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ABSTRACT: The silylation-based kinetic resolution of trans 2-arylcyclohexanols was accomplished by employing a triaryl silyl
chloride as the derivatizing reagent with a commercially available isothiourea catalyst. The methodology is selective for the trans
diastereomer over the cis, which provides an opportunity to selectively derivatize one stereoisomer out of a mixture of four. By
employing this technology, a facile, convenient method to form a highly enantiomerically enriched silylated alcohol was
accomplished through a one-pot reduction−silylation sequence that started with a 2-aryl-substituted ketone.

The formation of enantiopure secondary alcohols is an
important endeavor due to their prevalence in the synthetic

community as building blocks. Specifically, enantiomerically pure
2-arylcyclohexanols are widely used as chiral auxiliaries in a
variety of asymmetric reactions.1 While these compounds can be
synthesized asymmetrically,2 a viable economical approach is to
enrich them through kinetic resolutions:3 enzymatically4 or
nonenzymatically.5 The nonenzymatic, small molecule approach
usually offers the advantage of facile access to both enantiomers
of the resolution catalyst. Even though a number of these
methods are highly selective toward resolving 2-arylcyclohex-
anols, many of them are selective for or react with both
diastereomers of the alcohol, cis and trans.5a,d,g,k−mTwo common
methods to form these alcohols are through nucleophilic opening
of epoxides and reduction of 2-arylcyclohexanones.6 While trans-
substituted 2-arylcyclohexanols are selectively formed from the
epoxide opening, the ketone reduction generates a mixture of
diastereomers. When the reduction method is used, this means
additional purification steps are needed to separate the
diastereomers before the kinetic resolution can be performed.
Herein we report the selective silylation-based kinetic resolution
of trans-2-arylcyclohexanols, with selectivity factors up to the 50s
employing a commercially available catalyst. The method is
selective for the trans compound over the cis and can selectively
resolve the trans-substituted compound out of a mixture of
diastereomers (cis and trans) in order to isolate the silylated
product in excellent enantiomeric ratios.
Silylation-based kinetic resolutions have been growing in

interest over the last 10 years,7 with a variety of substrates being
resolved through either nucleophilic activation of silyl chlorides8

or dehydrogenative silylation.9 Regarding the silyl chloride
activation method, our group has developed a silylation-based
kinetic resolution for the enrichment of cyclic secondary
alcohols10 and α-hydroxy lactones and lactams11 with selectivity
factors up to 100 (Scheme 1). The method employs either the

isothiourea catalyst tetramisole (1) or benzotetramisole (2) first
reported by Birman12 and triphenylsilyl chloride (3a) as the silyl
source for the selective silylation of one enantiomer over another.
The kinetic resolution of trans 2-phenylcyclohexanol (4) was

attempted using conditions similar to those in Scheme 1. When
catalyst 1 was employed, very little selectivity was obtained
(Table 1, entry 1), but changing the catalyst to 2 improved the
selectivity factor to 6 (Table 1, entry 2). We have previously
noted that the choice of silyl group can dramatically affect the
selectivity of the kinetic resolution, with three phenyl groups on
silicon being particularly important.10 Most recently, we
discovered that electron-donating alkyl groups in the para
position of the phenyl groups on triphenylsilyl chloride resulted
in improved selectivity.13 When tris(4-isopropylphenyl)silyl
chloride (3b) was investigated, an improvement in selectivity
was again observed (Table 1, entry 3) with an increase in silyl
chloride equivalents and reaction time to improve conversion.
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Scheme 1. Previous Silylation-Based Kinetic Resolutions
Performed by Our Group

Letter

pubs.acs.org/OrgLett

© 2015 American Chemical Society 2408 DOI: 10.1021/acs.orglett.5b00919
Org. Lett. 2015, 17, 2408−2411



