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Abstract

In this study, (5)-SEGPHOS was adopted as chiral extractant to recognize amino acid enantiomers. Phenylalanine (Pha),
homophenylalanine (Hpha), 4-nitro-phenylalanine (Npha), phenylglycine (Phg), 3-chloro-phenylglycine (Cphg), and tyrosine
(Tys) were selected as substrates to estimate the enantioselectivities of (S)-SEGPHOS-metal complexes. (S)-SEGPHOS-Pd
was an excellent chiral extractant to recognize Npha with operational enantioselectivity (a) was 4.25. And (S)-SEGPHOS-
Cu was a good chiral extractant to recognize Pha, Hpha, Phg, Tys, and Cphg with a were 2.87, 1.93, 2.28, 4.07, and 2.94,
respectively. After optimization by response surface methodology, the highest performance factors (pf) for Pha, Hpha, Phg,
Npha, Tys, and Cphg were 0.22893, 0.11085, 0.14003, 0.25476, 0.21414, and 0.23142, respectively. Based on experimental

results, the possible recognize mechanisms were discussed.

Keywords (S)-SEGPHOS-metal complexes - Chiral extraction - Amino acid enantiomers - Response surface methodology -

Recognize mechanism

Introduction

The enantiomers of some chiral drugs have different pharma-
cology activities in the treatment of human diseases. Thus,
preparation of enantiomerically pure drugs is of great con-
cern in pharmaceutical industry (Ager 2005; Sheldon 1993;
Herraez-Herndndez and Campins-Falc6 2000). Nowadays,
the common methods for preparation of enantiomerically
pure compounds are natural sources, asymmetric catalysis,
and raceme separation. Separation of racemic mixture is a
useful technique. For instance, crystallization (Tulashie et al.
2010), chromatography (Schulte and Strube 2001), capillary
electrophoresis (Zhou et al. 1995), and chiral extraction (Sch-
weitzer et al. 1968; Bowman et al. 1968) are widely used in
the separation of enantiomers. Among them, chiral extraction
is a potentially attractive method which is cheaper and easier
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to scale up to a commercial scale and has a large application
range. Since the chiral extraction is a highly useful resolution
method, it is not surprising that considerable efforts have been
undertaken for finding new and efficient chiral extractants.

(S)-SEGPHOS is a famous chiral diphosphine ligand that
has exhibited high stereoselectivity in asymmetric synthesis.
For instance, (S)-SEGPHOS-metal complex is an effective chi-
ral catalyst in asymmetric carbonyl-ene reaction (Mikami et al.
2004), hydroamination (Hu et al. 2010), and hydrogenation
(Wang et al. 2010). The chemical structure of (S)-SEGPHOS
is shown in Fig. 1. Recently, some chiral diphosphine ligands,
such as (§)-BINAP and (S)-MeO-BIPHEP, have exhibited
promising application in enantioseparation of amino acid enan-
tiomers. For instance, (S)-BINAP-Cu was an excellent chiral
extractant to separate phenylalanine with a of 5.203 (Tang
et al. 2012a, b). (5)-MeO-BIPHEP-Cu showed considerable
ability to separate tyrosine with a of 4.22 (Liu et al. 2019a).
(S)-SEGPHOS also belongs to chiral diphosphine ligand and
it has been proved to be effective chiral catalyst in asymmetric
reaction. It might be another ligand that has potential applica-
tion in enantioseparation of amino acid enantiomers.

In this work, (S)-SEGPHOS was introduced to separate
pL-amino acids. Phenylalanine (Pha), homophenylala-
nine (Hpha), 4-nitro-phenylalanine (Npha), phenylglycine
(Phg), 3-chloro-phenylglycine (Cphg), and tyrosine (Tys)
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Fig. 1 The chemical structure of e}
(S)-SEGPHOS <
o PPh,
o PPh,
<O

were employed as substrates to evaluate the enantioselec-
tivity of (§)-SEGPHOS. The chemical structures of these
amino acids are shown in Fig. 2. The optimum conditions
of resolution of bL-amino acids were determined. Moreover,
the possible chiral recognition mechanisms were discussed.

