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The preparation of polymer-supported proline-based diamine catalyst 12 for the kinetic resolution
of racemic mixtures of secondary alcohols is described. Not only is the catalyst effective for the
resolution of a host of different alcohols, it can also be recovered and reused several times without
loss of either activity or selectivity. The catalyst has been used in conjunction with a polymer-
supported sequestration strategy, giving rise to an essentially pure mixture of resolved products
that can be separated using flash chromatography.

Introduction

The preparation of organic compounds in high enan-
tiomeric purity is a goal that has seen an intense amount
of research over the last few decades. Significant progress
has been made by utilizing chiral reagents, catalysts, or
auxiliaries in pursuit of this objective.1 An alternative
procedure involves the resolution of a racemic mixture
into its isomeric components, enabling access to both
enantiomers in just one operation. Traditionally, kinetic
resolutions have been performed using enzyme catalysts
that react selectively with only one of the enantiomers,
enabling physical separation after the reaction.2 More
recently, several groups have achieved nonenzymatic
kinetic resolutions by using chiral acylation catalysts that
facilitate the stereoselective esterification of one enan-
tiomer from a racemic mixture of alcohols.3 Although
such catalysts have been or could be recovered after
reaction using chromatography, it is envisaged that this
process for recycling is uneconomical and would be
difficult to automate.

Solid-phase chemistry is now the preferred method for
the preparation of large numbers of potential drug
candidates.4 The development of combinatorial solid-
phase technologies has also been applied toward the
discovery of new catalysts.5 In addition, there has been
a renewed interest in the development of polymer-
supported versions of existing solution-phase catalysts.6

These advances are of great importance from both
economical and environmental viewpoints: The discovery
of new catalysts will ensure more efficient processes for
preparing specific compounds. Indeed, reactions per-
formed using polymer-supported catalysts can be purified
by filtration of the reaction mixture, enabling recovery
and reuse of potentially valuable species.

One of the main themes of our group’s research is the
development of polymer-supported methodologies, in-
cluding new polymer-supported reagents7 and catalysts.
We have introduced poly(ethylene glycol) (PEG)-sup-
ported triarylphosphine reagents8 and also PEG-sup-
ported triflating reagents.9 In addition, we have reported
the synthesis and application of PEG-supported Sharp-
less dihydroxylation catalysts10 and, more recently, both
PEG and resin-supported Jacobsen epoxidation cata-
lysts.11 To our knowledge, there are no reported examples
of the kinetic resolution of alcohols using polymer-
supported catalysts.12 We report herein the preparation
of a polymer-supported proline-based diamine catalyst
that is effective for the kinetic resolution of secondary
alcohols. The catalyst can be recovered after the reaction
and reused without loss of activity or selectivity. Ad-
ditionally, we have shown that it can be used in conjunc-
tion with a solid-phase sequestration procedure.13 In this
way, the byproducts from the reaction can be removed
from the reaction in a high-throughput manner, preclud-
ing the requirement for aqueous workup procedures.
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Results and Discussion

Oriyama and co-workers have recently reported the
utility of proline-based ligands 1 as catalysts for kinetic
resolution (Figure 1).14 These ligands are particularly
attractive for further development because they have
been utilized in other applications such as the asym-
metric acylation of meso-diols,15 asymmetric Mukiyama
aldol reaction,16 and the asymmetric rearrangement of
allylic imidates to allylic amides.17 trans-4-Hydroxypro-
line 3 was chosen as a starting point for the preparation
of the polymer-supported ligand 2, since the secondary
alcohol would serve as a convenient site for attachment
of the catalyst to the resin18 (Figure 1).

Accordingly, N-BOC hydroxyproline 4 was reacted with
benzylmethylamine in the presence of DCC and HOBt
to provide amide 5 in 98% yield (Scheme 1). The corre-
sponding hydroxy-functionalized diamine 6 was then
prepared by reduction of amide 5 using excess LiAlH4.

After the reaction was quenched with Na2SO4‚10H2O, it
was critical to extract the resulting salts in a Soxhlet
apparatus using dioxane to ensure a good recovery of
product. While the preparation of the polymer-supported
catalyst from hydroxy diamine 6 using a Williamson
ether formation reaction appeared to be straightforward,
our initial attempts to attach the ligand to Merrifield (7)
and chloromethyl JandaJel19 (8) resins were unsuccess-
ful. Numerous bases (NaH, NaN(SiCH3)2, and KN-
(SiCH3)2) in the presence of various catalysts (18-crown-6
and KI) using different solvents (THF and DMF) failed
to produce the desired product 9.

