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Derivatives Extractants

Tang, Kewen*?(FB127)
Zhou, Tao’ (&%)

Miao, Jiabing®(E 5K 1x)

Liu, Yongbing®(XZK£T)

Song, Litao"(FATH%)

& Department of Chemistry and Chemical Engineering, Hunan Institute of Science and Technology,
Yueyang, Hunan 414006, China
IDCollege of Chemistry and Chemical Engineering, Central South University, Changsha, Hunan 410083, China

S-Cyclodextrin (5-CD) is negligibly soluble in organic liquids and can be modified to achieve a higher solubil-
ity in water. In this paper, racemic a-cyclohexyl-mandelic acid (a-CHMA) was separated by chiral reactive extrac-
tion with aqueous p-cyclodextrin derivatives. Hydroxypropyl-g-cyclodextrin (HP-4-CD), hydroxyethyl-A-cyclo-
dextrin (HE-B-CD), and methyl-j-cyclodextrin (Me-5-CD) were selected as chiral selectors for reactive extraction
of a-CHMA enantiomers from organic phase to aqueous phase. Factors affecting the extraction efficiency were in-
vestigated, including the types of organic solvents and S-CD derivatives, the concentrations of the chiral selector
and a-CHMA enantiomers, pH and temperature. The experimental results demonstrate that HP-5-CD, HE-$-CD,
and Me-$-CD have stronger recognition abilities for S-a-CHMA than for R-a-CHMA. Among the three derivatives,
HP-/-CD shows the strongest separation factor for a-CHMA enantiomers. A high enantioseparation efficiency with
a maximum separation factor (a) of 2.02 is observed at pH 2.5and 5 C.
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Introduction

There is an increasing demand for optically pure
enantiomers in the chemical industry.! Many research-
ers have attempted the separation of optically active
compounds.”® The most used method in industry is di-
asteriomeric crystallisation. However, crystallisation is
generally inflexible and thus its development for each
new racemic mixture is quite time consuming.’ Fur-
thermore, this process is relatively slow, difficult to
control and involves solid-phase handling. Asymmetric
synthesis and kinetic resolution have been developed as
viable alternatives to avoid these problems caused by
crystallization.® However, these processes require the
development of an appropriate path for each product,
leading to considerable costs and long development pe-
riods. Membrane-based approaches will become very
important for continuous operation, but at the moment
still suffer from being generally less enantioselective.'

Chiral solvent extraction has been of interest and
currently appears to be a time-saving and cost-effective
process. As a promising large-scale production tech-
nique, chiral solvent extraction has attracted a lot of
researchers to make great efforts in recent years.>>*4%
Separation factor is the most important parameter for

chiral extraction, which directly influences the separa-
tion effect. For example, for a 99% pure product (R/S=
100) about 190 NTU (number of transfer units) are re-
quired for an enantioselectivity of 1.05, a number de-
creasing to approximately 30 when a increases to a
value of 1.20.* Therefore, it is very important to im-
prove the separation factor.

Tartaric acid derivatives are normal chiral selectors
used for chiral extraction.’**® The separation factors of
the selectors are somehow low, and a large number of
theoretical stages are required in chiral extraction proc-
esses. Therefore, it is necessary to develop new selec-
tors with high separation factor to speed up the applica-
tion of solvent extraction, and realize large-scale pro-
duction. More recently, the chiral ligand-exchange con-
cept has been applied to liquid-liquid extraction tech-
nology and obtained high separation factors holding
advantages over chiral ligand-exchange chromatography
for large-scale applications.* Steensma et al.!” reported
chiral separation of amines, amino acids and amino-
alcohols by reactive extraction.