Experimental
Materials

Amino acid enantiomers, methanol (HPLC), (S)-SEGPHOS,
(CH;CN),PdCl,, [(CH;CN),Cu]PF, and [(C¢Hs),P],NiCl,
were purchased from J & K Chemical Technology. Other
reagents (analytic grade unless stated otherwise) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd (China).
All reagents were used without further treatment.

Preparation of organic phase and aqueous phase
The (5)-SEGPHOS-metal complexes in organic phase were

prepared as follows: Briefly, the mixtures of (§)-SEGPHOS
(0.1 mmol) and metal precursors (0.1 mmol, (CH;CN),PdCl,,

stirred in 100 mL organic solvent. After 12 h, the organic
phase was obtained with (S)-SEGPHOS-metal molarity of
1.0 mmol/L. The amino acid enantiomers in aqueous phase
were prepared as follows: pL-amino acid (0.1 mmol) was dis-
solved in 50 mL 0.1 mol/L. PBS (pH 6—10) to obtain aqueous
phase with molarity of 2.0 mmol/L.

Chiral extraction of amino acids

The typical chiral extraction procedure was: 2.0 mL (S)-
SEGPHOS-metal complexes solution and 2.0 mL amino acid
enantiomer solution were added into a 10 mL tube. Then,
the tube was shaken in a water-bathing constant temperature
vibrator for 12 h at temperature of 5-25 °C. Let stand for 12 h,
the water solution was filtered by filter membrane (0.45 pm).
The concentrations of amino acid enantiomers in samples
were detected by HPLC method that described in our pre-
cious work (Liu et al. 2019a). The contents of pL-amino acids
were obtained considering the mean value of triplicate assays.

Calculation of operation parameters

The distribution ratios (k; and kp), operational enantioselec-
tivity (a), enantiomeric excess (ee), fraction of enantiomer
(), and performance factor (pf) were calculated according
to Egs. (1), (2), (3), (4), (5), and (6), respectively:

kL = CL,org/CL,W’ (1)
kD = CD,org/CD,W’ (2)
a =k [kp or a = kp [k, 3)

CD, org CL, org

CH,CN),Cu]PF, or [(C¢Hs);P],NiCl,) were dissolved and €€y = or eey, = , 4
[( 3 )4 ] 6 [( 6 5)3 ]2 2) org CL org +CD org org CL, org+CD, org ( )
0 NH, NH,
OH OH
. OH * *
NH, o o}
Phenylalanine Homophenylalanine Phenylglycine
N Q NH,
% % cl OH
oH OH *
NH, NH, o
O2N HO
4-nitro-phenylalanine Tyrosine 3-Chloro-Phenylglycine

Fig.2 The chemical structures of Pha, Hpha, Phg, Npha, Tys, and Cphg
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f;' = Ci,org/ci’ (5)

pf =/ X ey, (6)
where Cp_, and Cp, ,, represent the concentrations of L- and
Dp-amino acid in aqueous phase at equilibrium, respectively.
CLorg and Cp ,, represent the concentrations of L- and
p-amino acid in organic phase at equilibrium, respectively.
Ci org Tepresents the concentration of enantiomer in organic
phase at equilibrium. C; represents the initial total concentra-
tion of enantiomer in aqueous phase (Ma et al. 2019).

Optimization methods

The chiral extraction processes were optimized by response
surface methodology. Box—Behnken design, a well-known
second-order symmetrical design, was employed to optimize
the chiral extraction processes (Bezerra et al. 2008). Numer-
ous variables may affect the response of the system studied.
In this work, the screened variables were selected according
to the results of single-factor experiments. The response in
extraction was pf. To determine a maximum response, quad-
ratic polynomial model is selected as the polynomial func-
tion to fit the experimental data and it is presented below:

3 3 2 3
pE=by+ D bX,+ D bX2+ Y Y bXX;, )
i=1 i=1

i=1 j=i+1

1
ratic, and interactive regression coefficients of the model,

respectively. X; are the screened variables (Bezerra et al.
2008).