Interestingly, the previously more selective, sterically hindered
tris(4-tert-butylphenyl)silyl chloride (3c) was unreactive under
the reaction conditions (Table 1, entry 4), even with increased
reaction time relative to that used for entry 3 in Table 1. In the
absence of catalyst there is no background reaction after 24 h,
even when the less sterically hindered silyl chloride 3a is used.
With this information in hand, kinetic resolutions were

performed on a number of trans-2-arylcyclohexanol substrates
employing the more selective isopropyl-substituted silyl chloride
(Table 2). When the aryl group of the alcohol was substituted
with a methoxy, the selectivity generally improved compared to
just a phenyl (Table 2, entry 2−4 vs entry 1), but the selectivity
was dependent on the position of the methoxy on the aryl group
(ortho, meta, or para). The ortho-substituted compound (Table
2, entry 2) had a lower conversion probably due to the increased
steric effect, with amodest selectivity factor of 13. Them- (6) and
p-methoxy-substituted compounds (Table 2, entries 3 and 4)
had excellent selectivity factors of 53 and 28, respectively. Them-
fluoro-substituted aryl compound had significantly higher
selectivity over just a phenyl group (Table 2, entry 5 vs entry
1), but when an electron-donating m-methyl-substituted aryl
group was employed, it was only modestly more selective than a
phenyl group (Table 2, entry 6, s = 14). The aryl π system proved
to be important for selectivity, as shown by the very small
selectivity factor of the saturated cyclohexyl-substituted substrate
(Table 2, entry 7). The increased π surface area of a 1-naphthyl
aryl group proved too bulky, with only modest conversion (11%)
and selectivity (Table 2, entry 8). Cyclohexanol rings are needed
for selectivity, as shown by the inability of the method to resolve
2-phenylcyclopentanol (Table 2, entry 9). The importance of the
isopropyl-substituted silyl chloride for maintaining high
selectivity was demonstrated when the m-methoxy-substituted
compound 6 was resolved with triphenylsilyl chloride (3a),
resulting in a much lower selectivity factor (s = 13, conv = 45%)
as compared to entry 3 in Table 2 (s = 53). Finally, the
methodology can be scaled up to gram scale without any loss in
selectivity,14 and the silyl ether product 5b was efficiently
desilylated with fluoride to obtain the alcohol in 86% yield.
As for cis 2-arylcyclohexanols, those substrates failed to even

silylate under the kinetic resolution reaction conditions. Both the
phenyl and m-methoxyphenyl cis-substituted compounds (7 and
8, respectively) were employed, but no conversion was observed
(Scheme 2). This is likely attributed to the position of the alcohol
in the cyclohexane chair conformation, axial versus equatorial.

Employing A values, it is simple to figure out the lowest energy
conformation of cis- and trans-2-phenylcyclohexanols 4 and 7
and the percentage of each compound found at that
conformation. Due to the larger A value of a phenyl substituent
over an alcohol (2.8 and 0.95 kcal/mol, respectively),16 the
phenyl group controls the overall conformation of 4 and 7 by
placing the phenyl group in the lower energy equatorial position
(Scheme 2). This results in >99% of 4 in the conformation where
the alcohol is equatorial and 99% of 7where the alcohol is axial at
−78 °C. The position of the alcohol, axial versus equatorial,
seems to dictate the reactivity of the alcohol toward silylation in
this methodology. This is further validated by employing cis- and
trans-4-tert-butylcyclohexanols (Scheme 2). These compounds
lack any substituents in the 2-position, eliminating any effect the

Table 1. Optimization of Catalyst and Silyl Chloride for the
Silylation-Based Kinetic Resolution of 2-Phenylcyclohexanol

entrya catalyst 3, R
R3SiCl
(equiv)

time
(h)

convb

(%) sb

1 1 3a, Ph 0.6 24 52 2
2 2 3a, Ph 0.6 24 59 6
3 2 3b, p-i-Pr-Ph 0.65 48 51 10
4d 2 3c, p-t-Bu-Ph 0.65 72 <5c

aReactions were run at a concentration of 0.42 M with respect to
alcohol. bSee ref 15. cConversion was determined by 1H NMR.
dReactions were run at a concentration of 0.28 M with respect to
alcohol.

