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Synthesis of enantiopure 3-chlorostyrene oxide via an asymmetric 
epoxidation-hydrolytic kinetic resolution sequence t 

Bridget D. Brandes and Eric N. Jacobsen * 
Department of Chemistry and Chemical Biology, Harvard University, Cambridge, Massachusetts 02138, USA 

Abstract- 3-Chlorostyrene oxide was prepared in >99% ee employing the (salen)Co- 
catalyzed hydrolytic kinetic resolution (HKR) reaction. The HKR was performed success- 
fully on both racemic and enantiomerically enriched epoxides, the latter was obtained via 
(salen)Mn-catalyzed asymmetric epoxidation reactions. © 1997 Elsevier Science Ltd. All 
rights reserved. 

Styrene oxide derivatives are important chiral building blocks for the synthesis of a variety 
of pharmaceutically significant compounds. 1 One derivative in particular, 3-chlorostyrene oxide 
1, is a key intermediate for the preparation of several l~-3-adrenergic compounds that exhibit 
antiobesity and antidiabetic therapeutic properties. 2 As might be expected for such an important target, 
several different approaches have been documented for its synthesis in enantiomerically enriched 
form. Reduction of 2,3'-dichloroacetophenone using an oxazaborolidine-based catalyst afforded the 
chlorohydrin precursor to the epoxide in 85% ee and 36% overall yield from commercially available 
3'-chloroacetophenone. 2b Asymmetric dihydroxylation of 3-chlorostyrene followed by a stereospecific 
dehydrative ring closure afforded 1 in 98% ee and good yield. 2e Enzymatic resolution of racemic 1 
has also yielded enantiopure 1, albeit in less than 5% yield. 3 Unfortunately, the most straightforward 
route to enantiopure 1 --asymmetric  epoxidation (AE) of 3-chiorostyrene--has not been developed 
in a practical manner. 4 
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The recently discovered hydrolytic kinetic resolution (HKR) using (salen)Co-catalyst 2 presents a 
highly attractive method for accessing terminal epoxides in high enantiomeric purity. 5 The HKR uses 
water as the only reagent, no solvent, and low loadings of a readily available and recyclable catalyst. 6 
In principle, kinetic resolution strategies are especially viable when the racemic starting material is 
inexpensive, readily available and when the enantiopure material is relatively difficult to access. In 
the case of 1, the latter criterion is clearly met, but racemic 1 is not easily obtained from commercial 
sources. 7 We have evaluated several approaches to 1, including racemic synthesis, preparation in 
moderate enantiomeric excess via highly practical epoxidation with NaOCI and the commercial catalyst 
3, 8 and low temperature asymmetric epoxidation with m-CPBA and catalyst 4 under conditions devised 
to afford optimal enantioselectivity. 9 Herein we report the successful application of these different 
epoxidation strategies in connection with the HKR for the synthesis of enantiopure 1. 

t" Dedicated to Professor H. C. Brown on the occasion of his 85 th birthday. 
* Corresponding author. Email: jacobsen@ehemisty.harvard.edu 
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Given the substantially lower cost of 3-chlorobenzaldehyde compared with 3-chlorostyrene, we 
chose to carry out the synthesis of racemic 1 by means of sulfur ylide addition to the aldehyde rather 
than epoxidation of the alkene (Scheme 1). 
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Scheme 1. Synthesis of enantiopure 1. 

Enantiomerically enriched epoxide was accessed from 3-chlorostyrene using 3 different sets of 
epoxidation conditions (Scheme 1). As noted previously, 9 the attainment of high enantioselectivity in 
the epoxidation of terminal styrene derivatives with (salen)Mn-catalysts and related monooxygenase 
mimics requires both high enantiofaciai selectivity in the first C-O bond-forming step and high 
diastereoselectivity in the second, ring-closure step. Both selectivity factors improve at lower 
temperature, and as a result enantioselectivities in epoxidations of these substrates display a strong 
temperature dependence. Epoxidation of 3-chlorostyrene under standard NaOC1 conditions using 
the commercial catalyst 3 proceeded in only 32% ee but very good yield. Enantioselectivity was 
improved slightly by carrying out the reaction at -18°C (36% ee), but lower temperatures were not 
accessible with this aqueous oxidant.l° Epoxidation employing the recently developed homogenous low 
temperature protocol (m-CPBA/N-methylmorpholine N-oxide (NMO)/catalyst 4) 9 afforded epoxide 1 
in excellent yield and 81% ee. 