where b is constant, and b,, b;;, and bij are the linear, quad-

Results and discussion
Effects of metal precursors on extractions

Table 1 shows the effects of metal precursors on extractions.
(S)-SEGPHOS-Pd exhibited good ability to recognize Npha

with a was 3.31. (S)-SEGPHOS-Cu exhibited good abilities
to recognize Pha, Hpha, Phg, Tys, and Cphg with a were 2.87,
1.93,2.28,4.07, and 2.94, respectively. (S)-SEGPHOS-Ni com-
plex showed poor abilities with @ were all below 1.4. In addi-
tion, when (S)-SEGPHOS-Pd complex was used as extractant,
kp were bigger than k; . This result indicated that b-amino acids
were preferentially recognized by (5)-SEGPHOS-Pd com-
plexes. In contrast, the values of k; were all bigger than ki, when
(S)-SEGPHOS-Cu complex was used as extractant. L~-Amino
acids were preferentially recognized by (S)-SEGPHOS-Cu
complex. This phenomenon suggested that the preferred enan-
tiomers for (S)-SEGPHOS could be changed using different
metal precursors. As a whole, (S)-SEGPHOS-Pd complex was
selected to recognize Npha, and (S)-SEGPHOS-Cu complex
was selected to recognize Pha, Hpha, Phg, Tys, and Cphg.

Effects of solvents on extractions

The noncovalent interactions and the conformation of the
chiral partners in enantioselective host—guest complexation
can be influenced by organic solvent. Thus, the influences
of solvents on extractions were investigated. The results in
Table 2 showed that the highest a for Pha, Hpha, Phg, Tys,
and Cphg were obtained when 1,2-dichloroethane was used
as organic solvent. And the highest a for Npha was obtained
when dichloromethane was used as organic solvent. In addi-
tion, the lowest @ were obtained when chlorobenzene was
used as solvent. This is probably because that t—r interaction
between extractants and substrates is an important factor in
chiral recognition (Liu et al. 2019b, c). The n—x interaction
between (S)-SEGPHOS-metal complexes and amino acids
would be weakened by chlorobenzene. Therefore, 1,2-dichlo-
roethane was chosen as the suitable solvent for extraction
of Pha, Hpha, Phg, Tys, and Cphg. Dichloromethane was
adopted as the suitable solvent for extraction of Npha.

Table 1 Effects of metal

) Amino acids (CH;CN),PdCl, [(CH;CN),Cu]PF; [(C¢Hs5);P1,NiCl,
precursors on extractions
kp ky a kp ky a kp ky a
Pha 0.436 0.329 1.32 0.169 0.485 2.87 0.063 0.079 1.25
Hpha 0.462 0.304 1.52 0.121 0.233 1.93 0.078 0.063 1.23
Phg 0.845 0.517 1.63 0.391 0.892 2.28 0.093 0.084 1.11
Npha 0.638 0.193 3.31 0.267 0.445 1.67 0.129 0.118 1.09
Tys 0.015 0.013 1.15 0.045 0.183 4.07 0.023 0.017 1.35
Cphg 0.833 0.731 1.14 0.534 1.572 2.94 0.019 0.017 1.12

Extraction condition: temperature is 5 °C, organic solvent is 1,2-dichloroethane, and pH of aqueous phase

is 7.0
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Table 2 Effects of solvents on

. Amino acids CH,Cl, CH;Cl C,H,Cl, CecH;Cl
extractions
kp k;, a kp k;, a kp k;, a kp k;, a
Pha? 0.098 0216 220 0.112 0209 1.87 0.169 0485 2.87 0.060 0.064 1.07
Hpha® 0.067 0.103 1.53 0.079 0.118 149 0.121 0233 193 0.023 0.030 1.30
Phg* 0.098 0.187 191 0.114 0.167 146 0.391 0.892 228 0.013 0.014 1.08
Npha® 0.742 0.175 425 0.642 0.212 3.03 0.638 0.193 3.31 0.178 0.169 1.05
Tys* 0.116 0272 234 0.064 0.160 250 0.045 0.183 4.07 0.011 0.019 1.77
Cphg® 0.112 0251 224 0.130 0291 225 0.534 1572 294 0.007 0.004 1.93

