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ABSTRACT Efficient preparation of (R)-2-chloromandelic acid (R)-1 based on a recycle pro-
cess of resolution is described. In the process, the desired (R)-1 was obtained by coordination-
mediated resolution with D-O,O’-di-(p-toluoyl)-tartaric acid in the presence of Ca2+. Meanwhile,
the undesired (S)-1 could be racemized in the presence of sodium hydroxide and the product
was suitable for further resolution. A carbanion mechanism for the racemization of (S)-1 is pro-
posed. Chirality 00:000–000, 2015. © 2015 Wiley Periodicals, Inc.

KEY WORDS: 2-chloromandelic acid; D-O,O’-di-(p-toluoyl)-tartaric acid; coordinative resolution;
Dutch resolution; racemization
*Correspondence to: Yu Hu, Department of Chemistry and Education Center
for Basic Chemistry Experiments, Nanchang University, XueFu Road 999,
Nanchang, P.R. China. E-mail: huyu@ncu.edu.cn
Received for publication 14 July 2014; Accepted 16 December 2014
DOI: 10.1002/chir.22427
Published online in Wiley Online Library
(wileyonlinelibrary.com).
Enantiopure (R)-2-chloromandelic acid (R)-1 is the key chi-
ral intermediate for the industrial synthesis of clopidogrel, an
antiplatelets aggregation agent that can decrease the risk of
cardiovascular disease in patients with acute coronary syn-
dromes.1,2 The preparation of (R)-1 has been investigated
by the following general methods: 1) asymmetric synthesis
via metal catalyst3–5 or biocatalyst;6,7 2) racemic resolution
by chromatography;8 3) enzymatic resolution;9–15 and 4) dia-
stereomeric salt resolution.16–20In methods (1–3), (R)-1 can
be obtained in high optical purity. However, these methods
are used mainly in the laboratory because of the high price
of efficient chiral catalysts and the limitation of equipment.
Therefore, resolution of racemates via diastereomeric inter-
mediates is the most frequently used method for the produc-
tion of chiral compounds, especially in large-scale preparation
or industrial synthesis.
Four kinds of resolving agents were used to resolve rac-1:

N-benzyl-α-phenylethanamine,16,17 alanine,18 1-aryl-2-amino-
1,3-propane-diol,19 and aryloxypropylamine.20 These resolu-
tions can be achieved via diastereomeric salts, which are al-
ways composed of the acid 1 and amine resolving agents.
However, almost all amine resolving agents are toxic or ex-
pensive. The Mravik group applied optically active O,O’-
dibenzoyltartaric acid (DBTA), which is usually used for the
resolution of amines, as a new resolving reagent for racemic
carboxylic acid derivatives.21–23 Compared with chiral
amines, optically pure DBTA, the derivative of tartaric acid
2, is a relatively cheap and nontoxic reagent. Therefore, this
method is promising for the resolution of racemic acids.
In the aforementioned methods, the maximum theoretical

yield was only 50% during resolution and discarding the other
half (the unwanted isomer) is uneconomical. For this reason,
it is highly desirable to exploit the unwanted isomer by
means of racemization and a theoretical yield of 100% can be
obtained.24 Thus, it is necessary to design an efficient process
such that (S)-1 can be racemized into rac-1.
The exceptional behavior of DBTA prompted us to use

some tartaric acid derivatives in the resolution of 1. In our pre-
vious work, 1 could be successfully resolved via molecular
complex formation with calcium hydrogen DBTA.25 It is a pity
that the resolving efficiency was medium. In order to improve
resolving efficiency and realize a recycle process of resolution,
we explored the resolution with tartaric acid derivatives and
dicals, Inc.
the racemization of (S)-1. The resolution and racemization
could thus be repeated for multiple cycles in order to obtain
a yield of (R)-1 as high as possible. Herein, the optimal results
are presented on the resolution of rac-1 with tartaric acid de-
rivatives. Moreover, the method and a plausible mechanism
for the racemization of the undesired (S)-1 were extensively
studied.

