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a-(Arylthio)- and a-(alkylthio)alkanoic acids and their deriv-
atives are widely used in drug design.[1] Compounds of this
class are also valuable as synthetic intermediates.[2] Both of
these considerations underscore the importance of their
availability in nonracemic form. Their synthesis from enan-
tioenriched a-halo- or a-(sulfonyloxy)alkanoic acids[1b,2b] by
the nucleophilic displacement of the leaving groups, although
effective, is dependent upon the availability of suitable chiral
precursors. Methods based on the asymmetric generation of
the stereogenic center in a-(arylthio)- and a-(alkylthio)alka-
noic acids and their derivatives are restricted in their scope.[3]

Given the ease of preparation of the corresponding race-
mates[2] resolution-based approaches have certain advantages.
Compared to classical resolution[4,5] and kinetic resolution
(KR),[6, 7] dynamic kinetic resolution (DKR),[8] which converts
both enantiomers of the starting material into one enantiomer
of the product, is especially attractive. The DKR protocol
disclosed by Drueckhammer and co-workers[9] was success-
fully applied to (� )-a-(phenylthio)propanoic acid and relies
on enzymatic hydrolysis of the corresponding ethyl thioester,
which undergoes rapid racemization under the reaction
conditions (Scheme 1). Its only obvious drawbacks are the
need to handle malodorous ethanethiol and the fact that the
requisite enzyme is available in only one enantiomeric form,
therefore the reversal of the enantioselectivity of the reaction

would require identification of a different enzyme and a
different set of reaction conditions.

Herein, we report the first examples of the direct DKR of
a-(arylthio)- and a-(alkylthio)alkanoic acids by enantioselec-
tive esterification promoted by small-molecule catalysts. To
the best of our knowledge, enantioselective, nonenzymatic
DKR has so far been achieved for only two types of activated
carboxylic acid derivatives: azlactones 1[10] and cyclic
carboxyanhydrides 2[11, 12] (Scheme 2).[13]

In the course of our recent studies[7c] on KR of a-
substituted alkanoic acids catalyzed by homobenzotetrami-
sole ((S)-HBTM, 7; Figure 1),[14a] we observed that the
unreacted a-(phenylthio)propanoic acid was recovered with
an unexpectedly low ee value when the reaction was carried

out at room temperature (Scheme 3). We realized that this
result must be due to in situ racemization of the less-reactive
enantiomer of the substrate. Given the inherently higher
efficiency of DKR compared to conventional KR, we sought
to optimize the newly discovered process.

In the context of KR, it was sufficient to activate only half
of the substrate. Therefore, our standard KR protocol relied
on the in situ conversion of the racemic acid into its sym-
metrical anhydride by treatment with 0.53 equivalents of

Scheme 1. Enzymatic DKR of thioesters.[9]

Scheme 2. Chiral acyl donors amenable to nonenzymatic DKR.

Figure 1. The catalysts used in this study.
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DCC. For DKR we needed to generate stoichiometric
amounts of the chiral acyl donor. The use of 1.2 equivalents
of DCC produced the ester with a high ee value, but the
reaction was slow and accompanied by the formation of side
products (Table 1, entry 1). Pivalic anhydride[15b] reacted
more cleanly, but the reaction was also slow (Table 1,
entry 2). Fortunately, the use of benzoic anhydride, which is

employed in Shiina�s original protocol for the BTM-catalyzed
KR of arylpropanoic acids,[15a] proved to be optimal. Within
24 hours, the desired ester was obtained in 91% yield with
91% ee, accompanied by approximately 9% of the benzoate
ester by-product (Table 1, entry 3).