*The metal precursor is Cu; "the metal precursor is Pd. Extraction condition: temperature is 5 °C and pH of

aqueous phase is 7.0

Effects of pH on extractions

Basic group (amino) and acidic group (carboxyl) in amino
acids could be affected by pH. In this study, the stereose-
lectivities of (S)-SEGPHOS with different pH were investi-
gated and the results are shown in Fig. 3. The change trends

(a) 3.0

Pha (kD)
Pha (kL)
251 Hpha (kD)
Hpha (kL)
204 Phg (kD)
Phg (kL)
Npha (kD)
« 154 Npha (kL)
Tys (kD)
1.0 - Tys (kL) .
Cphg (kD)
Cphg (kL)
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—¥— Npha (ee)
Tys (ee)
02 —¥— Cphg(ee) |
T T T T T T T
6 7 8 9 10 11 12
pH

of k; and kp, revealed that distribution ratios (k) increased
substantially with the rising of pH ranging from 6 to 10.
This result indicated that (S)-SEGPHOS-metal complexes
preferred to combine with anionic amino acids. The a val-
ues for Pha, Hpha, Phg, Npha, Tys, and Cphg were around
2.8,2.0,2.2,3.5,3.9, and 2.7, respectively, indicating that

(b) 5.0 T T T T T
4.5 ]
4 (] T
4.0 / -
3.5 \\_‘ i
i —®— Pha(a) |
S 304 ] —®— Hpha (a)
J ®— Phg(a) 7
55 —®— Npha (a) |
> Tys (a)
i —®— Cphg(a)
2.0 H
1.5 T T T T T T T T T T T T T
6 7 8 9 10 11 12
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(d) — T
0.24
0.221
0.20 )
0.184
0.164 y
"Q 0.14—_
0.124 ]
E —<— Pha (pf)
0107 —<4— Hpha (pf)
0.08 —<— Phg(pf)
1 —<4— Npha (pf)
0-06] Tys (pf) |
0.04 - —<4— Cphg (pf)
T T T T T T T T T T T T T
6 7 8 9 10 11 12

Fig.3 Effects of pH on extractions. Extraction condition: temperature 5 °C, C ) spGpH0s-metal = 1-0 mmol/L
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(8)-SEGPHOS-metal complexes retained high stereoselec-
tivities at high pH. Figure 3c reveals that the change trends
of ee were inversely correlated to pH. The results of Fig. 3a,
c revealed that high distribution ratios were obtained at high
pH while high ee were obtained at low pH. Therefore, it
was hard to select the optimum pH. Performance factor (pf)
could be adopted to comprehensively estimate the efficiency
of chiral extractant. High pf means that the enantiomer is
purified with high purity and high yield simultaneously
(Koska and Haynes 2001). As shown in Fig. 3d, high pf
for Pha, Hpha, Phg, Npha, Tys, and Cphg were obtained
with pH in range of 8-10, 7-9, 7-9, 7-9, 6.5-8.5, and 9-11,
respectively.

Effects of extractant concentration on extractions
Figure 4 shows the effects of extractant concentration on

extractions. With the increasing of extractant concentra-
tion, there were more ligand sites that could combine with

@) 55 7= Pha (kD)
5.0 { —— Pha (kL)
45 —4A— Hpha (kD)

> "] —e— Hpha (kL)

4.0 1 —A— Phg (kD)

—e— Phg (kL)
351 —a— Npha (kD)
3.0 1 —® Npha (kL)

-~ Tys (kD)
2.5 Tys (kL)
2.0 {*— Cphg (kD)

—®— Cphg (kL

1.5 A
1.0
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(©
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'005 T T T T T T T T T T T T T T T T T T