Table 2. Substrate Scope of the Silylation-Based Kinetic
Resolution of trans-2-Arylcyclohexanols

aReactions were run for 48 h at a concentration of 0.42 M with respect
to alcohol on a 0.4 mmol scale. bSee ref 15.
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phenyl group of cis-2-phenylcyclohexanol may have played. Since
the A value of a tert-butyl group is 4.7 kcal/mol,16 at low
temperatures these compounds have a nearly quantitative bias
toward one conformation (>99.99%) with the hydroxyl group in
either the axial (cis) or equatorial (trans) position. This reduces
the possibility of the Curtin−Hammett principle playing a role by
eliminating the presence of one conformation. When the
compound was subjected to the same reaction conditions as
above, again the hydroxyl group in the equatorial position
becomes silylated and the hydroxyl group in the axial position is
unreactive toward silylation.
The reactivity of other cis-2-substituted cyclohexanols toward

silylation can be determined by again employing A values to
calculate the population of the two main chair conformations.
Substituents with small A values result in the presence of both
conformations, with the alcohol in both the axial and the more
reactive equatorial position. The methyl group has an A value of
1.74 kcal/mol, resulting in cis-2-methylcyclohexanol (9) having
approximately a 12% population of the conformation with the
alcohol equatorial and 88% of the methyl axial (at −78 °C)
(Scheme 2). As expected, there was significant conversion (54%)
of 9 to the silylated ether due to the increased concentration of
the more reactive conformation. Even though the substrate could
be silylated, the methodology was not selective for this substrate
(s = 1.4).
The selectivity of trans compounds being reactive and cis

compounds being completely unreactive provides the oppor-
tunity to selectively resolve trans enantiomers in the presence of
cis enantiomers. This allows for one compound to be silylated
selectively over the three other stereoisomers (Scheme 3).
Additionally, we wanted to start with a ketone in a one-pot
reduction−silylation procedure. The reduction can be accom-
plished through an ammonia−borane ketone reduction in
methanol.17 This reduction is essentially traceless after the
removal of solvents, due to the volatility of the B(OMe)3
byproduct. Therefore, after the reduction of 2-(3-methoxy-
phenyl)cyclohexanone, the solvent was removed, and the
mixture of trans and cis alcohols 6 and 8 (dr = 2.5:1) was
subjected to the kinetic resolution without chromatography or

further purification. In order to obtain the product with a high
enantiomeric ratio, the reaction needed to be stopped before full
conversion was achieved, which was accomplished through
limiting the amount of silyl chloride added (0.45 equiv). The
resulting one-pot process maintained the selectivity of previous
kinetic resolution runs (s = 50), and the resulting silylated
product (−)-11 was obtained with a high enantiomeric ratio of
97:3. This provides a valuable tool for the facile formation and
separation of 2-substituted cyclohexanol diastereomers from the
starting ketone by eliminating the need for a workup or
chromatography between reactions.
In conclusion, we have developed a procedure to effectively

resolve trans-2-arylcyclohexanols via a kinetic resolution employ-
ing a silylation methodology. The system obtains high selectivity
when the aryl group is derivatized with a fluoro or a methoxy
substituent. Compared to other methods, ours has the advantage
of selectively resolving the trans enantiomer from amixture of the
cis/trans diastereomers. This affords the opportunity to
selectively remove one compound from a mixture of four
stereoisomers. Because of this cis/trans selectivity, we were able
to determine that the alcohol needs to be in the equatorial
position to be silylated, with alcohols locked in the axial position
being completely unreactive. We are currently performing
studies to help elucidate the mechanism of this reaction.
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Scheme 2. Substrate Reactivity toward Silylation Based on the
OH Conformation (Axial vs Equatorial) and the Population
of That Conformation at −78 °C

aConversion determined via 1H NMR.

Scheme 3. One-Pot, Chromatography-Free Reduction
Followed by a Kinetic Resolution To Selectively Silylate One
Stereoisomer out of a Mixture of Four
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