MATERIALS AND METHODS
General

Racemic 2-chloromandelic acid was obtained from Guangde Keyuan
Chemical Company (China). The resolving agents D-DBTA 3, D-O,O’-
di-(p-toluoyl)-tartaric acid (D-DTTA 4) and D-O,O’-di-(p-methoxybenzoyl)-
tartaric acid (D-DMTA 5) were obtained from Chengdu Likai Chiral Com-
pany (China) or made in our laboratory.26 All solvents were purified by
standard procedures. All chemicals were analytically pure. The 1H NMR
spectra were taken on a Bruker (400MHz) spectrometer. Chemical shifts
of 1H NMR are expressed in ppm with the residual signal of DMSO as
an internal standard (δ = 2.5 ppm). Melting points were obtained on a
digital melting point apparatus and reported uncorrected. IR spectra
were measured on a Nicolet MX-1 spectrometer by the KBr method at
room temperature. Optical rotations of chiral compounds were mea-
sured on Perkin-Elmer (Boston, MA) 341 automatic polarimeter at room
temperature. Mass spectra were obtained using a Bruker (Billerica,
MA) AmaZon SL mass spectrometer. The enantiomeric excess (ee)
value of 2-chloromandelic acid was determined by HPLC analyses using
an Agilent-1100 instrument equipped with Daicel Chiralpak AS-H
column (4.6 × 250mm).

Resolution of Rac-2-Chloromandelic Acid Rac-1
2-Chloromandelic acid (466mg, 2.5mmol) and water (14mL) were

added to a warm solution of D-DTTA 4 (772mg, 2.0mmol) and CaO
(112mg, 2.0mmol) in isopropanol (14mL). The mixture was heated to re-
flux for 1 h, then cooled to room temperature and stirred for another 3 h.
544mg (69.3% yield and 99% ee) of the salt of (R)-1·Ca·4 was obtained as
colorless crystals after recrystallizing three times in mixed solvents
(iPrOH: H2O = 2:1). mp: 179°C (dec.); IR (KBr): ν = 3422, 2973,
1705, 1612, 1577, 1273, 1179, 1128, 1048 and 750 cm�1; 1H NMR
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(400MHz, DMSO-d6, δ): 7.83-7.85 (m, 4H), 7.30-7.44 (m, 4H+4H), 5.63
(s, 2H), 5.10 (s, 1H), 2.36 (s, 6H) ppm.; MS (ESI, m/z): [M + H]+

611.1; found, 610.9.
The complex (R)-1·Ca·4 was suspended in 10% hydrochloric acid

(10mL) and toluene (5mL). The mixture was warmed to 80°C for a short
period with vigorous stirring, and then cooled to room temperature. The
precipitate (DTTA) was filtered. The toluene layer was separated and the
aqueous layer was extracted with ethyl acetate (3 × 10mL). The organic
phases were combined, dried over anhydrous sodium sulfate, and con-
centrated in vacuum. 10 mL of warm toluene was added to the residue
and then the undissolved DTTA was filtered off. The filtrate was concen-
trated to yield 140mg (60%) of (R)-2-chloromandelic acid with 99% ee; mp:
116–117°C, α½ �20D = �124 (c = 1 in H2O); the (R)-1 reported in Aldrich
(Milwaukee, WI) Chemistry: [α]23D = �126 (c = 3 in H2O). 1H NMR
(400MHz, DMSO-d6, δ): 7.30-7.52 (m, 4H), 5.34 (s, 1H) ppm. The enantio-
meric purity of (R)-1 was determined by HPLC analyses using an Agilent-
1100 (Palo Alto, CA) instrument with hexane/isopropanol (90/10) and
0.05% trifluoroacetic acid as eluent under detection wavelength of
222 nm. The flow rate was 1.0mL/min. Retention time: (R)-1 17.3min,
(S)-1 19.4min.

