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A combination of mandelic acid and-bromosuccinimide efficiently converts prochiral alkenes into a
readily separable 1:1 mixture of the bromomandelates. The diastereomerically pure bromomandelates
are then converted into a variety of enantiomerically pure products. Terminal alkenes are converted into
enantiomerically pure epoxides. Cyclohexene is converted into enantiomericallgipi-@zidocyclo-
hexanol anctis-2-phenylthiocyclohexanol.

Introduction SCHEME 1

b : d Ph/\COQH
ylationt® are workhorses of modern organic synthesis. More
recently, Jacobsen epoxidatfdand Shi epoxidatiott have also
become important. Epoxides of terminal alkenes, however,
cannot be prepared directly in acceptable enantiomeric excess 99% e.e.
with any of these protocols. Enantiomerically enriched epoxides OH
of such alkenes are currently derived by catalytic asymmetric Ph” > CO,H
hydrolysis of the racemic epoxidésThe epoxides of simple O / ¥ - Q
cyclic alkenes such a%a are prochiral. Enantiomerically NBS *RCO, Br B OZCR* PhS
enriched products from such epoxides are currently accessed 5a 6a
by chiral catalytic nucleophilic openiAgr by resolutior?. We 99% e.e.
have found (Scheme 1) that mandelic acid reacts with terminal
alkenes such a%a in the presence of NBS to give the readily alkenes are also readily separated. This provides a facile entry
separated 1:1 mixture of diastereomeric secondary mandelateso chiral pool starting materials such 4a and8.
2a and 3a. The diastereomeric bromomandelates from cyclic

Results and Discussion

Sharpless asymmetric epoxidafidand asymmetric dihydrox- orr (;
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(1) (a) Hanson. R. M.+ Sharpless, K. B Org. Chem1986 51, 1922 We envisioned that conversion of alkeha to the bromo-

(b) Kolb, H. C.; VanNieuwenhze, M. S.; Sharpless, K @em. Re. 1994 hydrin followed by esterification with an enantiomerically pure
94, 2483. acid could lead to a separable mixture of diastereromeric bromo
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TABLE 1. Bromomandelation of Terminal Alkenes SCHEME 2

OCH,

OTr OTr
O,CR* OH OH MsCI

92 —_— —_—

Alkene Bromomandelates (%)2 Epoxide (%)°
KOH 85%

1 OTr
q\/ O,CR*
Il 1a
2a "Br 86% 9 OPMP
2 oTr
O,CR* OCR* _ TrO
4g° 8g¢ OH _CAN:
| 1b 64% overall from 2a
Br O 4a

4b K,COs
EO OZCF{*
1c
OBn
4
OZCR*
1d
5
OZCR*
1e
| cyclization, the same enantioméa of the epoxide (64% yield
overall from 2a). The net yield of the enantiomerically pure

aYield of a 1:1 mixture of secondary mandelates, based on starting epoxide4a from the alkenela was thus 41%, comparable to

alkene. A small amount{25%) of the mixture of the primary mandelates - S
was also formed® Yield of epoxide from diastereomé of bromoman- the yield expected from alkene epoxidation followed by

delate.c NBS was the limiting reagent.Ref 9.¢Ref 10.f Ref 11. enantioselective hydrolysis.

A substantial advantage of this approach is that it provides
the single enantiomer epoxideda-4€) directly from the
chromatographically pure bromomandelates. The diastereomers
2 and 3 are readily distinguishable by TLC and B NMR.
Prhere is no need to monitor a catalyst-mediated enantioselective
hydrolysis by the more cumbersome and expensive methods of
chiral HPLC or chiral GC. On a larger scale, the individual
diastereomers of the bromomandelates can alternatively be
purified by cystallization (Table 2, entry 2). Furthermore, for
low molecular weight epoxides, the diastereomerically pure
bromomandelate precursors are more convenient to store and
to handle than are the epoxides themselves.

Encouraged by these results, we undertook (Table 2) the bro-
momandelation of prochiral cyclic alkenes. Again, the bromo-
mandelates were readily separable [Frée) TLC R values
(isolated vyields): 7a 0.51 (40%) andsa 0.40 (41%)]. Consis-
tently, thelH NMR chemical shifts of the brominated methines
of 7a—7ewere downfield ¢ 0.13 too 0.33) from the'H NMR
chemical shifts of the brominated methinestaf—6e.