Cyclodextrins (CD) are optically active materials.
They interact with guest molecule selectively, and form
inclusion complexes depending on various interactions
involving Van der Waals, dispersive forces, dipole-
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dipole interactions, electrostatic forces and hydrogen
bonding. By using the selective inclusion property, CDs
have recently been used as means of separation for iso-
mers or mixtures normally difficult to separate, for ex-
ample, in liquid chromatography, fixed membrane, lig-
uid membrane and selective titration methods. Cyclo-
dextrins show negligible solubilities in organic liquids
and can be modified to achieve high solubility in water.
Aqueous cyclodextrin solutions were selected as ex-
tractants for the separation of aromatic compounds from
cracker feeds and of toluene oxidation g)roducts from
toluene.”® Recently, Meindersma et al.”® reported ex-
traction of toluene, o-xylene from heptane and benzyl
alcohol from toluene with aqueous cyclodextrins.
7-Desmethyl-ormeloxifene enantiomers were separated
by countercurrent chromatography with sulfated f-CD
as chiral selector.”® In our recent work, the optimal
separation factor of 2.49 towards a-cyclohexyl-man-
delic acid enantiomers was obtained by biphasic recog-
nition chiral extraction,® but another step of back-ex-
traction will be added in the recovery of product. At
present, there is no other report on separation of enan-
tiomers by reactive extraction with aqueous cyclodex-
trin derivatives.

This paper presented that a-cyclohexyl-mandelic
acid enantiomers were separated by reactive extraction
with aqueous cyclodextrins extractants. a-CHMA (Fig-
ure 1) is a significant chiral drug precursor used to syn-
thesize some chiral drugs such as oxybutynin, which is a
principal drug to cure urinary incontinence and has a
wide market. Owing to S-enantiomer having better drug
effect and lower side-effect than racemic mixture, it is
necessary to resolve racemic mixture or esterify chiral
precursor S-a-CHMA in order to obtain S-oxybutynin,
but the later can reduce cost greatly.

COOH

Figurel Chemical structure of a-cyclohexyl-mandelic acid.

The chiral reactive extraction is carried out by the
formation of two diastereomeric complexes between
S-CD derivative and a-CHMA enantiomers (Figure 2).
Each of a-cyclohexyl-mandelic acid enantiomers has
one carboxylic group and an aromatic group. One dis-
sociation equilibria exists in aqueous solutions:

HA e, A H N

where HA and A" are neutral molecule and anion of
R(S)-a-CHMA, respectively.

The distribution ratios Dg and Dg for R-a-CHMA
and S-a-CHMA can be calculated by the following
formulas:
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Figure 2 Diagram of distribution of enantiomers in a chiral
reactive extraction system.
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Ds= Cos (3)

Among which Cog and Cy r represent concentrations of
R-a-CHMA in organic phase and aqueous phase, re-
spectively; Cos and Cy s represent the concentrations of
S-a-CHMA in organic phase and aqueous phase, re-
spectively.

Separation factor («) is defined as

a:&

Dr

(4)

Here Ds>Dg. The distribution ratios D values between
0.2 and 5 are the most accurate because of their low
relative error (5%—10%). D values which are <<0.1 or
>10 must be judged with great care, because the rela-
tive error easily rises to >30%. As the operational se-
lectivity is calculated from the ratio of the D values, a
selectivity lower than about 1.1 can not be determined
accurately by single extraction experiments.?

The yield of an enantiomer is expressed as the frac-
tion of the organic feed that ends up in the aqueous ex-
tract phase:

YS — [S] ag,allforms .Vﬂ (5)
[Slorg,initial Vorg
YR: [R] aq,allforms .Vﬂ (6)

[Rlorgiinitial  Vorg

In chiral separation process, the enantiomers excess
(ee) is used as a measure of the enantioselectivity of a
process, which can be defined as follow:

€€urg = [R]org,allforms_[S]org,allforms %100% (7)
[S ]org,allforms +[R]0rg,allforms
€€y = [R]aq,allforms_[S]aq,allforms %100% (8)

- [S]aq,allforms +[R]aq,allforms

Koska and Haynes? combined the yield and ee in
the performance factor (PF). The PF is a very useful
tool to optimize an enantioselective extraction process
and is defined as
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PF=eeyqYs 9

According to the possible mechanism for chiral re-
active extraction of a-CHMA enantiomers, the types of
organic solvents and S-CD derivatives, the concentra-
tions of the chiral selector and a-CHMA enantiomers,
pH and temperature could affect the extraction effi-
ciency. The factors affecting the extraction efficiency
were investigated.