Variation of other reaction parameters was undertaken
next. (S)-HBTM (7; Figure 1; Table 1, entry 3) was superior to
(S)-BTM[14b] (8 ; entry 4) and (R)-Cl-PIQ[14c] (9 ; entry 5), a
result that is in agreement with our earlier study.[7c] Several
additional solvents were tested and they all produced some-
what lower ee values and yields than toluene (Table 1,
entries 6–10). Although di(1-naphthyl)methanol (Table 1,
entry 3), originally identified by Shiina et al.[15a] and subse-
quently used in our studies,[7c,10f] once again proved to be

optimal, diphenylmethanol also produced useful levels of
enantioselectivity (Table 1, entry 11). Results obtained with
primary benzyl alcohols (Table 1, entries 12–14) and isopro-
panol (entry 15) were less satisfactory.

Having thus established the basic parameters of the new
method, we proceeded to explore its substrate scope
(Table 2). Electron-donating or electron-withdrawing sub-
stituents on the phenyl ring had no appreciable effect on the
enantioselectivity (Table 2, entries 2–6). However, replacing

the phenyl group with a benzyl or n-octyl group proved to be
slightly detrimental (Table 2, entries 7 and 8). Replacing the
methyl group with a primary alkyl group also led to some loss
of enantioselectivity; the reaction proceeded more slowly,
thus resulting in lower yields of the desired product and the
concomitant increase in the yield of the benzoate ester by-
product (Table 2, entries 9 and 10). When a secondary alkyl
substituent was introduced, the benzoate ester became the
predominant product (Table 2, entry 11).

We confirmed that both the lithium aluminum hydride
reduction and the trifluoroacetic acid catalyzed deprotection
of the DKR products occur in high yield (95% and 85 %,
respectively) and without any loss of stereochemical integrity.
In the former reaction, di(1-naphthyl)methanol was also
recovered in 90 % yield.

In conclusion, we have developed the first nonenzymatic,
enantioselective method for the DKR of a-(arylthio)- and a-
(alkylthio)alkanoic acids. In contrast to the existing enzymatic
protocol, it neither requires the prior conversion of the
substrates into their thioesters nor releases ethanethiol in the
course of the reaction, and can be directed towards either
enantiomer of the product simply by switching the absolute
configuration of the catalyst. Extension of the new DKR
process to other classes of acyl donors is under investigation
and will be reported in due course.

Scheme 3. Evidence of in situ racemization during KR. DCC= N,N’-
dicyclohexylcarbodiimide.

Table 1: Variation of the DKR protocol.

Entry Activator Solvent ROH Yield [%][a] ee [%]

1 DCC [D8]PhMe 1-Np2CHOH 35 89
2 Piv2O [D8]PhMe 1-Np2CHOH 35 91
3 Bz2O [D8]PhMe 1-Np2CHOH 91 91
4[b] Bz2O [D8]PhMe 1-Np2CHOH 49 �84
5[c] Bz2O [D8]PhMe 1-Np2CHOH 87 46
6 Bz2O CD2Cl2 1-Np2CHOH 67 79
7 Bz2O CDCl3 1-Np2CHOH 61 84
8 Bz2O C6D6 1-Np2CHOH 88 87
9 Bz2O [D8]THF 1-Np2CHOH 66 88
10 Bz2O CD3CN 1-Np2CHOH 60 46
11 Bz2O [D8]PhMe Ph2CHOH 97 83
12 Bz2O [D8]PhMe PhCH2OH 93 26
13 Bz2O [D8]PhMe 1-NpCH2OH 99 15
14 Bz2O [D8]PhMe 2-NpCH2OH 94 20
15 Bz2O [D8]PhMe iPrOH 89 49

[a] Determined by 1H NMR analysis. [b] Catalyst 8 was used instead of 7.
[c] Catalyst 9 was used instead of 7. For structures of 7, 8, and 9 see
Figure 1. Bz = benzoyl, Np =naphthyl, Piv =2,2-dimethylpropanoyl,
THF = tetrahydrofuran.