We briefly investigated nucleophilic displacement®m The
secondary bromide ofa (Scheme 3) participated more ef-

10 OPMP

Br 88%

3

SCHEME 3
86 o] Q o o]
< O)K[]/F’h : OJK:/Ph O)H(Ph
o Br HO N 0o
3 12

SPh

7a
Bn

SPh 8 11 (x-ray) N 14

2) to 4-methoxyphenol in the presence of KOH gave the alcohol
9. The derived mesylaté0 was deprotectéd to give, after

sze%ol-? 4@ Dess-Martin KoCOg
ool 0) ¢ 98% \o MeOH
e 3 90%
OH OH

chromatography.Methanolysis oBa delivered the epoxidéa
as a single enantiomer (99% ee, chiral HPLC).

The success of this separation led us to devise a one-ste
protocol for the conversion of an alkene to the mixture of
bromomandelates. To our surprise, we found that in contrast to
halolactonization, intermolecular alkene bromoesterification had
not been developed as a synthetic meth@ée have found that
the key was the use of the hindered pyridine 2,6-lutidine as the
base for the reaction. For simple terminal alkenes, the mixture
of bromomandelates formed efficiently, and the diastereomeric
secondary mandelates were indeed easy to separate. For
example, from alken&a, TLC R values, (isolated yields)3a
0.62, (26%)2a0.54 (27%), were followed by the 1:1 mixture
of the primary mandelates 0.46 (25%). Other monosubstituted
alkenes (Table 1) worked equally well. The diastereongers
and3 were readily distinguished by\H NMR of the methines:
for 2, 6 3.47-3.50 and for3 6 3.35-3.39. Relative configura-
tions were assigned by analogy3b, 3d, and3e each of which
led to an epoxide of known optical rotation.

Both of the diastereomeiZa and 3a could be converted to
the same enantiomer of the epoxile Direct exposure o8a

to KOH gave4a (92% y|e|d’ Table l) Exposure %(Scheme 72&9) Herb, C.; Dettner, F.; Maier, M. Ezur. J. Org. Chem2005 13,
(10) Chow, S.; Kitching, WTetrahedron: Asymmetr002 13, 779.
(7) Taber, D. F.J. Org. Chem1982 47, 1351. (11) Paddon-Jones, G. C.; McErlean, C. S. P.; Hayes, P.; Moore, C. J.;
(8) (a) For bromoacetoxylation of a terminal alkene, see: Srikrishna, Konig, W. A.; Kitching, W.J. Org. Chem2001, 66, 7487.
A.; Sundarababu, Gletrahedrornl991 47, 481. (b) For bromoacetoxylation (12) Petitou, M.; Duchaussoy, P.; ChoayTétrahedron Lett1988 29,
of cyclohexene, see: Dulog J. P.; Rodguez, J.Synlett1992 347. 1389.
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TABLE 2. Bromomandelation of Cyclic Alkenes

Alkene Secondary Bromomandelates®  Yield (%)?
~OCR* 0,CR*
JOEN O UG
Br “Br
5a 6a 7a
~OCR” 0,CR*
2 @ O/ 84
Br “Br
5b 6b° 7b°
OCR* 0,CR*
- O O T W
Br “Br
5¢c 6¢c 7c
\\\\OZCR* 0,CR*
Jolowont
Br “Br
5d 6d 7d
wO2CR* O,CR*
5 55

o} o}
O
Br Br
5e 6e
aYields based on limiting alkend.Relative configurations assigned in

analogy to6a and 7a. ¢ Diastereomers separated by low temperature
differential crystallization.

Y
7e

ficiently in nucleophilic displacement after oxidation to the
corresponding ketonkl. It is particularly noteworthy that these
displacements, to giv&2 and 13, led to the enantiomerically
pure cis derivative8'® and14,>*not directly available by other
means. Indeed, the simple alcol@? had not previously been
described in an enantiomerically pure form. X-ray analysis of
crystalline9 allowed assignment of the absolute configuration
of 7a

Conclusion

The route to chiral pool starting materials that we have
described here is operationally simple and routinely delivers
99% e.e. products. We expect that it will have broad applications
in exploratory synthesis.

Experimental Section

Bromomandelation of Terminal Alkenes: Method A. A
mixture of (§-mandelic acid (350 mg, 2.3 mmol) and 2,6-lutidine
(278 mg, 2.6 mmol) in dry CkCl, (4 mL) was purged with for
10 min. Alkene (1.00 mmol) was added. After stirring for another
2 min, NBS (267 mg, 1.5 mmol) was added in one portion while
the solution was cooled by a water bath. The mixture was kept
stirring overnight, then loaded onto a TLC mesh silica gel column
and eluted.