Experimental

Materials

Racemic oa-CHMA (HA) was purchased from
Guangde Keyuan Chemical Co., Ltd., with a purity>
98% and a melting point of 163—164 ‘C. g-CD was
got from Shanghai Chemical Co., Ltd. Hydrophilic
extractants, HP-4-CD (D.S.=5.7), HE-f-CD (D.S.=4.6)
and Me-p-CD (D.S.=5.1) were obtained from Shan-
dong Xinda Fine Chemical Co., Ltd. n-Octanol was
bought from Yili & Co. Inc. (Beijing, China). Solvent
for chromatography was of HPLC grade. Unless other-
wise stated, all reagents were of analytical grade and
bought from different suppliers.

Analytical method

The quantification of «-CHMA enantiomers in
aqueous phase was performed by HPLC (Agilent Tech-
nologies Corporation, Series 1100, USA) equipped with
a UV detector (Merck, Hitachi, Japan). A Lichrospher
C18 column (250 mm 4.6 mm i.d., 5 pm) (Hanbon
Science & Technology Co. Ltd., China) was utilized.
Chromatographic conditions according to Ref. 23 were
as follows. The mobile phase was a mixture of 0.075
mol/L KH,PO, aqueous solution, alcohol, and acetoni-
trile (V :V :V=65":20:15) containing 9.5 mmol/L
B-CD. The flow rate of the mobile phase was 1.0
mL/min. The column temperature was maintained at a
fixed temperature and the detection was monitored at a
wavelength of 220 nm. The injection volume was 20 pL.
The pH of the aqueous phase was measured with a pH
electrode and a pH meter (Orion, model 720A, USA).
The retention time of S-enantiomer is less than that of
R-enantiomer.

Extraction experiments

In the extraction system, the aqueous phase was
prepared by dissolving p-CD derivatives (HP-5-CD,
HE-S-CD, Me-p-CD) as the chiral selectors in a 0.1
mol/L phosphate salt buffer solution. Racemic a-
cyclohexyl-mandelic acid was dissolved in organic sol-
vent to prepare the organic phase. All liquid-liquid reac-
tive extraction experiments were carried out in 25 mL
glass-stoppered tube in a thermostat bath. Equal volume
(each 2 mL) of the aqueous and the organic phase were
placed together and shaken sufficiently (5 h) before be-
ing kept in a water bath at a fixed temperature until the
distribution behavior achieved equilibrium. The mixing
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time was sufficient to reach the equilibrium. After phase
separation, the concentration of a-CHMA enantiomers
in the agueous phase was analyzed by HPLC. The con-
centrations of a-CHMA enantiomers in organic phase
were calculated from the mass balance by substractive
method.

Results and discussion

The chromatogram of racemic a-CHMA before and
after extraction was shown in Figures 3(a) and 3(b),
respectively. It can be calculated from Figure 3(a) that
the chromatographic peak area of S-a-CHMA is equal
to that of R-a-CHMA, which indicates that the content
of S-a-CHMA is the same as that of R-a-CHMA. Ra-
cemic a-CHMA were separated by reactive extraction
with 0.1 mol/L HP--CD in 0.1mol/L phosphate salt
buffer solution, and a-CHMA in the aqueous phase at
equilibrium was analyzed by HPLC [Figure 3(b)].

WL L

10 11 12 13 10 11 12 13
(a) (b)

Figure 3 Chromatograms of a-CHMA enantiomers before (a)
and after (b) extraction. [HP-4-CD]=0.1 mol/L, pH=2.5, tem-
perature 5 C.

