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ABSTRACT

The nucleophilic small molecule catalyst (�)-tetramisole was found to catalyze the kinetic resolution of monofunctional secondary alcohols via
enantioselective silylation. Optimization of this new methodology allows for selectivity factors up to 25 utilizing commercially available reagents
and mild reaction conditions.

Nonenzymatickinetic resolutions are apowerful technique1

for generating highly enantiomerically enriched chiral com-
pounds. Themost commonmethod for the kinetic resolution
of secondary alcohols is by acylation,2 but recently, silylation
basedkinetic resolutionshavebecomeanewandactiveareaof
research.3 Considerable attention has been given to this
methodology since silyl groups have a broad tolerance for
other functional groupsandhavemanyadvantagesoverother
protecting groups (orthogonal deprotection to other protect-
ing groups, ease and high yields of protection and deprotec-
tion, and easily tunable reactivity).4 Of the substrates targeted
for silylation-based kinetic resolutions, a practical level of
selectivity for monofunctional, bicyclic secondary alcohols,

such as 1, has remained elusive and suprisingly difficult until
now. This alcohol class contains useful chiral building blocks
and important core structures in biologically active
compounds5 such as dopamine agonists, selective norepi-
nephrine reuptake inhibitors, and anti-HIV agents. Although
these compounds are most commonly synthesized by the
asymmetric reduction of prochiral carbonyl compounds,6

the work described herein is the first kinetic resolution of
monofunctional secondary alcohols via silylation achieving
useful levels of enantioselectivity. Our method employs mild
conditions and utilizes commercially available reagents, there-
by circumventing the need to synthesize catalysts or novel
chiral silylating agents.
Great progress hasbeenmade in existing silylationbased

kinetic resolutions, but the substrates have been mostly
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limited to compounds exhibitingmultivalency such as syn-
diols,7 1,2,3- triols,8 pyridyl substituted alcohols,9 and
hydroxy ketones.10 Monofunctional alcohols have pro-
ven to be a difficult class of substrates because they
eliminate the possibility of two-point binding with
the catalyst, which is what the previous systems have
required to achieve good selectivity. The sole report of
an organocatalyzed silylation ofmonofunctional secondary
alcohols comes from the Ishikawa group but resulted in
low enantioselectivity.11

Our approach in silylation based kinetic resolutions of
alcohols employs a nucleophilic chiral catalyst to selec-
tively silylate one enantiomer over another. We investi-
gated a number of catalysts with different structuralmotifs
to see how this affected reactivity and selectivity (Figure 1).
The silylation reactions were run with 1-indanol (1) and
triphenylsilyl chloride (Ph3Si�Cl) to give enriched alcohol
and silylated product 2. It was discovered that the com-
mercially available chiral isothiourea (�)-tetramisole (3),2f

originally employed by Birman as an acylation catalyst,
gave the best selectivity factor12 of the catalysts studied,
whereas derivatives such as benzotetramisole (4)2f,13 and
(�)-p-bromotetramisole (5) showed less selectivity.14 In
the absence of catalyst, the background reaction was
minimal resulting in an 8% conversion after 45 h. By
comparison, the same substrate in the presence of 3 reaches
full conversion in less than an hour (Table 2, entry 1).
Nucleophilic tertiary amine catalysts such as cinchona
alkaloid based systems (6) or (�)-brucine (7) were not
found to be selective catalysts for this reaction.
Our choice of triphenylsilyl chloride proved important

in obtaining high selectivity and conversion in the kinetic
resolution. Alkyl substituted silyl groups such as triethyl-
silyl chloride (Table 1, entry 1) gave little selectivity
while the most sterically hindered silyl chlorides such as
t-butyldimethylsilyl chloride and triisopropylsilyl chloride
gavenoobservable conversionby 1HNMR(entries 5 and6).
The silyl groups, which gave both practical conversion
and a higher selectivity factor, were those possessing
phenyl substituents (entries 2�4). We observed that the
selectivity increased when the silicon protecting group
containedmore phenyl groups, with triphenylsilyl chloride
giving the highest selectivity factor of the silyl chlorides
screened.

We also showed that solvent polarity plays a role in
reaction selectivity. Polar, coordinating solvents such as
THF gave the highest selectivity factor, while other sol-
vents such as dichloromethane and toluene resulted in
lower selectivity factors (s = 2.8 to 3.6). Diethyl ether
inhibited the formation of product, presumably through

Table 1. Effect of the Substituents on the Silyl Groupa

entry “silyl” conv (%)b sb

1 Et3Si� 48 4.0

2 Me2PhSi� 50 3.4

3 Ph2MeSi� 46 5.2

4c Ph3Si� 59 8.6

5d tBuMe2Si� <5

6d iPr3Si� <5

aReactions were carried out at a substrate concentration of 0.3Mon
a 0.3 mmol scale. b See refs 15 and 16. cReaction was run with 0.6 equiv
of Ph3Si�Cl, 0.6 equiv of iPr2EtN, and 25 mol% 3 on a 0.5 mmol scale.
dConversion for this entry was determined via recovered starting
material after 48 h.