An alternative procedure was developed whereby a
short spacer unit was attached to the diamine ligand 6
before reaction with the resin (Scheme 2). It was also
anticipated that having additional distance between the
catalyst cleft and the polymer backbone would reduce the
detrimental effect caused by the bulky polymer and
possibly enhance catalyst performance. Here, hydroxy
diamine 6 was treated with excess potassium hydride,
and the resulting alkoxide was reacted with allyl bromide
at reflux temperature for several hours to give allyl ether
10. Next, the corresponding hydroxypropyl ether 11 was
prepared by hydroboration of allyl ether 10 using 9-bo-
rabicyclononane hydride (9-BBNH). The hydroxypropyl
ether functionalized diamine 11 could now be attached
to chloromethyl JandaJel 8 using a Williamson ether
formation reaction to provide polymer-supported catalyst
12. The increase in mass of the polymer after reaction
indicated quantitative attachment of the ligand onto the
resin. Using the original chloride resin loading of 0.70
mmol g-1 and this mass increase of the polymer, a resin
loading of 0.59 mmol g-1 was calculated.

To evaluate the amount of catalyst 12 required and
the length of reaction time needed for kinetic resolution,
a standard set of parameters, based on Oriyma’s report,14b

were used (eq 1, conditions (a) 12, BzCl (0.75 equiv), Et3N
(0.5 equiv), molecular sieves (4 Å), CH2Cl2, -78 °C). These

conditions included the addition of molecular sieves to
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Figure 1. Polymer-supported proline ligand strategy.

Scheme 1a

a Conditions: (a) DCC, HOBT, benzylmethylamine, CH2Cl2,
98%. (b) (i) LiAlH4, THF. (ii) Na2SO4‚10H2O, 98%.

Scheme 2a

a Conditions: (a) (i) KH, THF. (ii) allyl bromide, 91%. (b) (i)
9-BBNH, THF. (ii) H2O2, NaOH, EtOH, 74%. (c) (i) KH, THF. (ii)
8, KI (cat.), 18-crown-6 (cat.), THF.
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the reaction, thus removing traces of water which retard
reaction rates. During the optimization of reaction condi-
tions, a simple filtration workup procedure was also
developed that enabled isolation of the reaction products
free from any byproducts produced during the course of
the reaction. In Oriyama’s report,14b the reaction was
quenched using an aqueous buffer and then purified
using conventional organic/aqueous separation and ex-
traction techniques. To circumvent the requirement for
this workup, the reaction mixture was filtered through
a small cartridge of mixed-bed ion-exchange resin. This
cartridge was prepared by placing the ion-exchange resin
in a plastic syringe fitted with a polyethylene frit,20 and
an additional frit was then placed on top of the resin.
Thus, after completion of the reaction, the polymer was
separated from the molecular sieves by removing resin
from the reaction flask with a pipet and then transferring
it to the ion-exchange cartridge. In this manner, after
filtration and washing, the polymer-supported catalyst
12 could then also be recovered separately from the ion-
exchange resin (Figure 2). The filtrate was then concen-
trated under reduced pressure to provide a mixture of
resolved products that were free of any of the reagents
used in the reaction. After separation of the products by
flash chromatography, they were analyzed for enantio-
meric excess using chiral HPLC. The results for the
kinetic resolution of trans-2-phenyl-1-cyclohexanol (13)
(eq 1) and the corresponding catalyst selectivity factor21

(S) are presented in Table 1.
After 3 h in the presence of 5 mol % catalyst, the yield

of resolved ester 13a was only 21% (Table 1, run 1);

however, the enantiomeric purity (92%) of this product
was encouraging. A further increase of catalyst loadings
and extended reaction times gave rise to superior conver-
sions and enantiomeric purity of the products, with the
optimal being run 4, where the ester 13b (44%, 96% ee)
and alcohol 13a (45%, 85% ee) were recovered. However,
at 18 mol % catalyst loading, the reaction was apparently
slowed by the use of too large a quantity of resin for the
given amount of solvent, and we have attributed this to
inefficient agitation of the reaction mixture because of
its viscous nature (run 5). Interestingly, during the course
of reaction condition optimization, different selectivity
factors (S) were observed. The S factors should remain
constant with reaction concentration and with catalyst
loading; however, this has been observed elsewhere,14b

and we have attributed our observations to experimental
error. Using the optimum reaction conditions (run 4, S
) 134), a series of racemic secondary alcohols 13-19
were resolved using the polymer-supported catalyst 12
(eq 2, conditions (a) 12 (15 mol %), BzCl (0.75 equiv), Et3N
(0.5 equiv), molecular sieves (4 Å), CH2Cl2, -78 °C, 11
h). In all cases optical purity was determined using chiral