Table 2: Exploration of the substrate scope.[a]

Entry R1 R2 By-product [%][b] Yield [%][c] ee [%]

1 Me Ph 9 90 91
2 Me p-MeC6H4 6 85 92
3 Me p-MeOC6H4 8 89 91
4[d] Me p-MeOC6H4 n.d. 92 90
5 Me p-ClC6H4 5 93 89
6 Me p-BrC6H4 4 91 91
7 Me PhCH2 12 88 85
8 Me CH3(CH2)7 13 87 84
9 Et Ph 20 62 86
10 nBu Ph 20 71 86
11 iPr Ph 38 13[e] 66

[a] Performed on 0.10 mmol (� )-substrate, unless specified otherwise.
[b] Yield of the by-product (PhCO2CH(1-Np)2) was determined by
1H NMR analysis. [c] Yield of isolated product ((96�3)% pure by
1H NMR) unless specified otherwise. [d] Performed on 1.0 mmol scale
(see the Experimental Section). [e] Yield was determined by 1H NMR
analysis. n.d.= not determined.
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Experimental Section
General procedure: Racemic a-(p-methoxyphenylthio)propanoic
acid (212 mg, 1.00 mmol), iPr2NEt (0.70 mL, 4.0 mmol), and benzoic
anhydride (280 mg, 1.20 mmol) were dissolved in 10 mL of toluene.
The resulting mixture was stirred at room temperature for 5 min and
then treated sequentially with (S)-HBTM (7; 27 mg, 0.10 mmol) and
di(1-naphthyl)methanol (340 mg, 1.20 mmol). After 24 h, the reaction
mixture was quenched by the addition of benzylamine (0.15 mL,
1.4 mmol), and then placed directly on a silica gel column. Elution
with hexanes/ethyl acetate (9:1) gave 440 mg (92% yield) of the
desired S ester in 89.6% ee (99% pure as determined by 1H NMR
analysis).

Received: December 13, 2010
Revised: March 15, 2010
Published online: April 28, 2011

.Keywords: acyl-transfer catalysis · kinetic resolution ·
organocatalysis · racemization · synthetic methods

[1] For examples, see: a) E. R. Wagner, R. G. Dull, L. G. Mueller,
B. J. Allen, A. A. Renzi, D. J. Rytter, J. W. Barnhart, C. Byers, J.
Med. Chem. 1977, 20, 1007; b) M. N. Romanelli, A. Bartolini, C.
Bertucci, S. Dei, C. Ghelardini, M. G. Giovannini, F. Gualtieri,
G. Pepeu, S. Scapecchi, E. Teodori, Chirality 1996, 8, 579; c) H.
Zettl, R. Steri, M. L�mmerhofer, M. Schubert-Zsilavecz, Bioorg.
Med. Chem. Lett. 2009, 19, 4421.

[2] For examples, see: a) P. A. Grieco, C.-L. J. Wang, J. Chem. Soc.
Chem. Commun. 1975, 714; b) R. Breitschuh, D. Seebach,
Synthesis 1992, 1170.

[3] Diastereoselective sulfenylation of N-acyl-oxazolidinones:
a) R. P. Alexander, I. Paterson, Tetrahedron Lett. 1985, 26,
5339; stoichiometric enantioselective sulfenylation: b) T. Yura,
N. Iwasawa, R. Clark, T. Mukaiyama, Chem. Lett. 1986, 1809;
diastereoselective alkylation of N-(phenylthio)acetyl imidazoli-
dinones: c) M. Orena, G. Porzi, S. Sandri, Tetrahedron Lett. 1992,
33, 3797; catalytic enantioselective a sulfenylation of aldehydes:
d) M. Marigo, T. C. Wabnitz, D. Fielenbach, K. A. Jørgensen,
Angew. Chem. 2005, 117, 804; Angew. Chem. Int. Ed. 2005, 44,
794; catalytic enantioselective a sulfenylation of b-ketoesters:
e) S. Sobhani, D. Fielenbach, M. Marigo, T. C. Wabnitz, K. A.
Jørgensen, Chem. Eur. J. 2005, 11, 5689; enantioselective S�H
insertion: f) Y.-Z. Zhang, S.-F. Zhu, Y. Cai, H.-X. Mao, Q.-L.
Zhou, Chem. Commun. 2009, 5362.

