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ABSTRACT BINAP-metal complexes were prepared as extractant for enantioselective liq-
uid–liquid extraction (ELLE) of amino-(4-nitro-phenyl)-acetic acid (NPA) enantiomers. The influ-
ence of process variables, including types of organic solvents and metal precursor, concentration
of ligand, pH, and temperature on the efficiency of the extraction, were investigated experimen-
tally. An interfacial reaction model was established for insightful understanding of the chiral ex-
traction process. Important parameters required for the model were determined. The
experimental data were compared with model predictions to verify the model prediction, It
was found that the interfacial reaction model predicted the experimental results accurately. By
modeling and experiment, an optimal extraction condition with pH of 7 and host (extractant) con-
centration of 1mmol/L was obtained and high enantioselectivity (αop) of 3.86 and performance
factor (pf) of 0.1949 were achieved. Chirality 26:79–87, 2014. © 2013 Wiley Periodicals, Inc.
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INTRODUCTION
The production and availability of enantiomerically pure com-

pounds is of prime importance to the pharmaceutical industry
as well as to the agrochemical, flavor, and fragrance indus-
tries.1–3 The most common technique for obtaining enantiome-
rically pure compounds on a commercial scale is classical
resolution by crystallization but the method has low versatility.4

Compared with crystallization and some other methods, such
as chiral liquid chromatography5 and chiral capillary electro-
phoresis,6 enantioselective liquid–liquid extraction (ELLE) is
expected to be cheaper and easier to scale up to commercial
scale and has a large application range.7,8

A chiral selector plays an important role in ELLE, which binds
enantiospecifically and reversibly with a racemic substrate.9

Several chiral selectors have been reported, such as tartaric acid
derivatives,10,11 crown ethers,12–14 cinchona alkaloids,9,15 β-CD
derivatives,16–19 metal complex,20 and so on21–27. The chiral
bisphosphine BINAP, which has been proven to be a highly ver-
satile ligand in asymmetric catalysis, makes it possible to bind
other ligands by exchange of a counterion. Therefore, the
BINAP–metal complex may provide an efficient selector in
ELLE. Some interesting examples can be found in previous
work for ELLE of amino acid enantiomers.28,29

Amino acid enantiomers are increasingly important to indus-
trial and laboratory processes, as they are considered crucial
chiral building blocks for a variety of biologically active com-
pounds, such as pesticides, peptides, and semisynthetic β-
lantam antibiotics. Amino-(4-nitro-phenyl)-acetic acid (NPA)
can be used as a D-serine transporter inhibitor for the treatment
of nervous system disorders.30 It can be seen as adding a nitro
to para-position of phenylglycine (Fig. 1).
This paper reports the ELLE of NPA enantiomers with (S)-

BINAP metal complex as the chiral extractant. The factors af-
fecting the extraction efficiency, such as types of metal ions
and organic solvents, pH of aqueous phase, concentrations of
host, and temperature, were investigated. The equilibrium of
the extraction systemwas modeled and optimized by an interfa-
cial reaction model.
dicals, Inc.
THEORY AND MODELING
Theory of Enantioselective Reactive Extraction

Knowledge of the reaction mechanism is required to gain a
better understanding of the reactive extraction process. Two
different mechanisms have been reported in previous works
on reactive extraction, namely, homogeneous ligand addition
mechanism and interfacial ligand exchange mechanism. The
main difference between the two mechanisms is the locus of
the complexation reaction.
In enantioselective extraction of NPA enantiomers by CuPF6

{(S)-BINAP} (the extractant, written as BINAP-Cu for short),
the reaction between NPA enantiomers and the extractant
occurs either in one of the phases or at the interface. It was
found that the metal–BINAP complex is highly hydrophobic,
which excludes the possibility that the complexation reaction
takes place in the aqueous phase. The complexation reaction
could only happen either in the organic phase or at the inter-
face. Where the complexation reaction occurs depends on the
solubility of the reactant and the product of the complexation
reaction. It was found that NPA enantiomers could distribute
over the organic and aqueous phases. NPA anion can react with
BINAP-Cu through a ligand-exchange process. One mol of
NPA reacts with 1mol of BINAP-Cu and generates 1mol of
PF6- . Although NPA enantiomers and BINAP-Cu can exist in
the organic phase, the product of this reaction PF6

- can hardly
exist in the organic phase (Fig. 2). It is concluded that the



Fig. 1. Chemical structure of NPA.
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reaction takes place at the interface between the two phases.
Therefore, the interfacial ligand exchange mechanism was ap-
plied in this paper for studying the reactive extraction of NPA
enantiomers by BINAP-Cu.