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Concentration (mmol/L)

substrates. Thus, concentration had positive effect on k val-
ues. The curves of a indicated that (S)-SEGPHOS-metal
complexes retained good abilities to recognize Pha, Hpha,
Phg, Npha, Tys, and Cphg with a were about 3.2, 2.0, 2.1,
3.0, 3.3, and 3.4, respectively. The curves of ee indicated that
high ee were obtained at low concentration. When extractant
concentration was low, competition between p- and L-enan-
tiomers was high. Thus, high ee was obtained. (S)-SEG-
PHOS-metal concentrations exhibited positive effects on k
but negative effects on ee. The influences of concentration
on pf were also tested. The optimal concentrations of (S)-
SEGPHOS-Cu complex for Pha, Hpha, Phg, Tys, and Cphg
were 1.0-3.0 mmol/L. And the optimal concentration of
(8)-SEGPHOS-Pd complex for Npha was 0.5—1.5 mmol/L.

Effects of temperature on extractions

Figure 5 shows the change trends of k, @, ee, and pf with extrac-
tion temperature in range of 5-25 °C. The curves of k; and ky,

(b) 5.0 . r . r . r : ; :
] —#&— Pha(a)
45 —&— Hpha (a)
’ —®— Phg(a)
1 ] L n —®— Npha (a)]
4.0 4 Tys (a)
] —®— Cphg (a)]
3.5 i
s 301
2.5 A 7
2.0
1.5 4
1.0 T T T T T T T T
0.0 0.5 1.0 1.5 20 25 3.0 35 40 45
Concentration (mmol/L)
d
( )0-25 T T T T
< <
0.20 1 -
0.15 4
®
0.10 4
—<— Pha (pf)
0.05 - —<— Hpha (pf)
—<— Phg (pf) |
—<— Npha (pf)
0.00 A Tys (pf)
—<4— Cphg (pf)
T T T T T T T T T T T T T

00 05 1.0 1.5 20 25 30 35 40 45

Concentration (mmol/L)

Fig.4 Effects of concentration on extractions. Extraction condition: temperature 5 °C, pH 7.0
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in Fig. 5a revealed that there were more enantiomers distributed
from aqueous phase to organic phase with the rising of tem-
perature. The possible reason for the increase of distribution
ratios is that the physical distribution coefficient of enantiomers
in organic phase is higher at high temperature. The increase
in temperature weakened the discrimination ability of the (S)-
SEGPHOS-metal complexes toward amino acid enantiomers
because of the intensified thermal motion of the extractants
and the enantiomers. Thus, an increasing temperature led to the
reduction of a and ee. The change trends of pf indicated that the
higher pf were obtained at temperature of 5-15 °C.

Optimization of the extractions

Based on the results discussed above, temperature (X,),
(S)-SEGPHOS-metal concentration (X,), and pH (X3) were
selected as variables. Three levels were applied to each vari-
able as tabulated in Table 3.

(a) T T T T T T T T T

o |
33 | —~— Pha(kD) —4— Npha (kD)
—8— Pha(kL) —®— Npha (kL) -
3.0 1 —a— Hpha (kD) Tys (kD)
1 —®— Hpha (kL) Tys (kL)
2.5 1 —&— Phg(kD) —4— Cphg (kD)
{—®— Phg(kL) —®— Cphg(k})

Temperature (°C)
(c%).SS T T T T
0.50 ]
0.45 ]
0.40
0.35 ]
0.30 -
0.25 ]

0.20 a
0.15 ] Pha (ee)
1 —¥— Hpha (ee)

ee

0.10 71  —¥— Phg(ee) |
0.05 1 —v— Npha (ee)
0.00 4 Tgsh(ee() )
1 —¥— Cphg(ee
-0.05 T T T T T T T T T
5 10 15 20 25

Temperature (°C)