Figure 1. Catalyst screening for the silylation based kinetic
resolution of 1.15 Reactions were carried out at a substrate
concentration of 0.3 M on a 0.3 mmol scale.16 aReaction was
runwith 0.6 equiv of Ph3Si�Cl, 0.6 equiv of iPr2EtN, and 25mol
% 3 on a 0.5 mmol scale.
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precipitation of the catalyst/Ph3Si�Cl intermediate. Selec-
tivity was achieved in DMF (s= 6.9 at�40 �C), which is
known to activate silicon for alcohol protection.4 The
origin of this selectivity is still under investigation.
Both chiral and achiral amine bases were examined to

determine the dependence of the selectivity of the reaction
upon the base. From these experiments, we determined
that non-nucleophilic, sterically hindered bases such asN,
N-diisopropyl-3-pentylamine (iPr2NCHEt2) gave the best
selectivity factors. H€unig’s base (iPr2EtN) offered little
difference in selectivity when used with substrate 1, but it
did give inferior results for several other substrates; there-
fore, the more sterically hindered iPr2NCHEt2 was used
for subsequent studies.
Our kinetic resolution of 1 is an impressive achieve-

ment, since 1 is historically one of the most challenging
alcohols to enrich via kinetic resolutions. While enzy-
matic processes (mainly lipases) have been successful
at resolving the two enantiomers of 1 with high
selectivity,17 chemists have had a more difficult time
achieving only moderate selectivities with small mole-
cule catalysts. The literature reports selectivity factors
for nonenzymatic acylation based kinetic resolutions
ranging between 2.5 and 6.18 To the best of our knowl-
edge, our selectivity factor of 8.6 with the triphenylsilyl
chloride reagent is the highest for the organocatalyzed
kinetic resolution of 1. Even under preparative scale
conditions, 1 was enriched with only a minor reduction
in the selectivity factor.19

The reaction conditions developed for the enantiose-
lective silylation of 1 also proved efficient at resolving
several other secondary bicyclic benzylic alcohols.20

There was an increase in selectivity when the substrate’s
alkyl side was expanded to a six member ring as in the
case of 1-tetralol (Table 2, entry 2), however when this
ringwas further expanded to a sevenmember ring (entry 3),
a decrease in selectivity was observed. Expanding the
pi-system in entry 4 decreased the selectivity as well,
likely due to the five membered ring in the substrate

Table 2. Substrate Scope of Silylation-BasedKinetic Resolution
(Reactions were carried out at a substrate concentration of
0.3 M on a 0.5 mmol scale)

a See ref 15 and 16. bReaction performed with iPr2EtN. cReaction
performed with 30 mol % catalyst.
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graphy (1:1 hexanes:CH2Cl2 to 2% MeOH in CH2Cl2) to provide the
product and unreacted starting material.
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having a more planar structure. However, when oxygen
or sulfur was included in the saturated ring (entries 5�6),
the reaction proceeded in a highly selective fashion.
Whenwe changed the electronics of the aryl ring on tetralol
with either a methoxy or fluoro substituent (entry 7a and b)
only minor adjustments in the selectivity factor were
observed. The absolute stereochemistry of entry 7b was
confirmed by comparison of specific rotation of literature
versus experimental.21

The reaction’s sensitivity to steric hindrance on the
saturated ring is shown in entries 8 and 9 when 4-chro-
manol was substituted with methyl groups in the 2 and 3
positions respectively. When the methyl groups are in
the 2 position (Table 2, entry 8), a lower selectivity factor
was achieved, while the methyl groups adjacent to the
alcohol prevent the reaction fromproceeding at all (entry 9).
Overall, the alcohols discussed thus far required longer reac-
tion times respective to1 toachieve similarlyhighconversions,
however, the transformations requiring the longest reaction
times reached near total conversion in less than one day.
While the success with cyclic alcohols is impressive,

acyclic secondary alcohols have proven to be more diffi-
cult, resulting in poor selectivity and reaction times requir-
ing up to two days for complete conversion. Low to
moderate selectivity factors were obtained with 1-phenyl-
ethanol and 2-methyl-1-phenylpropanol (Table 2, entry 10
and 11) and even after 48 h, full conversion had not been
reached. Entry 12 (2,2-dimethyl-1-phenylpropanol) proved
to be too sterically hindered to react resulting in no obser-
vable conversion. These as well as the above examples show
the sensitivity of the system to the steric environment adja-
cent to the alcohol. The major structural difference between
1-phenylethanol and 1 is the ability of the phenyl group to
rotate, and presumably because of the large entropic cost, a

large difference between their reactivities and selectivities is
seen. This suggests the presence of a narrow reaction pocket
that only unhindered cyclic alcohols can enter.
This work demonstrates that the silylation method is

amenable to difficult and biologically important sub-
strate targets. The results presented herein show pre-
viously unachieved levels of selectivity for monofunc-
tional bicyclic alcohols via silylation based kinetic
resolutions. Along with achieving selectivity factors of up
to 25, the reactions were carried out under mild conditions,
with a commercially available, low molecular weight cata-
lyst (3) and triphenylsilyl chloride, resulting in high conver-
sion with reaction times as short as one hour. We are
currently working to elucidate the mechanism of how our
chiral system distinguishes between the enantiomers. The
enantioselectivity in this reaction is currently believed to
originate from the known chiral propeller conformation of
triphenyl substituted silyl groups.22 Future endeavors will
involve the determination of the mechanism as well as
expanding the scope of substrates that can be resolved.
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