The HKR of 1 was carried out using epoxide prepared by the four different methods outlined above, 
with the amount of water in the HKR adjusted to correspond to 1.1 equivalents relative to the minor 
epoxide enantiomer (Table 1). Reactions on 1 g (6.9 mmol) of epoxide were complete within 2 days 
using 0.7 mol% (R,R)-2, and afforded enantiopure 1 in nearly quantitative yield. Entries 1 and 3 were 
also carried out on a 6 g (38.9 mmol) scale under the same conditions with consistent results, jl After the 
resolution was complete, epoxide was isolated by partitioning the products between pentane and water. 
The pentane phase contained epoxide and catalyst while the diol remained in the aqueous layer. Phase 
separation and solvent removal followed by distillation of each product afforded both enantiomerically 
enriched epoxide (99% ee, R) and diol (up to 91% ee, S). In all cases, an excellent correlation can be 
seen between overall yields of enantiopure 1 and the theoretical yields obtainable based on the ee of 
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T a b l e  1. HKR of 3-chiorostyrene oxide with 0.7 mol% (R,R)-2 
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Starting Epoxide HKR Conditions HKR Epoxide HKR Diol 

Entry Ee (%) (R) H20 (Equiv.) Ee (%) Yield (%)' Ee (%) Yield (%)' 

1 0 0.55 99 45 91 45 

2 32 0.38 99 61 88 31 

3 36 0.35 99 64 87 30 

4 81 0.11 99 87 67 8 

• Yield based on starting epoxide. 

the starting material. While (R)-I is the desired epoxide in most applications, 2 the epoxidation/HKR 
sequence allows access to either enantiomer of 1 by simply switching the enantiomers of the catalyst. 

The determination of which of the above described methods is most practical for the preparation 
of enantiopure 1 will clearly depend on the reaction scale and starting material costs. If  3- 
chlorobenzaldehyde is the most viable starting material, then a racemic epoxidation/HKR sequence 
is probably the most attractive alternative. If  3-chlorostyrene is employed as the starting material, 
epoxidation with NaOCI and catalyst 3 is competitive on a practical level with the best racemic methods 
such as peracid epoxidation, and the catalytic method affords a non-trivial overall yield advantage 
(61% yield of enantiopure 1 for the two step sequence from the alkene using the -18°C epoxidation 
conditions). Low temperature epoxidation with the more exotic catalyst 4 is clearly less attractive for 
large scale applications, but it affords the highest overall yield (75%) from the corresponding olefin 
and thus might prove useful for very precious substrates. 

Experimental  section 

Materials 

3-Chlorostyrene, 4-phenylpyridine N-oxide (4-PPNO), and (R)-(+)-3-chlorostyrene oxide were 
obtained from Aldrich and used as received. 12 3-Chlorobenzaldehyde was purchased from Avocado 
and also used as received. Complex 3 is available from a variety of commercial sources or it can be 
conveniently prepared.13 The (salen)Co-complex 2 can be made from commercially available ligand as 
described in the literature, 6 or it is available commercially from ChiRex Ltd (Dudley, UK). Complex 
4 was synthesized as described below. 

Methods 

Flash chromatography was performed using packed glass columns of EM silica gel 60 (230-400 
mesh). Gas chromatography analyses were performed on a Hewlett-Packard 5890 Series II instrument 
equipped with an FID detector using a Hewlett Packard 30 m×0.32 mm i.d. HP-5 capillary column. 
High performance liquid chromatography was used for the enantiomeric excess analyses of the 
epoxide and diol. Whelk-O (0.25% isopropyl alcohol in hexane, 1.0 mL/min, ~=220 nm) was used 
for determination of enantiomeric excess for 3-chlorostyrene oxide. Chiralcel OD (3% isopropyl 
alcohoi/hex., 1 mL/min, h=220 nm) was used for ee determination of l-(3-chlorophenyl)-ethane-l,2- 
diol. lH NMR and 13C NMR spectra were recorded on a Bruker AM-400 spectrometer. Chemical 
shifts are reported downfield from tetramethylsilane with the solvent resonance as the internal standard 
(deuterochloroform, 8 7.26 and 77.06 ppm respectively). Infrared spectra were recorded on a Mattson 
Galaxy FTIR 3000 spectrometer. The optical rotations were measured on a Jasco DIP 370 digital 
polarimeter. Mass spectra were performed by the Harvard University Mass Spectrometry Laboratory 
on a Jeol AX-505 or SX-102 high resolution magnetic sector mass spectrometers. 
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Ch••r•-(R•R )-[ [ 2•2' '-[ ( • •2-diphenyl-1•2-ethanediyl )bis( nitril•-methylidyne ) ]-b is [ 4-triis•pr•pylsil•xy- 
6-(1,1-dimethylethyl)phenolato]]-N,N"O,O"] manganese(Ill) 4 