Influence of organic solvents

Solvent molecules play an important role in the
complexation process, for instance by desolvation of the
enantiomers and extractant, solvation of the complex
and possibly by acting as a ligand.?* The influence of
organic solvent on distribution behavior was investi-
gated in various extraction systems containing 0.1
mol/L HP-4-CD in aqueous phase and a-CHMA enan-
tiomers in different organic solvents at 5 “C. It was ob-
served from Table 1 that the solvent has a clear influ-
ence on the distribution ratios and enantioselectivity.
When n-heptane is used as solvent, big distribution ra-
tios are obtained, although low separation factor is
found. While n-octanol is used as solvents, HP-5-CD
shows separation factors towards a-CHMA enantiomers
but with very small distribution ratios. The high viscos-
ity of n-octanol and the associated slow phase settling is
a drawback of this solvent. Separation factors and dis-
tribution ratios for a-CHMA enantiomers are relatively
high with 1,2-dichloroethane and methylene chloride as
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solvents. Highest separation factor and performance
factor are achieved with 1,2-dichloroethane as solvent.
So 1,2-dichloroethane is a suitable solvent for extraction
of a-CHMA enantiomers.

Table1 Influence of organic solvent?®

Organic solvent Ds Dg a  eeyg% PF
n-Octanol 0.08 0.04 2.00 1.89 0.0014
n-Heptane 755 7.14 106 256 0.0226
Methylene chloride 3.33 219 152 15.15 0.1165
1,2-Dichloroethane 477 2.36 2.02 26.37 0.2180

& Aqueous phase: [HP-8-CD] =0.1 mol/L, [a-CHMA]=1.0
mmol/L, pH=2.5.

Screening of chiral selectors

Whether and to what extent a complex is formed,
can be predicted on the basis of size, shape and polarity
of the guest molecule and various interactions involving
Van der Waals, dispersive forces, dipole-dipole interac-
tions, electrostatic forces and hydrogen bonding. The
size of the guest determines whether it fits into the cav-
ity, shape and polarity influence the possible stabilizing
effects by interactions within the cavity or with side
groups on the cavity rim. The size of the guest of
a-CHMA enantiomers fits into the cavity of -CD de-
rivatives, so 5-CD derivatives can form complexes with
a-CHMA enantiomers. But to what extent a complex is
formed depends on the shape and polarity of 5-CD de-
rivatives. Therefore, three types of f-CD derivatives
show different separation factors towards a-CHMA en-
antiomers.

Separation factors and distribution ratios for a-
CHMA enantiomers were investigated in several extrac-
tion systems containing different S-CD derivatives
(Me-p-CD or HE-$-CD or HP-4-CD) at5 °C (Table 2).
From Table 2, it is clearly seen that the separation fac-
tors of the three f-CD derivatives are always above 1,
which indicates that they have stronger recognition
abilities for S-a-CHMA than for R-a-CHMA. Among
the three S-CD derivatives, HP--CD has the highest
separation factor.

Table 2 Chiral recognition ability of different 5-CD deriva-
tives®

Extractant Dg Dr a €€4rg/%
Me-$-CD 1311 11.92 1.10 441
HE-B-CD 4.80 3.58 1.34 11.73
HP-5-CD 4.77 2.36 2.02 26.37

% Aqueous phase: [Me--CD]=0.1 mol/L, [HE-p-CD]=0.1
mol/L, [HP-B-CD]=0.1 mol/L, pH =25, [a-CHMA]= 1.0
mmol/L.

I nfluence of pH

In aqueous solution, a-CHMA molecules exist in
two states of molecule (HA) and anion (A™). J; and d
represent the percentage distributions of a-CHMA spe-
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cies of HA and A", respectively.

H+

The relationship between the relative concentrations
of all HA species and the pH values of the solution at 5
‘C can be determined by Matlab (Figure 4). From Fig-
ure 4, it was found that both molecule HA and anion A~
exist in agueous solution round the pH of pK, (3.53),
anion A" is the main species of HA when pH>4.5, and
a-CHMA enantiomers mainly exist in the form of neu-
tral molecule HA when pH<:2.5. It can be predicted
that there is obvious influence of pH on the distribution
behavior of a-CHMA enantiomers in the reactive ex-
traction systems containing HP-p-CD.