Racemization of (S)-2-Chloromandelic Acid (S)-1
A typical racemization process in Table 2 is described as follows. The

optically enriched compound (S)-2-chloromandelic acid was obtained
from the mother liquid in the above resolution. A solution of (S)-2-
chloromandelic acid (100mg, 0.54mmol, 67% ee) in DMSO (5mL) and
H2O (0.1mL) was stirred in a round-bottom flask. Powdered sodium hy-
droxide (64mg, 1.6mmol) was added and stirred at 160 °C for 2 h. The
mixture was diluted with 10% hydrochloric acid. The aqueous solution
(pH <2) was extracted with ethyl acetate (3 × 10mL). The combined ex-
tracts were washed successively with water (10mL) and brine (10mL).
The collected organic layers were dried over MgSO4, filtered, and con-
centrated. The product (82mg, 82% yield) was obtained as a white solid.

RESULTS AND DISCUSSION
Resolution of 2-Chloromandelic Acid

DBTA has been successfully used in calcium salt formation
for the resolution of rac-1, via diastereomeric salt forma-
tions.25 In this method, the best resolution efficiency could
reach 58.2% in the mixture of water and isopropanol (Table 1,
entry 2). Tartaric acid and its diaryl carboxylate derivatives D-
DBTA 3, D-DTTA 4, and D-DMTA 5 are widely used and
nontoxic at chiral resolution agents (Fig. 1). To improve the
resolution efficiency of 1, tartaric acid derivatives (3, 4, and
5) were explored with diastereomeric calcium salts. In this
TABLE 1. Resolution of rac-1 by tartaric acid derivatives (D-
DBTA 3, D-DTTA 4 and D-DMTA 5) and CaO

Entry 1: CaO : 3 : 4 : 5
a

ee (%)
b

Yield (%)
c

Eff.(%)
d

1 3:3:1:1:1 54.7 88.6 (1:3:2)
e

48.5
2 1:1:1:0:0 53.8 108.2 58.2
3 1:1:0:0:1 47.1 95.8 45.1
4 1:1:0:1:0 54.4 114.4 62.2
5 0.9:1:0:1:0 52.3 114.6 59.9
6 0.8:1:0:1:0 65.6 101.8 66.8
7 0.7:1:0:1:0 60.7 89.2 54.1
8 0.6:1:0:1:0 61.6 76.4 47.1

aThe initial molar ratio of rac-1, CaO, 3, 4, and 5.
bIn all experiments, (R)-1 was obtained and the enantiomeric purity was de-
termined by HPLC.
cThe yield of the diastereomeric salt based on half the initial complex.
dResolving efficiency, defined as a product of the yield of the diastereomeric
salt and the ee of the liberated 1.
eThe molar ratio of 3, 4, and 5 in the precipitated salt was determined by 1H
NMR.
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study, we first explored a mixed group of D-DBTA, D-DTTA,
and D-DMTA as resolving agents. The mixture of resolving
agents was added to the solution of equimolar amounts of
rac-1 and CaO in iPrOH-H2O, and the precipitate was ana-
lyzed by HPLC and 1H NMR, which showed that DTTA was
the major component in the diastereomeric salt. (R)-1 was
obtained at 48.5% efficiency and 54.7% ee (Table 1, entry 1).
Dutch resolution is the use of structurally related resolving
agents.27 In the resolution of rac-1, the resolving efficiency
of the Dutch resolution was not as good as that of D-DBTA
or D-DTTA individually (Table 1, entries 1, 2, and 4), and D-
DTTA was the best resolving agent. (R)-1 was obtained at
62.2% efficiency and 54.4% ee in complex formation (Table 1,
entry 4). Thus, an effective resolving agent, DTTA, could be
successfully selected by “Dutch resolution.”
In order to improve the efficiency of the resolution, several

kinds of solvents, such as methanol, ethanol, isopropanol, wa-
ter, acetone, and acetonitrile were surveyed and their mix-
tures were examined. The mixed solvent of isopropanol and
water was found to be an excellent solvent system. We ini-
tially utilized tartaric acid derivatives as chiral host reagent
to resolve 2-chloromandelic acid and found the standard mo-
lar ratio of racemic guest and resolving agent was 1:1. But
the efficient molar ratio of tartaric acid derivative neutral cal-
cium salt and racemic compound may be another ratio.21,22