Model Equations
Consider the volume of aqueous phase (Vw) equal to the vol-

ume of organic phase (Vorg). Species in both phases are in
chemical equilibrium, and each phase is open with respect to
the other. The enantioselective reactive liquid–liquid extraction
system can be modeled by a series of coupled equilibrium rela-
tions and mass balance equations as follows.
The acid dissociation equilibrium constant in aqueous phase:

Ka ¼
Hþ� �

D�½ �w
DH½ �w

¼ Hþ� �
L�½ �w

LH½ �w
(1)

where [DH]w and [LH]w are the concentrations of the molecu-
lar D- and L-NPA in the aqueous phase at equilibrium,
respectively; [D-]w and [L-]w are the concentrations of the D- and
L-NPA anion in the aqueous phase at equilibrium, respectively.
The physical partition coefficient of molecular D- and L-

NPA, P0, can be written as follows:

P0 ¼
DH½ �org
DH½ �w

¼ LH½ �org
LH½ �w

(2)

and the physical partition coefficient of the D- and L-NPA
anion, Pi, can be written as follows:

Pi ¼
D�½ �org
D�½ �w

¼ L�½ �org
L�½ �w

(3)

where [DH]org and [LH]org are the concentrations of the molec-
ular D- and L-NPA in the organic phase at equilibrium,
Fig. 2. Diagram of enantioselective e
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respectively; [D-]org and [L-]org are the concentrations of the D-
and L-NPA anion in the organic phase at equilibrium,
respectively.
The complexation equilibrium of BINAP-Cu with NPA

enantiomers at the interface can be written as follows:

KD ¼ DCuB½ �org PF6
�½ �w

CuB½ �orgD�
w

(4)

KL ¼ LCuB½ �org PF6
�½ �w

CuB½ �org L�½ �w
(5)

where [DCuB]org and [LCuB]org are the concentrations of the
complexes of BINAP-Cu with D- and L-NPA in the organic
phase; [CuB]org is the concentration of BINAP-Cu in the
organic phase at equilibrium; [PF6

- ]w is the concentration of
PF6

- in the aqueous phase.
Due to Vw =Vorg, the following equations represent the

mass balance for D- and L-NPA:

CD ¼ DH½ �w þ D�½ �w þ DH½ �org þ D�½ �org þ DCuB½ �org (6)

CL ¼ LH½ �w þ L�½ �w þ LH½ �org þ L�½ �org þ LCuB½ �org (7)

where CD and CL are the total concentrations of D- and L-NPA
in the aqueous and organic phases.
Combining eqs.1–5, eqs. 6 and 7 are deduced to:

CD ¼ Hþ� �
D�½ �w

Ka
þ D�½ �w þ P0 Hþ� �

D�½ �w
Ka

þ Pi D
�½ �w

þKD D�½ �w CuB½ �org
PF6

�½ �

(8)

CL ¼ Hþ� �
L�½ �w

Ka
þ L�½ �w þ P0 Hþ� �

L�½ �w
Ka

þ Pi L
�½ �w

þKL L�½ �w CuB½ �org
PF6

�½ �

(9)

There is the following equation for mass balance of BINAP-
Cu complex:
xtraction of NPA enantiomers.
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CCuB ¼ CuB½ �org þ DCuB½ �org þ LCuB½ �org (10)

where CCuB is the initial concentration of BINAP-Cu.
Combining eqs. 4 and 5, eq. 10 is deduced to

CCuB ¼ CuB½ �org þ
KD D�½ �w CuB½ �org

PF6
�½ �w

þKL L�½ �w CuB½ �org
PF6

�½ �w

(11)

LetA ¼ Hþ½ �
Ka

þ 1þ P0 Hþ½ �
Ka

þ Pi and combine eqs. 8, 9, and 10,
the following equation is obtained,

CCuB ¼ CuB½ �org þ
KDCD CuB½ �org

A CCuB � CuB½ �org
� �

þ KD CuB½ �org

þ KLCL CuB½ �org
A CCuB � CuB½ �org
� �

þ KL CuB½ �org

(12)

With a further treatment of eq. 12, the following equation
can be deduced:

KDKL � KDA� KLAþ A2
� �

CuB½ �3

þ
�
2KDACCuB þ 2KLACCuB � 3A2CCuB þ KDKLCD

�KDCDAþÞKDKLCL � KLCLA� KDKLCCuBÞ CuB½ �2

þ
�
KDCDACCuB þ KLCLACCuB � KDACCuB

2

þKLACCuB
2Þþ3A2CCuB

2
�
CuB½ � � A2CCuB

3 ¼ 0

(13)

Since [CuB]org can be obtained by solving eq. 12, distribu-
tion ratios can be written as follows:

kD ¼
P0 Hþ� �þ PiKa þ PiKDKa CuB½ �org

CCuB� CuB½ �org
Ka þ Hþ� � (14)

kL ¼
P0 Hþ� �þ PiKa þ PiKLKa CuB½ �org

CCuB� CuB½ �org
Ka þ Hþ� � (15)

Enantioselectivity is defined as:

αop ¼ kL
kD

(16)

α int ¼ KL

KD
(17)

where αop is the operational selectivity, αint is the intrinsic
selectivity.
A common alternative measure of system performance is pro-

vided by the enantiomeric excess (ee), which can be expressed
in terms of distribution ratios by the following equation:

eeorg ¼
CL

1þ1=kL
� CD

1þ1=kD
CL

1þ1=kL
þ CD

1þ1=kD

(18)

The fraction of the solute i (i =D or L) extracted into the
aqueous phase ( fi) is given by
f i ¼
Ci;org

Ci
(19)

Where Ci,org represents the total concentration of the solute i
in organic phase at equilibrium, and Ci represents the initial
total concentration of the solute i.
The extraction performance factor (pf) is a very useful tool

to optimize an enantioselective extraction and is defined as:

pf i ¼ f ieeorg (20)

A performance factor close to unity indicated a high enantio-
meric purity in both phases.

Regression of the Complexation Equilibrium Constants
Regression of the complexation equilibrium constants was

carried out as follows. Combining eqs. 1–5, 14 and 15, the

following equation can be achieved (let B ¼ Hþ½ �
Ka

þ 1):

�
BkD � P0

Hþ� �
Ka

� Pi

�� CDkD
kD þ 1

þ CLkL
kL þ 1

� D½ �w:total þ L½ �w:total
� �

Pi þ B � 1ð ÞP0ð Þ
B

Þ

¼ KD

�
CCuB � CDkD

kD þ 1
� CLkL
kL þ 1

þ D½ �w:total þ L½ �w:total
� �

Pi þ B � 1ð ÞP0ð Þ
B

Þ

(21)

�
BkL � P0

Hþ� �
Ka

� Pi

�� CDkD
kD þ 1

þ CLkL
kL þ 1

� D½ �w:total þ L½ �w:total
� �

Pi þ B � 1ð ÞP0ð Þ
B

Þ

¼ KL

�
CCuB � CDkD

kD þ 1
� CLkL
kL þ 1

þ D½ �w:total þ L½ �w:total
� �

Pi þ B � 1ð ÞP0ð Þ
B

Þ

(22)

where [D]w, total and [L]w, total are the total concentration of D-
and L-NPA in the aqueous phase at equilibrium, respectively.
By linear regression of the experimental data according to
eqs. 21 and 22, the equilibrium constants, KD and KL are
evaluated from the slop of the fitting lines.
MATERIALS AND METHODS
Materials

Bi(acetonitrile)dichloropalladium(II) (PdCl2(CH3CN)2, mass fraction
>97%) was purchased from the Metallurgy Institute of Zhejiang
(Zhejiang, China). Bis(triphenylphosphine)nickel(II) ([(C6H5)3P]2NiCl2,
mass fraction >98%) and tetrakis(acetonitrile)copper(I) hexafluorophos-
phate ([(CH3CN)4Cu]PF6, mass fraction >98%) were purchased from
Hewei Chemical (Guangzhou, China). 2,2’-Bis(diphenylphosphino)-1,1’-
binaphthalene (BINAP, mass fraction >99%) was purchased from
Shengjia Chemical. Racemic NPA was purchased from HanHong Bio-
chemical (Jiangsu, China). The chiral extractants (BINAP-metal com-
plexes) used in this paper were generated in situ by adding the metal
precursor and BINAP in equal molar amounts to the appropriate organic
solvent. The reaction mixture was stirred overnight and diluted to the
desired concentration and the resulting solution was directly applied
in extraction experiments as the organic phase. Solvent for chromatog-
raphy was of high-performance liquid chromatography (HPLC) grade.
Purified water was obtained by reverse osmosis followed by distillation.
Chirality DOI 10.1002/chir



ZHANG ET AL.82
All other chemicals were of analytical-reagent grade and bought from
different suppliers.