(13) Ritter, R. H.; Cohen, TJ. Am. Chem. S0d.986 108 3718.

(14) For the use of an enantiomerically puis-2-aminocyclohexanol
as an effective ligand for the enantioselective reduction of a ketone, see:
Schiffers, I.; Rantanen, T.; Schmidt, F.; Bergmans, W.; Zani, L.; Bolm, C.
J. Org. Chem200§ 71, 2320.
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Method B. A mixture of (§-mandelic acid (305 mg, 2.0 mmol)
and 2,6-lutidine (268 mg, 2.5 mmol) in dry GEl, (4 mL) was
purged with N for 10 min. Alkene (4 mmol) was added. After
stirring for another 2 min, NBS (178 mg, 1.00 mmol) was added
in one portion while the solution was cooled by a water bath. The
mixture was kept stirring for overnight, then loaded onto a TLC
mesh silica gel column and eluted.

From 342 mg ofla, Method A. EsteBa (colorless oil, 149 mg,
26%); TLCR = 0.62 (25% MTBE/petroleum ether)y[?% +21.9
(c = 1.35, CHC}); IH NMR (CDCls, 400 MHz): 6 1.41 (m, 2H),
1.66 (m, 4H), 3.06 (tJ = 6.4 Hz, 2H), 3.24 (m, 2H), 3.35 (d,=
6.0 Hz, 1H), 5.04 (m, 1H), 5.16 (d, = 6.0 Hz, 1H), 7.26-7.38
(m, 12H), 7.43 (m, 8H)*C NMR (CDCk, 100 MHz): 6 173.3,
144.4, 138.1, 86.5, 63.0, 33.1, 32.3, 29.6, 21.9; d 128.8, 128.7,
128.7,127.9,127.1, 126.7, 74.6, 73.0; IR (&)rB499, 1736, 1597,
1491, 1448, 1182, 1068, 763, 746; HRMS calcd fesHz:BrNaO,

(M + Na): 595.1460, found: 595.1457.

Ester2a (colorless oil, 155 mg, 27%); TL& = 0.54 (25%
MTBE/petroleum ether);d]?% +31.3 € = 1.20, CHC}); *H NMR
(CDClz, 400 MHz): 6 0.88 (m, 2H), 1.42 (m, 4H), 2.83 (di,=
2.0 and 6.4 Hz, 2H), 3.39 (dd,= 6.0 and 11.4 Hz, 2H), 3.47 (dd,
J=6.0 and 11.0 Hz, 1H), 5.02 (m, 1H), 5.17 (t= 5.6 Hz, 1H),
7.20-7.34 (m, 12H), 7.41 (m, 8H):3C NMR (CDCk, 100 MHz):

0 173.4, 144.4, 138.3, 86.5, 63.2, 33.5, 32.4, 29.5, 21.3; d 128.8,
128.7,128.6, 127.9, 127.0, 126.6, 74.6, 73.0; IR ®)rB466, 1737,
1596, 1491, 1448, 1181, 1068, 763, 746; HRMS calcd fgHg:-
BrNaO, (M + Na): 595.1460, found: 595.1442.

The primary esters (1:1) were also eluted. TRG= 0.46 (25%
MTBE/petroleum ether).

From 178 mg of NBS, Method B. Est&b (colorless oil, 79
mg, 23%), TLCR: = 0.68 (30% EtO/petroleum ether);od]]?%
+34.7 €= 0.95, CHC}); 'H NMR (CDCls, 400 MHz): 6 1.28—

1.49 (m, 4H), 1.71 (m, 2H), 2.05 (m, 2H), 3.28 (m, 2H), 3.37 (d,
J = 6.0 Hz, 1H), 4.945.10 (m, 3H), 5.20 (dJ = 6.4 Hz, 1H),
5.77 (m, 1H), 7.35 (m, 3H), 7.44 (m, 2HYC NMR (CDCk, 100
MHz): 6 173.3, 138.1, 115.0, 33.6, 33.1, 32.4, 28.5, 24.5; d 138.5,
128.7,128.7,126.7, 74.7, 73.1; IR (ch 3469, 1737, 1454, 1181,
1067, 912, 732; HRMS calcd for,gH,BrO, (M — OH): 323.0647,
found: 323.0632.