Thus, different ratios were studied and the ratio of 0.8:1 was
found to be the best in the resolving efficiency (Table 1, entry
6). Unfortunately, it was difficult to obtain the qualified single
crystal of less soluble salts for X-ray crystallographic analysis.
The structures of the resolution intermediates were charac-
terized with 1H NMR and mass spectra. In the experiments,
1H NMR demonstrated that the ratio of 4 and 1 in the less-
soluble salt is close to 1:1. Mass spectra analysis suggested
that the resulting complex was formulated as (R)-1·Ca·4. Af-
ter third being recrystallized from the mixed solvents (iPrOH:
H2O = 2:1), the calcium complex of (R)-1·Ca·4 was suitably
acidified to give (R)-1 by extraction with 99% ee. Thus, utiliz-
ing 4 as a resolving agent, optical pure (R)-1 was prepared
with 99% ee in 60% yield.

Racemization of (S)-2-Chloromandelic Acid
While 60% of (R)-1 was obtained from the resolution of the

rac-1 with D-DTTA and Ca2+, undesired (S)-1 remains as
waste. Compound (S)-1, which is a precursor of inactive
clopidogrel enantiomer, could be discarded. We attempted
to find a method to convert this unwanted compound (S)-1
into the useful (R)-1. The conversion could be achieved by
transforming (S)-1 into rac-1 and then into (R)-1. Compound
(S)-1 was thus recycled just by repeating the racemization
and resolution procedure. Herein, the racemization of (S)-1
was extensively studied and many conditions were tried,
which are summarized in Table 2.
Racemization of most carboxylic acids can be carried out

with the coexistence of alkali and dimethyl sulfoxide.28 Thus,
the effects of the category and concentration of base, temper-
ature, and reaction time on rate of racemization are
discussed. As can be seen in Table 2, (S)-1 can be efficiently
racemized into rac-1 with an inorganic base such as sodium
hydroxide, potassium hydroxide, sodium carbonate at 160°
C (Table 2, entries 2–4). However, an organic weak base is
not a suitable base for racemization. Under the same condi-
tion, racemization almost never occurs with Et3N. This means
that strong alkalinity is favorable to racemization of 1. It is



TABLE 2. Racemization of (S)-1
a

Entry Base(equiv
b
) Solvent Temperature

c
(°C) Time (h) PR

d
(%)

1 Et3N(5) Glycerin 160 5 0
2 Na2CO3(5) Glycerin 160 5 95
3 KOH(5) Glycerin 160 5 100
4 NaOH(5) Glycerin 160 5 100
5 NaOH(4) Glycerin 160 5 97
6 NaOH(3) Glycerin 160 5 94
7 NaOH(2) Glycerin 160 5 43
8 NaOH(1) Glycerin 160 5 9
9 NaOH(5) H2O 105

e
5 0

10 NaOH(5) EtOH 80
e

5 15
11 NaOH(3) Glycerin 130 1 3
12 NaOH(3) Glycerin 130 2 71
13 NaOH(3) Glycerin 160 1 36
14 NaOH(3) Glycerin 180 1 96
15 NaOH(3) DMF 160 3 35
16 NaOH(3) DMSO 160 3 93
17 NaOH(2) DMSO 160 1 67
18 NaOH(2) DMSO 160 2 90
19 NaOH(2) DMSO 160 3 92
20 NaOH(2) DMSO 130 1 49
21 NaOH(2) DMSO 130 2 62
22 NaOH(2) DMSO 130 3 69
23 NaOH(2) DMSO 130 4 74
24 NaOH(2) DMSO 130 5 78
25 NaOH(1) DMSO 160 3 5
26 NaOH(3) DMSO+H2O(2%) 160 2 100
27 NaOH(3) DMSO+H2O(20%) 160 3 72

aThe initial enantiomeric purity of (S)-1 is 67% ee.
bThe molar ratio of base and (S)-1.
cTemperature of the oil bath.
dPercentage of racemization (1-[α] product / [α] starting material).
eRefluxing.