Determination of Physical Distribution Coefficients P0 and Pi

Experiments to determine the physical distribution coefficients of
molecular and ionic NPA (P0 and Pi) over the aqueous phase and 1,2-
dichloroethane were carried out in a water bath at 5 °C. The aqueous
phase were prepared by dissolving 2.0mmol/L NPA in 0.1mol/L sodium
phosphate buffer solutions with a series of pH values in the range 3 ~ 9.
Equal volumes of the two phases (each 2mL) were placed together and
shaken sufficiently for 12 h before being kept in a water bath at 5 °C to
reach equilibrium. The concentrations of NPA enantiomers in the
aqueous phase were analyzed by HPLC. The concentrations of NPA
enantiomers in the organic phase was calculated from a mass balance.

Determination of Complexation Equilibrium Constants
KD and KL

Reactive extraction experiments were carried out to obtain the com-
plexation equilibrium constants of BINAP-Cu with NPA enantiomers.
The racemic NPA was dissolved in sodium phosphate buffer solution
(phosphate concentration = 0.10mol/L, pH= 7.0) with a concentration of
1.0mmol/L. BINAP-Cu was dissolved in 1,2-dichloroethane with a chang-
ing concentration from 0.25mmol/L to 2mmol/L. The two phases were
put together in a test tube with equal amounts (each 2mL) and stirred
for 12 h at 5 °C. After equilibrium, the composition of the aqueous phase
was analyzed by HPLC.

Extraction Experiments
The aqueous phase was prepared by dissolving racemic NPA in

0.1mol/L phosphate buffer solution, and the organic phase was prepared
by dissolving equimolar amounts of the metal precursor (PdCl2(CH3CN)
2, [(CH3CN)4Cu]PF6, [(C6H5)3P]NiCl2) and BINAP in the appropriate or-
ganic solvent and the solution was stirred overnight before being used.
Equal volumes of host-containing organic phase and NPA-containing
aqueous phase (each 2mL) were added to a 10-mL centrifuge tube and
shaken sufficiently for 12 h at a fixed temperature of 5 °C before being
kept in a water bath at 5 °C for 12 h to reach equilibrium. Then the tube
was centrifuged to accelerate phase separation and the organic phase
was discarded. The aqueous phase was analyzed by HPLC to obtain the
concentrations of NPA enantiomers in the aqueous phase. The concentra-
tions of NPA enantiomers in the organic phase were calculated from a
mass balance.

Analytical Method
The quantification of NPA enantiomers in the aqueous phase was

performed by HPLC using a WATERS e2695 apparatus (Waters, Milford,
MA). A UV detector operated at 260 nm was applied. The column was
diamonsil C18, 5 um particle size of the packing material, 250 × 4.6mm
I.D. (Dikma Technologies, Beijing China). The mobile phase was a 1:4
(v/v) mixture of methanol and a 0.1mol/L acid sodium phosphate
solution containing 0.5mmol/L of cupric sulfate and 2.0mmol/L of L-
phenylalanine at pH= 4.8 (pH was adjusted with acetic acid). The flow
rate was set at 1mL/min and the column temperature was set at 27 °C.
Fig. 3. Plot for calculating physical distribution coefficients P0 and Pi for
NPA in 1,2-dichloroethane-water two phase system at 5 °C. R2 =0.9938.
RESULTS AND DISCUSSION
Physical Distribution Coefficients P0 and Pi

Physical distribution coefficients for molecular and ionic
NPA (P0 and Pi) were determined through a series of physical
extraction (extraction without extractant in the organic
phase) experiments mentioned above. The apparent partition
coefficients Papp were determined at different pH values. As
described in Figure 2, both the molecular and ionic NPA
can distribute over the organic and aqueous phases.
Then Papp is given by
Chirality DOI 10.1002/chir
Papp ¼
AH½ �org þ A�½ �org
AH½ �w þ A�½ �w

(23)

where [AH]org and [A-]org are the equilibrium concentrations
of the molecular and ionic NPA in the organic phase, respec-
tively; [AH]w and [A-]w are the equilibrium concentrations of
the molecular and ionic NPA in the aqueous phase,
respectively.
Combining eqs. 1–3, eq. 23 can be derived as:

Papp 1þ Hþ� �
Ka

� 	
¼ P0

Hþ� �
Ka

þ Pi (24)

The pKa of 5.60 was determined by potentiometric titration.
The plot of Papp(1 + [H+]/Ka) versus [H+]/Ka yielded a
straight line (in Fig. 3). The slope and intercept of the line
were used to evaluate P0 as 0.01074 and Pi as 0.08095,
respectively.