HPLC analysis. Unreacted alcohols 13b-19b were ana-
lyzed directly, and esters 13a-19a were converted back
to the parent alcohol using LiAlH4 prior to analysis.
Absolute configurations were determined by either com-
parison of retention times of the resolved products with
commercially available material or by comparison of their
optical rotations with previously reported materials.
Finally, some of these experiments were also performed
under solution-phase conditions using ligand 1a, enabling
a comparison between the performance of the homoge-
neous and heterogeneous catalysts to be made. These
results are presented in Table 2.

When the conversion rates of the polymer-supported
catalyst 12 are compared with those of the solution-phase
catalyst 1a, it can be seen that the polymer-supported
catalyst 12 gives slightly slower conversion rates. How-
ever, the most important feature of catalysts for kinetic
resolution is high selectivity factors (S). Table 2 shows
clearly that the polymer-supported catalyst 12 gives S
values to comparable to those of the solution-phase
analogue 1a, as can be seen when entries 1 and 2, 6 and
7, and 8 and 9 are compared. The phenyl-substituted
cycloalkanols 14 and 15 were all resolved with reasonable
ee’s (entries 1, 3, and 4), while the fused ring cycloal-
kanols 16 and 17 gave slightly poorer resolution (entries
5 and 6). Finally, the open chain alcohols 18 and 19 gave
little or no resolution (entries 8 and 10). Although the
polymer-supported catalyst is slightly less active than the
solution-phase analogue, the comparable selectivities
suggest that further development of these resin-bound
proline-based ligands will yield catalysts with superior
performance in the kinetic resolution of alcohols.

One of the most important features of a polymer-
supported catalyst is that it can be conveniently recov-
ered and reused. This was examined by performing
repeated resolutions of trans-2-phenyl-1-cyclohexanol (13)
using 15 mol % catalyst for 6 h. These results are
presented in Table 3. The reaction was performed five

(20) The material used was Fritware, a 70 µm polyethylene sheet
available from Scienceware. Small disks were prepared using conven-
tional cork boring tools and placed within standard plastic syringes.

(21) Chen, C.-S. Fujimoto, Y.; Girdaukas, G.; Sih, C. J. J. Am. Chem.
Soc. 1982, 104, 7294.

Figure 2. Schematic representation of the polymer-supported
purification/workup strategy.

Table 1. Optimization of Reaction Conditions for
Kinetic Resolution Using catalyst 12

run

amt
of 12

(mol %)
time
(h)

yielda

of 13a
(%)

ee
of 13a

(%)

yield
of 13b

(%)

ee
of 13b

(%) S

1 5 3 21 92 72 NR NR
2 10 6 32 (33) 96 58 47 78
3 12.5 9 43 (44) 95 43 74 88
4 15 11 44 (47) 96 45 85 134
5 18 12 45 (45) 96 45 78 118

a Percent conversion given in parentheses.
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times using the same sample of recovered catalyst, and
as the table shows, there is no loss of either catalyst
activity or selectivity.

Conclusion

In conclusion, we have developed an effective polymer-
supported catalyst that effects the kinetic resolution of
a series of racemic secondary alcohols. The reaction is
fully automatable and does not require an aqueous
workup; however, the separation of the resolved products
using chromatography remains the limiting factor for the
process. We are currently investigating methods to
resolve this problem. In addition, we have shown that

the polymer-supported catalyst can be recovered and
reused multiple times without loss of either activity or
selectivity. Although the polymer-supported catalyst is
slightly less active than the corresponding solution-phase
analogue, it gives comparable selectivity factors (S). A
high catalyst loading (15 mol %) was required to achieve
resolution in an acceptable period of time. As a conse-
quence, a larger mass of polymer-supported ligand than
substrate is used in the reaction; however, this was not
a practical problem, since both the catalyst and the
substrates were recovered in nearly quantitative yield
upon completion of the reaction. Additional developments
using polymer-supported proline ligands are ongoing in
our laboratory and will be reported in due course.

