl revealed amaximum
eeof 74%for 3gm at 13%conversion and amaximumeeof
15% for 1g at 21% conversion.14 The substrate control of
1g thus almost completely overrides catalyst control,
making kinetic resolutions hardly possible.

In summary, it can be stated that the ratio of rate con-
stants kfast/kslow is very low in Rh/binap-catalyzed 1,4-
additions of aryl groups to chiral cyclohex-2-enones be-
cause catalyst control is too strong in the case of a 5- or
6-substitution8,9 and substrate control is too strong in the
case of a 4-substitution. The 1,2-addition of AlMe3, how-
ever, allows for a kinetic resolution of 5-substituted deri-
vatives, and interesting regiodivergent reactions can be
accomplished either as sequential reactions of the same
metal organyl with two different catalysts or as parallel
reactions of two different metal organyls with the same
catalyst. This special behavior of 5-substituted cyclohex-
enones in 1,2- and 1,4-additions and the opposite facial
selectivity strongly suggest two entirely disparate reaction
mechanisms. Contrary to the conjugate addition, the
methyl group might be delivered directly from the alane
and not via transmetalation to rhodium.
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Table 4. 1,4-Addition of ArZnCl and PhB(OH)2 to Enones 1e,f

aA: (1) [Rh(cod)Cl]2 (1.5 mol%), binap (3.6 mol%), THF, rt, 15min;
(2) 1, PhZnCl (1.5 equiv), 0 �C, 30 min. B: (1) [Rh(cod)OH]2 (1.5 mol %),
binap (3.1mol%), dioxane/H2O(10:1), rt, 1h; (2) 1e, PhB(OH)2 (2.5 equiv),
35 �C, 4 h. C: (1) [Rh(cod)Cl]2 (1.5 mol%), binap (3.6 mol%), THF, rt,
15 min; (2) 1e, (o-Tol)ZnCl (1.5 equiv), 0 �C, 1.5 h. b Isolated yield of
inseparable mixtures of trans- and cis-3. cDetermined by 1H NMR of
the crude product. dDetermined by chiral HPLC. eReaction time 1.5 h.
fDiastereomers separable by chromatography.

Scheme 2. 1,4-Addition of Various Aryl Groups to Enone 1g
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