To a solution of diphenylethylenediamine (0.244 g, 1.15 mmol) in 90 mL of EtOH was added 
3-t-butyl-5-triisopropylsilyloxysalicylaldehyde 14 (0.800 g, 2.30 mmol). The resulting yellow solution 
was heated to reflux for 25 min before the addition of a solution of Mn(OAc)2-4H20 (0.564 g, 2.30 
mmol) in 5 mL H20. The resulting brown solution was heated to reflux for 30 min, after which air 
was bubbled through the solution via a needle for an additional 30 min. Brine (5 mL) was added, and 
the mixture was further heated at reflux for 30 min before being cooled to ambient temperature. The 
solvent volume was reduced to ca. 15 mL under vacuum, and CH2C12 (100 mL) and water (100 mL) 
were added. The organic phase was separated, washed with brine (100 mL), and dried over Na2SO4. 
After solvent removal, the residue was purified by chromatography (SIO2, 5% EtOH/CH2C12) to 
afford 0.854 g of product (77% yield), mp 280-280.8°C. IR (CH2C12) 2947, 2868, 1600, 1535, 1464, 
1409, 1343, 1230, 1041, 1010, 963, 882, 869 cm-J; HRMS (FAB) m/z: calcd (CsaH78CIMnNzOaSi2) 
929.4881 ([M-CI]+), found 929.4914. 

Racemic 1 

(A) Synthesis of trimethylsulfonium hydrogen sulfate: 15 to dimethyl sulfate 16 (10.0 mL, 1.05 × 10- l 
mol) at 0°C was added dimethyl sulfide (10.4 mL, 1.42×10 -l mol). After stirring rapidly at 0°C 
for 30 minutes, the reaction was slowly warmed to room temperature yielding a crystalline solid, 
trimethylsulfonium methyl sulfate. After 3 hours, distilled water (20 mL) was added to form a clear 
solution of trimethylsulfonium sulfate. 

(B) Synthesis of (_+)-1: the aqueous solution of trimethylsulfonium sulfate (20 mL, 1.05×10 -I 
mol) was added slowly to a biphasic mixture of 50% NaOH (100 mL), 3-chlorobenzaldehyde (7.03 
g, 5.00x 10 -2 mol), tetrabutylammonium bromide (0.126 g, 3.91 x 10 -4  mol), and CH2C12 (132 mL). 
The reaction was heated at 50°C for 13 hours and then cooled to room temperature. The reaction was 
diluted carefully with brine (250 mL) and diethyl ether (350 mL), then filtered to remove the solids. 
The aqueous layer was extracted with diethyl ether (3x350 mL), and the combined organic layers 
were washed with brine (200 mL) and dried over Na2SO4, filtered, and concentrated in vacuo to afford 
a pale yellow liquid. Bulb-to-bulb distillation (70°C, 0.6 mmHg) from Call2 afforded 1 (7.12 g, 92%) 
as a colorless liquid. IH NMR (CDCi3); ~i 7.27 (m, 3H), 7.17 (m, 1H), 3.83 (dd, J=2.5, 4.1 Hz, IH), 
3.15 (dd, J=4.1, 5.5 Hz, 1H), 2.76 (dd, J=2.5, 5.5 Hz, IH). 13C NMR (100 MHz, CDCI3); 8 139.9, 
134.7, 129.9, 128.4, 125.6, 123.8, 51.8, 51.3. IR (thin film, cm-~); 3057, 2994, 2920, 1603, 1576, 
1080. CIHRMS calcd for (CsH7CIO+NH4)+=172.0529, found 172.0527. 

(R)-I (32% ee) 

A 2-necked round-bottom flask equipped with a water-cooled overhead stirrer was charged with 
3-chlorostyrene (5.01 g, 3.61×10 -2 tool), CH2C12 (45 mL), (R,R)-3 (0.578 g, 9.10×10 -4 mol), and 
4-PPNO (0.924 g, 5.40× 10 -3 mol). The solution was cooled to 0°C, and precooled buffered bleach 
(0.6 M, 75 mL, 4.50× 10 -2 tool, Clorox ®, buffered to pH=l 1.3 with 0.05 M NazHPO4 and 1M NaOH) 
was added. The biphasic system was stirred vigorously, and the course of the reaction was monitored 
by GC. Upon complete consumption of starting olefin (<6 h), 17 the reaction mixture was filtered 
through a plug of Celite on a coarse glass frit and washed with CH2C12 (75 mL). The organic layer 
of the filtrate was washed with distilled water (2×25 mL), and the aqueous layers were extracted 
with CH2C12 (2×25 mL). The combined organic layers were dried over NazSO4 and concentrated in 
vacuo. Removal of the catalyst was effected by elution through a pad of SiO2 (30 g) using pentane and 
CH2C12 (1:1). The eluent was concentrated in vacuo, and subsequent bulb-to-bulb distillation (70°C, 
0.6 mmHg) from Call2 afforded (R)-3-chlorostyrene oxide (5.15 g, 92%) as a pale yellow liquid in 
32% ee .  
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(R)-I (36% ee) 