Experimental Section
General Methods. All reagents were purchased from

commercial sources and used as received with the following
exceptions: Benzoyl chloride was distilled from aluminum
chloride under reduced pressure and stored over molecular
sieves under an argon atmosphere. Triethylamine (Et3N) was
distilled from calcium hydride and stored over molecular sieves
under an argon atmosphere. Tetrahydrofuran (THF) was
distilled from sodium/benzophenone ketal, and CH2Cl2 was

Table 2. Kinetic Resolution of Various Alcohols Using Catalyst 12

a Percent conversions are given in parentheses. b Reference 14b. c Mandal, A. K.; Jadhav, P. K.; Brown, H. C. J. Org. Chem. 1980, 45,
3543. d trans isomer prepared according to Hiroaki, T.; Brener, L.; Brown, H. C. J. Am Chem. Soc., 1976, 98, 7107. The absolute
stereochemistry of this compound was not determined.

Table 3. Recycling of Catalyst 12

run

yield
of 13a

(%)

ee
of 13a

(%)

yield
of 13b

(%)

ee
of 13b

(%)

1 36 96 57 62
2 35 96 62 58
3 34 95 63 58
4 36 94 59 56
5 35 95 58 58
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distilled from calcium hydride. The ion-exchange resins, Dowex
50WX2-200 and Dowex 1X2-400, were washed with distilled
water, acetone, methanol, and CH2Cl2 prior to use. A batch of
mixed-bed resin was prepared by mixing equal quantities of
these acidic and basic resins. The filtration/workup cartridges
were prepared by placing 1.0 g of the mixed-bed resin in a 5
mL plastic syringe, equipped with a polyethylene frit; an
additional frit was then placed over the top of the resin. The
enantiomeric excess of resolved compounds was determined
using a Hitachi 655A liquid chromatograph equipped with a
Chiracel OD-H chiral column. Premixed isocratic mixtures of
2-propanol/hexanes were used throughout. Compounds were
injected at 10 mM in a solution of hexanes, and products were
detected at 254 nm. Optical rotations were determined at 598
nm in a conventional 10 cm cell using a Perkin-Elmer 241 MC
polarimeter.

BOC Hydroxyproline Methylbenzylamide 5. A solution
of BOC hydroxyproline 4 (10.0 g, 43.3 mmol), HOBt (5.85 g,
43.3 mmol), benzylmethyamine (5.60 mL, 43.4 mmol), and
CH2Cl2 (300 mL) was cooled in a salt/ice bath. To this solution
was added DCC (8.92 g, 43.3 mmol) in CH2Cl2 (150 mL) in a
dropwise fashion over a period of 30 min. The resulting
mixture was allowed to warm to room temperature over 6 h,
during which time the urea precipitate was formed. The
mixture was filtered and the precipitate washed with CH2-
Cl2. The organic liquors were evaporated to dryness under
reduced pressure and dissolved in ethyl acetate (300 mL). The
ethyl acetate solution was washed with saturated sodium
carbonate, 10% citric acid, and brine, dried (MgSO4), and
concentrated to give amide 5 as an oil which solidified on
standing (14.2 g, 98%): mixture of rotamers; [R]D

22 -14.1 (c
) 1, MeOH); IR 3411, 1681, and 1648 cm-1; 1H NMR (500
MHz, CDCl3) δ 1.35 and 1.46 (s, 9H), 1.86-1.92 (m, 1H), 2.09-
2.28 (m, 2H), 2.99 and 3.04 (s, 3H), 3.44-3.62 (m, 1H), 3.69-
3.79 (m, 1H), 4.42-4.60 (m, 2H), 4.68-4.89 (m, 1H) and 7.19-
7.28 (m, 5H); 13C NMR (75 MHz, CDCl3) δ 28.2, 28.4, 34.5,
34.8, 38.2, 38.8, 51.5, 54.9, 55.1, 55.2, 69.5, 70.4, 79.9, 126.5,
126.6, 127.2, 127.7, 128.4, 128.5, 128.6, 128.9, 136.9, 154.0,
154.6, 172.8, and 173.0; HRMS calcd for C18H26N2O4 334.1893,
found 334.1893.