Ester2b (white solid, mp 53-54 °C, 89 mg, 26%).; TLOR =
0.61 (30% EtO/petroleum ether);df]?% +66.6 € = 0.9, CHC});

IH NMR (CDCl3, 400 MHz): 6 0.94 (m, 2H), 1.16 (m, 2H), 1.54
(m, 2H), 1.82 (m, 2H), 3.43 (m, 2H), 3.50 (dd= 4.8 and 11.2
Hz, 1H), 4.90 (m, 2H), 5.04 (m, 1H), 5.21 (d,= 5.6 Hz, 1H),
5.63(m, 1H), 7.35 (m, 3H), 7.44 (m, 2HY*C NMR (CDCk, 100
MHz): 6 173.4,138.4, 114.8, 33.6, 33.5, 32.4, 28.4, 24.0; d 138.5,
128.7,126.7, 74.7, 73.0; IR (cr¥) 3438, 1734, 1455, 1203, 1101,
912, 737; HRMS calcd for gH,oBrO, (M — OH): 323.0647,
found: 323.0638. The primary esters (1:1) were also eluted. TLC
R = 0.57 (30% EtO/petroleum ether).

Epoxide Formation, Method A. To a solution of diastereo/pure
bromomandelate (1 equiv) in methanol (0.1 M) was addgd®
(5 equiv), and the mixture was stirred at rt for 20 min. When the
reaction was complete (monitored by TLC), methanol was removed
at reduced pressure, and@twas added. The mixture was filtered
with Et,0, and the combined filtrate was concentrated. The residue
was chromatographed to provide enantio-enriched epoxide.

Epoxideda: (Method A, colorless solid, mp 5455 °C, 63 mg,
92%), from 110 mg oBBa, TLC R = 0.40 (10% EfO/petroleum
ether); p]?% —7.2 € = 1.0, CHC}); enantiomeric excess was
measured to be 99.0% by HPLC using a CHIRALDALCEL OD
column, eluting at 1 mL/min with 99.0/1.0 hexane/isopropanol,
monitored at 250 nm, retention time: 7.75 mR-¢poxide), 8.77
min (S-epoxide).'H NMR (CDCls, 400 MHz): ¢ 1.45-1.73 (m,
6H), 2.43 (ddJ = 2.8 and 4.8 Hz, 1H), 2.72 (dd,= 4.0 and 4.8
Hz, 1H), 2.88 (m, 1H), 3.07 (t) = 6.4 Hz, 2H), 7.20 (m, 3H),
7.29 (m, 6H), 7.44 (m, 6H):3C NMR (CDCk, 100 MHz): 6 144.5,
86.5, 63.4, 47.2, 32.5, 29.9, 22.9; d 128.8, 127.8, 127.0, 52.4; IR
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(cm™) 1596, 1490, 1448, 1219, 1154, 1076, 1032, 899, 747; HRMS
calcd for GsHpe0, (MT): 358.1933, found: 358.1918.

Synthesis of Epoxide 4a from Ester 2aA mixture of 2a (145
mg, 0.25 mmol), KOH (70 mg, 1.25 mmol), and 4-methoxyphenol
(155 mg, 1.25 mmol) in dry THF (1.25 mL) in a thick-walled tube
was purged with Blfor 10 min. This tube was sealed and heated
to 95°C for 16 h with magnetic stirring. The cooled mixture was

Taber and Liang

Epoxide Formation, Method B. To a solution of diastereo/pure
bromomandelate (1 equiv) in dry & (0.1 M) was added KOH
pellets (4 equiv), and the mixture was stirred for®5 h (monitored
by TLC). When the reaction was complete, the reaction mixture
was filtrated with E20. The filtrate was concentrated, and the
residue was distilled bulb-to-bulb (pet110-130°C, 150 mmHg)
to give the epoxide as a clear ail.

partitioned between ethyl acetate and 5% aqueous NaOH. The Epoxide4b (Method B, colorless oil, 205 mg, 89%), from 625

combined organic extract was dried ¢@8$&,) and concentrated.
The residue was chromatographed to give the alc@ioblorless

oil, 105 mg, 0.22 mmol, 86%). TLG = 0.34 (40% MTBE/
petroleum ether)}H NMR (CDCls, 400 MHz): 6 1.41-1.72 (m,
6H), 2.47 (d,J = 2.4 Hz, 1H), 3.08 (tJ = 6.4 Hz, 2H), 3.71 (s,
3H), 3.86 (dd,J = 2.8 and 9.2 Hz, 1H), 3.93 (m, 1H), 6.81 (s,
4H), 7.20 (m, 3H), 7.27 (t) = 6.8 Hz, 6H), 7.44 (d) = 7.2 Hz,
6H); 3C NMR (CDCk, 100 MHz): ¢ 154.1, 152.8, 144.5, 86.4,
73.0, 63.4, 32.9, 30.0, 22.3; d 128.7, 127.8, 126.9, 115.6, 114.8
70.2, 55.8.