Complexation Equilibrium Constants KD and KL

Complexation equilibrium constants could be determined
through a series of reactive extraction experiments
described in the experimental section. Figure 4 shows
the regression analysis of the experimental data according
to eqs. 21 and 22. We defined parameter X =

ðCCuB- CDkD
kDþ1 -

CLkL
kLþ1 þ

D½ �w:totalþ L½ �w:totalð Þ Piþ B�1ð ÞP0ð Þ
B Þ , parameter Y

= ðBkD-P0
Hþ½ �
Ka

-PiÞðCDkD
kDþ1 þ CLkL

kLþ1 -
D½ �w:totalþ L½ �w:totalð Þ Piþ B�1ð ÞP0ð Þ

B Þ for

D-NPA and parameter Y = ðBkL-P0
Hþ½ �
Ka

-PiÞðCDkD
kDþ1 þ

CLkL
kLþ1 -

D½ �w:totalþ L½ �w:totalð Þ Piþ B�1ð ÞP0ð Þ
B Þ for L-NPA. As shown in

Figure 4, the plot of parameter Y versus parameter X for
D-NPA yields a straight line and the slope of the line
was used to evaluate KD as 4.46 (dimensionless quantity).
Similar data treatment according to eq. 22 can be
performed to evaluate KL as 18.90. The intrinsic selectivity
αint (KL / KD) is estimated as 4.24.

Screening of Metal Precursors
PdC12(CH3CN)2, [(CH3CN)4Cu]PF6, [(C6H5)3P]2NiC12 were

applied as the metal precursors for synthesis of chiral extractant.



TABLE 2. Influence of organic solvent type

Organic solvent kD kL αop

1.2-dichloroethane 0.38 1.41 3.71
trichloromethane 0.91 1.64 1.80
dichloromethane 0.37 0.83 2.24
chlorobenzene 0.20 0.56 2.80

Condition: [NPA]0 = 2.0 mmol/L; pH = 7.5; T = 5 °C; [BINAP-Cu]0 = 1.0 mmol/L.

Fig. 4. Plot of calculating complexation equilibrium constants for NPA en-
antiomers in 1,2-dichloroethane at 5 °C. Parameter X is PiðCCuB � CDkD

kDþ1 �
CLkL
kLþ1 þ

D½ �w:totalþ L½ �w:totalð Þ Piþ B�1ð ÞP0ð Þ
B Þ ; Parameter Y is ðBkD � P0

Hþ½ �
Ka

� PiÞðCDkD
kDþ1 þ

CLkL
kLþ1 �

D½ �w:totalþ L½ �w:totalð Þ Piþ B�1ð ÞP0ð Þ
B Þ for D-NPA and ðBkL � P0

Hþ½ �
Ka

� PiÞðCDkD
kDþ1 þ

CLkL
kLþ1 �

D½ �w:totalþ L½ �w:totalð Þ Piþ B�1ð ÞP0ð Þ
B Þ for L-NPA; R2 =0.9948 for D-NPA and R2

=0.9961 for L-NPA.
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Distribution ratios (kD and kL) and operational selectivity (αop)
with different metal precursors are shown in Table 1. The
highest selectivity of 2.24 is achieved using [(CH3CN)4Cu]
PF6 as metal precursor and the distribution ratios are 0.37 and
0.83, respectively. BINAP-Pd complex used as a chiral selector
has been previously investigated by Verkuijl et al. and a series
of amino acid enantiomers were separated with good enantio-
selectivity.28 Comparing this work with Verkuijl et al.’s work,
BINAP-Cu can provide a higher enantioselectivity and replac-
ing expensive Pd with cheap Cu will be economically more
interesting. The Ni-(S)-BINAP complex does not show any se-
lectivity towards NPA enantiomers. It is obvious that copper
(I) is the most suitable central ion for the chiral extractant.
Screening of Organic Solvents
The effect of organic solvents was explored using BINAP-