Hydroxy Diamine 6. A solution of amide 5 (14.0 g, 41.9
mmol) in THF (200 mL) was cooled to 0 °C, and a solution of
LiAlH4 (1 M in THF, 90.0 mL, 90.0 mmol) was added over 30
min. Caution: Hydrogen gas evolved! After being stirred for 1
h, the mixture was heated to reflux for 5 h and was then cooled
in a salt/ice bath. The flask was opened to the atmosphere,
and a stream of argon was passed over the reaction. Next,
NaSO4‚10H2O was added in small portions until no further
hydrogen gas was evolved. The solid material was isolated by
filtration and extracted in a Soxhlet apparatus using dioxane
overnight. The organic extracts were combined and concen-
trated under reduced pressure to give a yellow oil. Purification
by bulb to bulb distillation (175-180 °C, 2.5 mmHg) gave the
desired hydroxy diamine 6 as a colorless oil (8.71 g, 89%):
[R]D

22 -80.9 (c ) 1, MeOH); 1H NMR (500 MHz, CDCl3) δ
1.75-1.87 (m, 2H) 2.12 (dd, 1H, J ) 9.9, 5.9), 2.13 (s, 3H),
2.20 (dd 1H J ) 12.1, 7.3), 2.31 (s, 3H), 2.45 (dd, 1H, J ) 12.1,
4.8), 2.57-2.61 (m, 1H), 3.31 (dd, 1H, J ) 9.9, 6.3), 3.35 (d, 1
H, J ) 13.2), 3.45 (d, 1H, J ) 13.2), 4.25-4.29 (m, 1H), 7.22-
7.25 (m, 1H), and 7.29-7.30 (m, 4H); 13C NMR (75 MHz,
CDCl3) δ 41.2, 41.5, 43.1, 61.7, 62.2, 63.1, 65.9, 69.5, 126.9,
128.1, 129.0, and 139.1; HRMS calcd for C14H22N2O 234.1732,
found 234.1732.

Diamine Allyl Ether 10. A suspension of potassium
hydride (35 wt % in mineral oil, 5.00 g, 43.7 mmol) in THF
(100 mL) was cooled to 0 °C, and a solution of hydroxy diamine
6 (8.53 g, 36.4 mmol) in THF (50 mL) was slowly added. The
mixture was warmed to room temperature and stirred for an
additional 2 h. Next, allyl bromide (3.15 mL, 36.4 mmol) was
added, and the resulting mixture was heated at reflux for 3
h. After cooling, excess potassium hydride was destroyed by
the slow addition of water (20 mL) followed by HClaq (1 M, 50
mL). The phases were separated, and the organic layer was
extracted with HClaq (1 M, 2 × 50 mL). The acidic aqueous
extracts were combined, washed with ether (2 × 50 mL), and

made alkaline by the addition of NaOHaq (4 M, 50 mL). The
alkaline solution was extracted with ether (3 × 50 mL), and
the combined ether extracts were dried (Na2SO4) and concen-
trated under reduced pressure to give a yellow oil. Purification
using bulb to bulb distillation (130-135 °C, 0.85 mmHg) gave
the desired allyl ether 10 as a colorless oil (9.11 g, 91%): [R]D

22

-76.0 (c ) 1, MeOH); IR 993 and 922 cm-1; 1H NMR (500 MHz,
CDCl3) δ 1.75-1.81 (m, 1H), 2.01-2.05 (m, 1H), 2.20 (s, 3H),
2.23-2.30 (m, 1H), 2.38 (s, 3H), 2.53 (dd, 1H, J ) 12.1, 4.3),
2.59-2.62 (m, 1H), 3.38 (dd, 1H, J ) 9.9, 6.3), 3.43 (d, 1H, J
) 13.2), 3.55 (d, 1H, J ) 13.2), 3.91-3.93 (m, 1H), 3.94-3.98
(m, 1H), 4.02-4.04 (m, 1H), 5.13 (ddd, 1H, J ) 10.7, 3.0, 1.5),
5.27 (ddd, 1H, J ) 17.3, 3.3, 1.5), and 7.22-7.29 (m, 5H); 13C
NMR (75 MHz, CDCl3) δ 38.2, 41.1, 43.0, 61.8, 62.2, 63.1, 63.6,
70.2, 76.4, 116.9, 126.8, 128.1, 128.9, 134.8, and 139.1; HRMS
calcd for C17H26N2O 274.2045, found 274.2045.