1.0
0.8 [
: (o] &

0.6 [

04 F

02 F

0.0 L L 1 1

0 1 2 3 4 5 6 7

pH
Figure4 Percentage distribution of a-cyclohexyl-mandelic acid
species as a function of pH.

To better understand the effect of pH on the distribu-
tion behavior, partition ratios and separation factor were
investigated in the extraction systems containing 0.1
mol/L HP-4-CD in 0.1 mol/L KH,PO4,/H3PO, buffer
solution at different pH values (Figure 5). It is shown
from Figure 5 that the influence of pH on distribution
behavior is notable. This new organization of the results,
as a function of pH, shows clearly that all the distribu-
tion ratios increase when increasing the pH, while the
separation factors follow opposite tendency.

10

2

Figure 5 Influence of pH on D and a. [HP-5-CD]=0.1 mol/L,
[e-CHMA]=1.0 mmol/L, temperature 5 C.
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The possible reasons for these may be that the neu-
tral molecule of «a-CHMA enantiomers can react with
HP-p-CD to form diastereomeric complexes, while the
ionic forms of a-CHMA enantiomers can not. The
amount of ionic a-CHMA (A") increases with the rise of
the pH, but the amount of molecular a-CHMA de-
creases. With the rise of the pH value, more molecular
a-CHMA in organic phase is transferred to aqueous
phase and changed into ionic a-CHMA, which leads to
the results that the non-selective physical partitioning of
a-CHMA in organic phase and HP-4-CD complexation
decrease with pH. As a result, distribution ratios in-
crease with the rise of the pH, but separation factors
obviously decrease with the rise of the pH. Therefore, it
should be kept at low pH to perform the extraction
process.

I nfluence of HP-£-CD concentration

HP-4-CD and a-CHMA enantiomers can form two
diastereomeric complexes, which not only enhances the
solubility of the enantiomers in a buffer solution, but
also improves the separation factors for a-CHMA enan-
tiomers. As a result the concentration of HP-$-CD has a
great influence on distribution ratios and separation
factors.

Figure 6 shows the influence of HP-4-CD concentra-
tion on distribution behavior of a-CHMA enantiomers
by varying the concentration from 0 to 0.12 mol/L, at
pH 2.5and 5 °C. It can be seen from Figure 6 that dis-
tribution ratios and separation factors all increase with
the rise of the concentration of HP--CD, which can be
explained by a larger amount of complexes formed in
aqueous phase. When the concentration of HP-4-CD is
0, both distribution ratios of 0.02 are very low and no
separation factor is found which indicates that the
physical partitioning of CHMA hardly occurs in the
aqueous phase in the absence of HP-4-CD. The fact that
a-CHMA enantiomers hardly partition into the aqueous
phase in the absence of HP-4-CD also shows that
a-CHMA enantiomers partitioning behaviour in the
presence of -CD is carried out through enantioselective
complexation between enantiomers and selector.
Therefore, the model approach on the reactive extrac-
tion of a-CHMA enantiomers may be interfacial reac-
tive model to describe mass transfer and reaction kinet-
ics in the system.

Influence of a-CHM A enantiomer s concentration

The influence of a-CHMA enantiomers concentra-
tion on extraction efficiency is shown in Figure 7. All
distribution ratios and separation factors reduce with the
increase of the initial concentration of a-CHMA enan-
tiomers, which indicates a better enantioseparation effi-
ciency at low initial concentrations. This can be due to
the fact that the non-selective physical partitioning of
a-CHMA in organic phase is enhanced upon the in-
crease of the initial concentration of a-CHMA enanti-
omers, but the percent of a-CHMA which form com-
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Figure 6 Influence of concentration of HP-5-CD on D and a.
[a-CHMA]=1.0 mmol/L, pH=2.5, and temperature 5 C.
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Figure 7 Effect of initial concentration of a-CHMA on D and .
[HP--CD]=0.1 mol/L, pH=2.5, and temperature 5 C.

plexes with HP-5-CD, decreases with the increase of
initial concentration. It is concluded that at low concen-
trations most extraction is through enantioselective
complexation and at higher concentrations more non-
selective partitioning is occurring in organic phase.