Cu complex dissolved in different solvents. The distribution
ratios and operational selectivity are shown in Table 2. It
can be seen from Table 2 that organic solvent has a clear
influence on the extraction performance. Good performance
was obtained using the organic solvents studied. Highest
enantioselectivity is obtained with 1,2-dichloroethane as
organic solvents and the distribution ratios are also satisfac-
tory. Therefore, 1,2-dichloroethane was chosen as the suit-
able solvent for extraction of NPA enantiomers.
TABLE 1. Influence of metal precursor

Metal precursor kD kL αop

PdCl2(CH3CN)2 0.85 1.09 1.28
Cu(CH3CN)4PF6 0.37 0.83 2.24
Ni(DEEP)Cl2 0.13 0.13 1

Condition: [NPA]0 = 2.0 mmol/L; pH = 7.5; T = 5 °C; [(S)-BINAP]0 = 1.0
mmol/L; [metal precursor]0 = 1.0 mmol/L; organic solvent =
dichloromethane.
Influence of pH
The effect of pH of the aqueous phase on the distribution

ratios and operational selectivity were investigated. We ap-
plied the interfacial reaction model to predict the distribution
ratios and enantioselectivity as a function of pH. The compar-
ison of the model predictions with the experimental results is
depicted in Figure 5. It is obvious that the experimental
Fig. 5. Influence of pH on distribution ratios (a) and operational enantio-
selectivity (b). Solid lines: model predictions. Symbols: experimental data. Condi-
tion: solvent: 1,2-dichloroethane; [NPA]0 = 2.0mmol/L; T =5 °C; [BINAP-Cu]
0 = 1.0mmol/L.

Chirality DOI 10.1002/chir
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values are in a good agreement with the model prediction
when pH is higher than 7.
It is shown in Figure 5 that at pH below 4, distribution

ratios (kD and kL) increase slightly with the rising of pH but
kD and kL increase rapidly with pH rising from 5 to 7. When
pH is above 7, kD and kL remain basically unchanged. It also
can be seen that the operational enantioselectivity (αop)
increases with pH rising from 3 to 5; when pH rising from 5
to 6, αop decreases slightly; when pH is higher than 6, αop
keep nearly constant. This might be explained by the fact that
only NPA anion binds to the BINAP-Cu. When pH is rising,
more NPA in its anion state distributes in the organic phase
and is recognized by the extractant. Therefore, the distribu-
tion ratios and enantioselectivity increases. Model predic-
tions and experimental results show a maximum αop near
pH of 5.
Fig. 6. Influence of host concentration on distribution ratios (a) and opera-
tional enantioselectivity (b). Solid lines: model predictions. Symbols: experi-
mental data. Condition: solvent: 1,2-dichloroethane; [NPA]0 = 2.0mmol/L;
T = 5 °C; pH = 7.0.
Chirality DOI 10.1002/chir
Influence of the Host Concentration
Model prediction of distribution ratios and operational se-

lectivity is presented as solid lines, and the comparison of
the experimental values with the model predictions are
shown in Figure 6. It is observed that the model predicts
the distribution ratios and operational selectivity accurately.
It is can be seen from Figure 6 that the distribution ratios

and the operational enantioselectivity both increase with the
increase of the host (BINAP-Cu) concentration, and αop in-
creases rapidly at first and then only slightly. More enantio-
mer–host complexes are formed in organic phase and the
distribution ratios increase consequently when the host con-
centration increases. Meanwhile, BINAP-Cu is able to recog-
nize enantiomers and a relatively higher concentration will
enhance the recognition ability. Because of the physical parti-
tion of NPA, the correlation between host concentration and
operational enantioselectivity differs from that reported by
Verkuijl et al.28
Fig. 7. Influence of temperature on distribution ratios (a) and operational
enantioselectivity (b). Condition: solvent: 1,2-dichloroethane; [NPA]
0 = 2.0mmol/L; pH=7.0; [BINAP-Cu]0 = 1.0mmol/L.
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Influence of Temperature
The influence of temperature on the operational enantio-

selectivity and distribution ratios was investigated in the
range of 5–30 °C. It is seen from Figure 7 that temperature
shows a strong influence on the distribution ratios and opera-
tional enantioselectivity. An increase of kD and kL and a
decrease of αop were caused by increasing temperature. How-
ever, with a temperature lower than 5 °C, the increase in
viscosity of solution and the decrease of the solubility of host
and substrate would make the extraction very difficult to
carry out. Hence, T = 5 °C is considered the optimal tempera-
ture for enantioselective extraction.
Modeling and Optimization
The experimental results are compared graphically with

model predictions, which indicate the interfacial reaction
model is a good means of predicting enantiomers partitioning
over a range of process variables. Therefore, the model was
used to explore the influence of various operating conditions
(a)