Hydroxypropyl Ether Diamine 11. A solution of 9-BBNH
(0.5 M, 11 mL, 5.5 mmol) was cooled to 0 °C, and a solution of
allyl ether 10 (312 mg, 1.14 mmol) in THF (10 mL) was added.
The resultant mixture was allowed to warm to room temper-
ature and stirred overnight. An alkaline solution of hydrogen
peroxide (10 mL, 4 M NaOH, 30% H2O2, 2:1) and EtOH (10
mL) were slowly added, and the resulting mixture was stirred
for an additional 30 min. The organic layer was separated and
the aqueous layer extracted with ether (2 × 30 mL). The
organic extracts were combined, dried (Na2SO4), and concen-
trated under reduced pressure to give a yellow oil. Purification
by flash chromatography (90% CH2Cl2, 9.5% MeOH, 0.5%
concd NH4OHaq) gave the desired hydroxy ether diamine 11
as a colorless oil (247 mg, 74%). Larger scale reactions gave
similar yields of product which were purified by bulb to bulb
distillation (145-150 °C, 0.75 mmHg): [R]D

22 -49.2 (c ) 1,
MeOH); IR 3382 cm-1; 1H NMR (500 MHz, CDCl3) δ 1.74-
1.81 (m, 3H), 1.94-2.01 (m, 1H), 2.20 (dd, 1H, J ) 9.9, 6.2)
2.21 (s, 3H), 2.27 (dd, 1H, J ) 12.1, 7.7), 2.36 (s, 3H), 2.52 (dd,
1H, J ) 12.1, 4.8), 2.56-2.60 (m, 1H), 3.37 (dd, 1H, J ) 9.6,
6.3), 3.42 (d, 1H, J ) 13.2), 3.50-3.53 (m, 1H), 3.54 (d, 1H, J
) 13.2), 3.56-3.60 (m, 1H), 3.56-3.60 (m, 1H), 3.73 (t, 2H, J
) 5.5), 3.93-3.98 (m, 1H), 7.20-7.24 (m, 1H), and 7.28-7.31
(m, 4H); 13C NMR (75 MHz, CDCl3) δ 31.9, 36.1, 38.0, 40.9,
42.8, 61.5, 62.0, 63.0, 63.3, 68.2, 76.4, 126.7, 127.9, 128.7, and
138.8; HRMS calcd for C17H28N2O2 292.2151, found 292.2151.

Polymer-Supported Catalyst 12. A suspension of potas-
sium hydride (35% in mineral oil, 1.00 g, 8.73 mmol) in THF
(50 mL) was cooled to 0 °C, and a solution of hydroxypropyl
ether 11 (1.54 g, 5.27 mmol) in THF (50 mL) was slowly added.
The resultant mixture was stirred at room temperature for 1
h and then added to a suspension of chloromethyl JandaJel
(5.00 g, 0.70 mmol g-1, 3.5 mmol), 18-crown-6 (100 mg, cat.),
and potassium iodide (100 mg, cat.) in THF (50 mL). The
reaction was stirred at reflux for 48 h. After cooling, the resin
was filtered and washed with THF, dioxane/water (3:1), THF,
THF/Et3N (9:1), CH2Cl2, THF, ether, and pentane. Drying
under vacuum overnight gave the polymer-supported catalyst
12 as a free-flowing white powder (5.91 g, 100%). A loading of
0.59 mmol g-1 was calculated from the mass increase of the
polymer. IR 1119 and 976 cm-1.

General Procedure for Kinetic Resolution Using Poly-
mer-Supported Catalyst 12. Catalyst 12 (250 mg, 0.15
mmol, 15 mol %), 4 Å molecular sieves (500 mg), and trans-
2-phenyl-1-cyclohexanol (13) (176 mg, 1.00 mmol) were placed
in a 10 mL Wheaton vial equipped with a small stir bar. A
stream of argon was purged into the flask, and CH2Cl2 (5 mL)
was added. An inlet septum cap was fitted, the flask was cooled
to -78 °C, Et3N (70 µL, 0.50 mmol) and benzoyl chloride (87
µL, 0.75 mmol) were added, and the mixture was stirred at
-78 °C for 11 h. The mixture was filtered through the ion-
exchange resin cartridge, washed with CH2Cl2 and ether, and
concentrated under reduced pressure. The resolved products
were separated on a silica gel column (10 cm × 2.5 cm) which
was eluted with 10% ethyl acetate in hexanes (200 mL) and
50% ethyl acetate in hexanes (100 mL), giving ester 13a (123
mg, 44%) and alcohol 13b (79 mg, 45%).

General Procedure for the Analysis of Enantiomeric
Excess for Esters 13-19. Ester 13a (100 mg) was dissolved
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in THF (5.00 mL), a solution of LiAlH4 (1 M, 2 mL) was added,
and the resultant mixture was stirred for 1 h. The reaction
was quenched by the addition of Na2SO4‚10H2O, filtered
through Celite, concentrated, and analyzed directly.
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