[4] For a review of resolution methods, see: F. Faigl, E. Fogassy, M.
N�gr�di, E. P�lovics, J. Schindler, Tetrahedron: Asymmetry 2008,
19, 519.

[5] For the classical resolution of a-(phenylthio)butyric acid, see: F.
Gualtieri, C. Bottalico, A. Calandrella, S. Dei, M. P. Giovannoni,
S. Mealli, M. N. Romanelli, S. Scapecchi, E. Teodori, N. Galeotti,
C. Ghelardini, A Giotti, A. Bartolini, J. Med. Chem. 1994, 37,
1712.

[6] For the principles of KR, see: a) H. B. Kagan, J. C. Fiaud, Top.
Stereochem. 1988, 18, 249; for a recent review, see: b) E. Vedejs,
M. Jure, Angew. Chem. 2005, 117, 4040; Angew. Chem. Int. Ed.
2005, 44, 3974.

[7] Enzymatic KR of a-(organothio)alkanoic acids and esters: a) D.-
i. Kato, S. Mitsuda, H. Ohta, J. Org. Chem. 2003, 68, 7234; b) S.
Koul, J. L. Koul, B. Singh, M. Kapoor, R. Parshad, K. S. Manhas,
S. C. Taneja, G. N. Qazi , Tetrahedron: Asymmetry 2005, 16,
2575; nonenzymatic KR of a-(phenylthio)propanoic acid: c) X.
Yang, V. B. Birman, Adv. Synth. Catal. 2009, 351, 2301.

[8] For a recent review, see: H. Pellissier, Tetrahedron 2008, 64,
1563.

[9] a) D. S. Tan, M. M. G�nter, D. G. Drueckhammer, J. Am. Chem.
Soc. 1995, 117, 9093; b) P.-J. Um, D. G. Drueckhammer, J. Am.
Chem. Soc. 1998, 120, 5605.

[10] a) D. Seebach, G. Jaeschke, K. Gottwald, K. Mastsuda, R.
Formisano, D. A. Chaplin, M. Breuning, G. Bringmann, Tetra-
hedron 1997, 53, 7539; b) J. Liang, J. C. Ruble, G. C. Fu, J. Org.
Chem. 1998, 63, 3154; c) L. Xie, W. Hua, A. S. C. Chan, Y.-C.
Leung, Tetrahedron: Asymmetry 1999, 10, 4715; d) A. Berkessel,
F. Cleeman, S. Mukherjee, T. N. M�ller, J. Lex, Angew. Chem.
2005, 117, 817; Angew. Chem. Int. Ed. 2005, 44, 807; e) A.
Peschiulli, C. Quigley, S. Tallon, Yu. K. Gun�ko, S. J. Connon, J.
Org. Chem. 2008, 73, 6409; f) X. Yang, G. Lu, V. B. Birman, Org.
Lett. 2010, 12, 892; g) G. Lu, V. B. Birman, Org. Lett. 2011, 13,
356.

[11] a) J. Hang, H. Li, L. Deng, Org. Lett. 2002, 4, 3321; b) J. Hang, L.
Deng, Synlett 2003, 1927.

[12] L. Tang, L. Deng, J. Am. Chem. Soc. 2002, 124, 2870.
[13] The diastereoselective DKR of carboxylic acids using a chiral

alcohol and an achiral acylation catalyst is known: a) M. Calmes,
C. Glot, T. Michel, M. Rolland, J. Martinez, Tetrahedron:
Asymmetry 2000, 11, 737; b) A. Ammazzalorso, R. Amoroso, G.
Bettoni, B. De Filippis, M. Fantacuzzi, L. Giampietro, C.
Maccallini, M. L. Tricca, Eur. J. Org. Chem. 2006, 4088.

[14] a) V. B. Birman, X. Li, Org. Lett. 2008, 10, 1115; b) V. B. Birman,
X. Li, Org. Lett. 2006, 8, 1351; c) V. B. Birman, H. Jiang, Org.
Lett. 2005, 7, 3445.