Fig. 8. Calculated distribution ratios (a, b) and enantioselectivity (c) of NPA ena
dichloroethane; [NPA]0 = 2.0mmol/L; T = 5 °C.
on extraction performance in a single stage extraction system
and to optimize the operational conditions.
In Figure 8, distribution ratios and enantioselectivity of

NPA enantiomers is calculated as a function of pH and host
concentration, respectively. It can be found that kD and kL
have a similar tendency with the change of pH and host con-
centration. The increase of pH and host concentration can
give rise to distribution ratios. Enantioselectivity is strongly
influenced by pH and host concentration. Maximum
enantioselectivity is found at a pH of about 5 and BINAP-Cu
concentration of higher than 1mmol/L.
In Figure 9, the ee for NPA enantiomers is calculated as a

function of pH and host concentration. The ee is strongly
influenced by pH and the host concentration. Maximum ee
(higher than 0.5) was obtained near pH = 4.0. It also illustrates
that the ee increases with the increase of host concentration
rapidly at first and then slightly. It is found from Figures 8
and 9 that good selectivity (αop) and good purity (ee) are
obtained at relatively low distribution ratios which are not
conducive to increasing yield. Acquiring a good purity and a
(b)

ntiomers as a function of pH and host concentration. Condition: solvent: 1,2-
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Fig. 9. Calculated enantiomeric excess (ee) for NPA enantiomers as a func-
tion of pH and host concentration. Condition: solvent: 1,2-dichloroethane;
[NPA]0 = 2.0mmol/L; T = 5 °C.

Fig. 10. Calculated performance factor (pf) for NPA enantiomers as a func-
tion of pH and host concentration. Condition: solvent: 1,2-dichloroethane;
[NPA]0 = 2.0mmol/L; T = 5 °C.

Fig. 11. Performance factor as a function of pH. Solid lines: model predic-
tions. Symbols: experimental data. Conditions: solvent: 1,2-dichloroethane;
[NPA]0 = 2.0mmol/L; [BINAP-Cu]0 = 1.0mmol/L; T = 5 °C.

Fig. 12. Performance factor as a function of host concentration. Solid lines:
model predictions. Symbols: experimental data. Conditions: solvent: 1,2-
dichloroethane; [NPA]0 = 2.0mmol/L; pH = 7.0; T = 5 °C.
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good yield are somehow contradictory. A performance factor
(pf) is introduced for further optimization of the reactive
extraction system.
The performance factor (pf) is defined as the product of ee

in the organic phase and the fraction of enantiomer extracted
into the organic phase. The given enantiomer can be purified
to high purity with maximum yield in the condition with a
high performance factor. Figure 10 shows the performance
factors as a function of pH and host concentration. The host
concentration and pH have a strong influence on the perfor-
mance factor. With host concentration ranging from 1 to
2mmol/L and pH higher than 5, a relatively high perfor-
mance factor is obtained.
Performance factors were determined experimentally to

support the model predictions (Figs. 11 and 12). As is
shown in Figure 11, the measured performance factor in-
creases with pH rising from 3 to 5, then decreases slightly
and finally remains nearly constant at pH higher than 6.
In Figure 12, the result illustrates that the performance
factor increases rapidly and reaches a maximum with the
increase of host concentration, and then decreases
smoothly. It is observed in Figures 11 and 12 that the mea-
sured performance factor in good agreement with the
model prediction. These results therefore verify the accu-
racy of the model and show the possibility of application
for system optimization.
CONCLUSIONS
The ELLE of NPA enantiomers with metal-BINAP

complex as chiral extractant (host) was investigated by
experiment and modeling. Excellent agreement between
the experimental data and the model predictions was
observed, which indicated that the interfacial reaction
model is capable of predicting the distribution of NPA
enantiomers in the extraction system studied. The best
conditions identified involve the use of copper(I)-BINAP
complex concentration of 1mmol/L and pH value of 7 at
5 °C. Full separation of the NPA enantiomers can be
achieved by multistage extraction.
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