A mixture of alcohol9 (105 mg, 0.22 mmol), DMAP (3 mg,
0.024 mmol), and EN (67 mg, 0.66 mmol) in dry CkCl, was
cooled to °C, and mesyl chloride (38 mg, 0.33 mmol) was added
in one portion. The solution was kept stirring overnight, then
partitioned between water and @H,. The combined organic
extract was dried (N®Q,) and concentrated. The residue was
chromatographed to give the mesylafwhite crystals, mp 123
124°C, 104 mg, 0.19 mmol, 85%), TL& = 0.34 (40% MTBE/
petroleum ether)H NMR (CDCl;, 400 MHz): 6 1.47-1.83 (m,
6H), 3.08 (m, 5H), 3.76 (s, 3H), 4.01 (m, 2H), 4.94 (m, 1H), 6.81
(m, 4H), 7.21 (m, 3H), 7.29 (i) = 7.2 Hz, 6H), 7.43 (d) = 7.6
Hz, 6H); 13C NMR (CDCk, 100 MHz): 6 154.5, 152.2, 144.4,

86.5, 70.1, 63.1, 31.6, 29.7, 21.9; d 128.8, 127.9, 127.0, 115.6,

115.0, 81.7, 55.8, 38.8.
The mixture of mesylaté0 (104 mg, 0.19 mmol) in THF/EO
(4:1, 1.25 mL) was cooled te'5 °C, and ammonium cerium nitrate

mg of 3b, TLC R = 0.71 (25% EtO/petroleum ether)o[]?%> —9.9
(c= 1.3, CHC}), lit [0]?% —10.1 € = 1.50, CHCI,). Data identical
with those reported.

Bromomandelation of Cyclic Alkenes. A mixture of (9-
mandelic acid (609 mg, 4.0 mmol), 2,6-lutidine (535 mg, 5.0 mmol),
and alkene (2.0 mmol) in dry Gi€l, (6 mL) was stirred for 10
min. NBS (356 mg, 2.0 mmol) was added in one portion while the
solution was cooled by a water bath. The mixture was stirred

rovernight, added to a TLC mesh silica gel column, and eluted.

From 164 mg oba. Ester7a(colorless oil, 250 mg, 40%), TLC
R = 0.51 (30% EfO/petroleum ether);d]?% +14.7 € = 1.65,
CHCl3); IH NMR (CDClz, 400 MHz): 6 1.28 (m, 3H), 1.62 (m,
2H), 1.90 (m, 2H), 2.34 (m, 1H), 3.42 (d,= 5.6 Hz, 1H), 3.96
(m, 1H), 4.96 (dtJ = 4.4 and 9.6 Hz, 1H), 5.22 (d,= 5.2 Hz,
1H), 7.34 (m, 3H), 7.42 (m, 2H}3C NMR (CDCk, 100 MHz): 6
172.9, 138.4, 35.6, 30.7, 25.4, 23.1; d 128.7, 128.6, 126.8, 77.9,
73.0, 52.1; IR (cm?) 3447, 1732, 1453, 1186, 1067, 734; HRMS
calcd for G4H17;05 (M — Br): 233.1178, found: 233.1188.
Ester6a (white solid, mp 88-89 °C, 259 mg, 41%); TLGR; =
0.40 (30% EtO/petroleum ether)pf]2% +126.1 € = 1.65, CHC});
IH NMR (CDCls, 400 MHz): 6 1.28 (m, 1H), 1.45 (m, 2H), 1.72
(m, 3H), 2.15 (m, 2H), 3.42 (dl = 5.6 Hz, 1H), 3.82 (dt) = 4.4
and 8.8 Hz, 1H), 4.93 (m, 1H), 5.18 (d= 5.6 Hz, 1H), 7.34 (m,
3H), 7.43 (m, 2H)33C NMR (CDCk, 100 MHz): 6 172.9, 138.1,
35.1, 30.7, 25.0, 23.1; d 128.6, 128.6, 126.9, 77.7, 73.2, 51.4; IR

(312 mg, 0.57 mmol) was added in one portion. The reaction was (M) 3435, 1733, 1451, 1182, 1067, 733; HRMS calcd for

monitored by TLC, and after 30 min, the reaction mixture was

Ci14H1703 (M — Br): 233.1178, found: 233.1179.

partitioned between water and ethyl acetate. The combined organic

extract was dried (N®Q,) and concentrated. The residue was
redissolved in MeOH (2 mL), and 05 (105 mg, 0.76 mmol)
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