[15] a) I. Shiina, K. Nakata, Y. Onda, Eur. J. Org. Chem. 2008, 5887;
b) I. Shiina, K. Nakata, K. Ono, Y. Onda, M. Itagaki, J. Am.
Chem. Soc. 2010, 132, 11629.

Angewandte
Chemie

5669Angew. Chem. 2011, 123, 5667 –5669 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1021/jm00218a004
http://dx.doi.org/10.1021/jm00218a004
http://dx.doi.org/10.1002/(SICI)1520-636X(1996)8:8%3C579::AID-CHIR7%3E3.0.CO;2-4
http://dx.doi.org/10.1016/j.bmcl.2009.05.057
http://dx.doi.org/10.1016/j.bmcl.2009.05.057
http://dx.doi.org/10.1039/c39750000714
http://dx.doi.org/10.1039/c39750000714
http://dx.doi.org/10.1055/s-1992-26328
http://dx.doi.org/10.1016/S0040-4039(00)95033-0
http://dx.doi.org/10.1016/S0040-4039(00)95033-0
http://dx.doi.org/10.1246/cl.1986.1809
http://dx.doi.org/10.1002/ange.200462101
http://dx.doi.org/10.1002/anie.200462101
http://dx.doi.org/10.1002/anie.200462101
http://dx.doi.org/10.1002/chem.200500512
http://dx.doi.org/10.1039/b911670b
http://dx.doi.org/10.1016/j.tetasy.2008.02.004
http://dx.doi.org/10.1016/j.tetasy.2008.02.004
http://dx.doi.org/10.1021/jm00037a023
http://dx.doi.org/10.1021/jm00037a023
http://dx.doi.org/10.1002/9780470147276.ch4
http://dx.doi.org/10.1002/9780470147276.ch4
http://dx.doi.org/10.1002/ange.200460842
http://dx.doi.org/10.1002/anie.200460842
http://dx.doi.org/10.1002/anie.200460842
http://dx.doi.org/10.1021/jo034253x
http://dx.doi.org/10.1016/j.tetasy.2005.07.009
http://dx.doi.org/10.1016/j.tetasy.2005.07.009
http://dx.doi.org/10.1002/adsc.200900451
http://dx.doi.org/10.1016/j.tet.2007.10.080
http://dx.doi.org/10.1016/j.tet.2007.10.080
http://dx.doi.org/10.1021/ja00140a037
http://dx.doi.org/10.1021/ja00140a037
http://dx.doi.org/10.1021/ja980445b
http://dx.doi.org/10.1021/ja980445b
http://dx.doi.org/10.1016/S0040-4020(97)00456-0
http://dx.doi.org/10.1016/S0040-4020(97)00456-0
http://dx.doi.org/10.1021/jo9803380
http://dx.doi.org/10.1021/jo9803380
http://dx.doi.org/10.1016/S0957-4166(99)00577-7
http://dx.doi.org/10.1002/ange.200461442
http://dx.doi.org/10.1002/ange.200461442
http://dx.doi.org/10.1002/anie.200461442
http://dx.doi.org/10.1021/jo801158g
http://dx.doi.org/10.1021/jo801158g
http://dx.doi.org/10.1021/ol902969j
http://dx.doi.org/10.1021/ol902969j
http://dx.doi.org/10.1021/ol102736t
http://dx.doi.org/10.1021/ol102736t
http://dx.doi.org/10.1021/ol026660l
http://dx.doi.org/10.1021/ja0255047
http://dx.doi.org/10.1016/S0957-4166(00)00017-3
http://dx.doi.org/10.1016/S0957-4166(00)00017-3
http://dx.doi.org/10.1002/ejoc.200600484
http://dx.doi.org/10.1021/ol703119n
http://dx.doi.org/10.1021/ol060065s
http://dx.doi.org/10.1021/ol051063v
http://dx.doi.org/10.1021/ol051063v
http://dx.doi.org/10.1002/ejoc.200800942
http://dx.doi.org/10.1021/ja103490h
http://dx.doi.org/10.1021/ja103490h
http://www.angewandte.de