Influence of temperature

The influence of temperature on the distribution be-
havior was investigated in the range of 5—30 ‘C with
racemic a-CHMA as the solute in the organic phase. It
was observed from Table 3 that higher temperature
leads to a decrease in distribution ratios and separation
factors. The fact that the decreasing distribution ratios is
obtained indicates that with the rise of temperature, the
non-selective physical partitioning of a-CHMA in or-
ganic phase is increasing and S-CD complexation de-
creases. A decrease in separation factors can be ex-
plained that the selector-enantiomer interaction weakens
with temperature and the discrimination ability of the
selector for a-CHMA enantiomers weakens as well.

The variations of In k and In o versus 1/T are shown
in Figure 8. The results can be described as fitting very
well with the Van’t Hoff model, indicating that the
complexes do not change in conformation and that en-
antioselective interactions remain unchanged in the
temperature range studied.
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Table 3 Influence of the temperature on the enantioseparation
of a-CHMA enantiomers®

T/IK Ds Dr a €€0rg/%
278 4.77 2.36 2.02 26.37
283 3.08 1.67 1.84 20.80
288 2.36 1.37 1.72 17.23
293 1.80 111 1.62 14.02
298 1.26 0.82 1.54 10.85
303 1.01 0.69 1.46 8.58

& Aqueous phase: [HP--CD] =0.1 mol/L, [a-CHMA]=1.0
mmol/ L, pH=2.5.

1.50 | In Ds=-17.06179 + 5163.79308/T ;
R =0.99328
125
1.00 |
Q075 |
0.50
025 |
0.00 |
0.0033 0.0034 0.0035 0.0036
T-1/K-
1.00
L In Dy =-13.89408 + 4091 8139/ -
0.75 | R2=0.99213
_050 [
025 F
0.00 |
2025 F
2050 — : L ‘ ' ‘ :
0.0033 0.0034 0.0035 0.0036
T-/K-
07 I Ina=-3.16143 + 1069.87752/T ¢
2 = (.98923
0.6
T oost
04
0.0033 0.0034 0.0035 0.0036
T-/K-

Figure 8 Influence of temperature on the enantioseparation of
a-CHMA. [HP-5-CD]=0.1 mol/L, [a-CHMA]=1.0 mmol/L,
pH=2.5.
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Conclusion

In this paper, liquid-liquid reactive extraction has
been proposed and evaluated as alternative industrial
technique for separation of a-CHMA enantiomers. It
was found that aqueous hydroxypropyl-g-cyclodextrin
solution is a sufficient reactive extractant for a-CHMA
enantiomers. The efficiency of extraction depends on
several factors including the types of organic solvents
and B-CD derivatives, the concentrations of the chiral
selector and a-CHMA enantiomers, pH and temperature,
and the optimum extraction conditions are achieved to
improve the separation factors. A better enantiosepara-
tion efficiency can be obtained at low initial concentra-
tion. Higher temperature leads to a decrease in distribu-
tion ratios and separation factors. A good enantiosepa-
ration efficiency with a maximum separation factor of
2.02 is obtained at pH 2.5 and 5 °C, and the ee in the
organic phase reaches 26.37% after one stage extraction.
a-CHMA enantiomers hardly partition into the aqueous
phase in the absence of HP-$-CD, which shows the
model approach on the reactive extraction of a-CHMA
enantiomers may be interfacial reactive model to de-
scribe mass transfer and reaction kinetics in the system.
It can be envisioned that liquid-liquid reactive extrac-
tion will allow enantioselective separation of various
aromatic acid enantiomers with aqueous f-cyclodextrin.
Full separation of a-CHMA can be carried out by multi-
stage extraction.
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