Fig. 1. The resolution of racemic 2-chloromandelic acid (rac-1).

RESOLUTION AND RACEMIZATION OF 2-CHLOROMANDELIC ACID
shown that the high temperature is another important factor
in racemization (Table 2, entries 11, 13, and 14). With the in-
crease of alkali concentration and heating time, the rate of ra-
cemization was significantly raised. It is notable that more
than an equal amount of base was required in the racemiza-
tion (Table 2, entries 8 and 25).
The solvent effect was dramatic. DMSO was the favorable
solvent. Other high boiling solvents such as DMF, glycerin
could be used too. But, racemization didn’t work in water or al-
cohol. Temperature had a notable impact on the racemization,
and should not be kept below 130°C (Table 2, entry 11). Thus,
it is easy to understand why H2O or EtOH was not a suitable
Chirality DOI 10.1002/chir



Fig. 2. Mechanism of the racemization in DMSO.
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solvent for the racemization. Under the existence of 5 equiv of
sodium hydroxide, only a slight amount of racemization oc-
curred even when refluxing for 5 h (Table 2, entries 9–10).
It is interesting that trace water in DMSO contributes to im-

prove the degree of racemization (Table 2, entry 26). The rea-
son would be that trace water improved the dissolution of
sodium salt and NaOH during the racemization. When only
3 equiv of sodium hydroxide was used, almost all of the race-
mization occurred at 160°C after 2 h ([α] product = 0).
It should be pointed out that there is no need to use

enantiomerically pure (S)-1 for the racemization experiment.
The optically enriched compound from the mother liquid of
the resolution can also be directly used for the method. (R)-
1 can also be racemized into rac-1 under the same condition.
A plausible mechanism of the racemization is now pro-

posed. As described in Figure 2, the proton at the stereo-
genic center of (S)-1 could be removed by strong
alkalinity. The five-membered ring intermediate could be
formed through a hydrogen bond between α-hydroxyl and
carboxyl group, and the process is the same as benzoin
isomerization in basic media.29 In the 2-chloromandelic acid
example, carboxylate ion is formed and shows a better abil-
ity to be acceptor of a hydrogen bond. Thus, equal amounts
of base have to be used for converting carboxyl acid to car-
boxylate ion and more base is used for racemization. In-
creasing the temperature makes the carboxyl and
hydroxyl groups closer through the carbon–carbon bond
torsion. The removal of the proton at the stereogenic center
of (S)-1 by a strong base affords a carbanion that conju-
gated with the benzene ring. Protonation of the planar carb-
anion or alkene would definitely produce a racemic
compound due to equal probabilities of access of the proton
on both faces of the plane. We also propose that sodium hy-
droxide first reacts with DMSO to form a more reactive an-
ion species (sodium methylsulfinyl methide),30–32 which
then reacts with 1 to form the intermediate anion, thus
the dramatic solvent effect can be understood (Fig. 2). Fi-
nally, the racemic 1 was obtained by acidification and could
be used for further resolution.
A carefully designed experiment would support our pro-

posed mechanism. When the mixture of (S)-1 and 2 equiv
of sodium hydroxide was stirred for 2 h at 160°C in the deu-
terated solvent (DMSO-d6),1H NMR analysis of the reaction
system showed that a deuterium atom was incorporated at
the stereogenic center of 1, which means that a carbanion
formed during the racemization. Thus, the racemization of
(S)-1 is easily achieved under certain conditions.

CONCLUSION
The successful methods of coordination-mediated resolu-

tion and racemization for the preparation of (R)-1 have been

Chirality DOI 10.1002/chir
described. The effective resolving agent DTTA was quickly
found by “Dutch resolution” in the tartaric acid derivates.
Moreover, racemization of (S)-1 was extensively studied and
the best condition was found. The mechanism for the racemi-
zation was also proposed. The proton at the stereogenic center
of (S)-1 could be removed by strong alkalinity affording a five-
member ring intermediate through hydrogen-bond between
the α-hydroxyl and carboxyl group. A carbanion was formed
during the racemization.
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