A 2-necked round-bottom flask equipped with an overhead stirrer was charged with 3-chlorostyrene 
(4.00 g, 2.89x10 -2 mol), CH2C12 (35 mL), (R,R)-3 (0.361 g, 5.68×10 -4 mol), 4-PPNO (0.724 
g, 4.23x10 -3 mol), and 4.00 g ground NaCI. t8 The solution was cooled to -18°C while stirring 
vigorously and precooled 13% bleach (19.5 mL, Acros) was added down the side of the flask to allow 
for further cooling. The course of the reaction was monitored by GC. Upon complete consumption of 
the starting olefin (<27 h), the reaction mixture was filtered through a plug of Celite using CH2C12 
as the eluent, and the filtrate was treated as described above to afford (R)-3-chlorostyrene oxide (4.24 
g, 95%) as a colorless liquid in 36% ee. 

(R)-I (81% ee) 

A round-bottom flask equipped with an overhead stirrer was charged with 3-chlorostyrene (1.00 g, 
7.22× 10 -3 mol), CH2C12 (78 mL), (R,R)-4 (0.349 g, 3.61 x 10 -4  mol), and NMO (4.22 g, 3.62x 10 -2 
moi). The solution was cooled to -78°C before solid m-CPBA 19 (2.51 g, 1.46× 10 -2 mol) was added 
in portions over 1.5 minutes. The reaction was monitored by GC. On completion (3 h), the reaction 
was quenched by the addition of a solution of dimethyl sulfide (6 mL) in CH2C12 (25 mL) precooled 
to -78°C. The solution was stirred for an additional 10 minutes at -78°C before removal of the cold 
bath and addition of 2 N NaOH (20 mL) and CH2C12 (20 mL). The phases were separated and the 
aqueous layer was washed with CH2C12 (2×50 mL). The combined organic layers were dried over 
Na2SO4, filtered and concentrated in vacuo. Removal of the catalyst was effected by elution through 
a pad of SiO2 (10 g) using pentane and CH2C12 (1:1). The eluent was concentrated in vacuo, and 
subsequent bulb-to-bulb distillation from Call2 afforded (R)-3-chlorostyrene oxide (0.963 g, 86%) as 
a colorless liquid in 81% ee. 

Hydrolytic kinetic resolution of (R)-I 

To (R)-I (6.00 g, 3.88×10 -2 mol, 36% ee) and (R,R)-2 (0.192 g, 2.82×10 -4 mol) was added 
water (245 mL, 1.36x 10 -2 mol, 0.35 eq) and the mixture was stirred at room temperature for 48 
h. Pentane (2x 100 mL) was added, and the resulting mixture was stirred vigorously for 5 minutes. 
The solution was separated from the solid residue by decantation. The residue was stirred with a 1:1 
pentane:water mixture (2x 100 mL) and filtered through glass wool. The layers were separated and the 
aqueous layer was washed with pentane (3x 100 mL) until no color remained. All the pentane layers 
were combined and dried over Na2SO4, filtered, and concentrated in vacuo. Bulb-to-bulb distillation 
from Call2 afforded (R)-I (3.78 g, 63%, clear, pale yellow liquid) in 99% ee. The aqueous layer 
was also concentrated and after bulb-to-bulb distillation 2° afforded (lS)-l-(3-chlorophenyl)-ethane- 
1,2-diol (1.83 g, 27%) in 87% ee. Diol: IH NMR (CDCI3); 6 7.34 (m, 1H), 7.26 (m, 2H), 7.18 (m, 
1H), 4.74 (dd, J=3.3, 8.3 Hz, 1H), 3.70 (dd, J=3.3, 11.5 Hz, 1H), 3.57 (dd, J=8.3, 11.5 Hz, 1H), 3.29 
(bs, 2H). 13C NMR (CDCI3); 6 142.5, 134.4, 129.8, 128.0, 126.2, 124.1, 74.0, 67.8. IR (thin film, 
cm -1); 3376, 2928, 1431, 1196, 1076, 1030. CIHRMS calcd for (CsH9C102+NH4)+=I90.0635, found 
190.0637. [0rID26=+21.2 (C=2.9, EtOH); lit. 21 [~]D=+24.05 (C=1.24, EtOH, 95% ee material). 
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