Table 4 shows the experimental data obtained in
Box—Behnken design. The experimental data were fitted to
a second-order polynomial model and regression coefficients
were obtained. The fitness of model to the responses was
evaluated by analysis of variance (Chew et al. 2017; Liu
et al. 2014; Long et al. 2013; Park et al. 2007). The models
for Pha, Hpha, Phg, Npha, Tys, and Cphg were given as
Egs. (8)—(13), respectively:

ppp, = 0.14 — 0.007184X, + 0.056X, + 0.00874X;
—0.016X,X, — 0.004555X,X; — 0.001715X,X;
+0.038X7 — 0.040X7 + 0.023X; — 0.062X7X,
®
Pfigpna = 0.073 — 0.022X, + 0.016X, + 0.000765X,
+0.003388X, X, — 0.00332X, X5 — 0.000145X,X;

—0.004791X; + 0.005234X; — 0.009458X;
©

(b) 5.0 T T T T T T T T T
—®— Pha (a)
45 —®— Hpha (a) ]|

1.0 = T T T T
5 10 15 20 25
Temperature (°C)
(d) 0.25 T T T T
0.20 4
0.15 4
=
= 0.10 1
0.05 4
—<4— Npha (pf)
0.00 - Tys (ph)
—<4— Cphg (pf)
T T T T T T T T T
5 10 15 20 25

Temperature (°C)

Fig.5 Effects of temperature on extractions. Extraction condition: C(s, spgpros-cy = 2-0 mmol/L, Cs, spgpaos-pa= 1.0 mmol/L, pH 7.0

@ Springer



Chemical Papers (2020) 74:1229-1239 1235
Table3 The codeq ar?d a.ctual Amino acids X, X, X,
values used for optimization
-1 0 1 -1 0 1 -1 0 1
Pha 5 10 15 1 2 3 8.0 9.0 10.0
Hpha 5 10 15 1 2 3 7.0 8.0 9.0
Phg 5 10 15 1 2 3 7.0 8.0 9.0
Npha 5 10 15 0.5 1 1.5 6.5 7.5 8.5
Tys 5 10 15 1 2 3 9.0 10.0 11.0
Cphg 5 10 15 1 2 3 7.0 8.0 9.0
Table4 The experimental data Run Factors of
of Box—Behnken design
X, X, X, Pha Hpha Phg Npha Trs Cphg
1 0 0 0 0.15403 0.07059 0.13611 0.18285 0.12969 0.12622
2 1 -1 0 0.16277 0.03323 0.12402 0.15196 0.04096 0.10523
3 -1 0 1 0.22473 0.08760 0.06418 0.14669 0.17073 0.12650
4 0 0 0 0.14235 0.07323 0.13101 0.16085 0.11358 0.12622
5 1 1 0 0.11882 0.07344 0.04008 0.13897 0.13264 0.10151
6 1 0 1 0.18736 0.0316 0.09195 0.12506 0.08600 0.09664
7 0 -1 1 0.08661 0.05373 0.08804 0.09988 0.11685 0.02826
8 0 0 0 0.14657 0.07077 0.13793 0.18026 0.12969 0.12622
9 -1 1 0 0.15083 0.10645 0.05747 0.14922 0.21374 0.12478
10 0 1 -1 0.16750 0.08368 0.08999 0.22638 0.15837 0.16360
11 1 0 -1 0.19243 0.03611 0.12308 0.15393 0.06713 0.17991
12 -1 0 -1 0.21158 0.07883 0.10899 0.25360 0.13214 0.23100
13 0 0 0 0.12903 0.07528 0.13305 0.15361 0.12969 0.12622
14 0 -1 -1 0.05226 0.05251 0.11912 0.06000 0.05424 0.06265
15 0 1 1 0.19499 0.08432 0.04011 0.08028 0.17996 0.12888
16 0 0 0 0.14332 0.07405 0.13598 0.18009 0.12969 0.11370
17 -1 -1 0 0.13171 0.07979 0.07512 0.17394 0.09234 0.17847
Table 5 shows the P values of regression coefficients for
Pfpye = 0.13 +0.009171X; — 0.022X, — 0.020X; above models. The P values of models were all below 0.05,
—0.017X,X, + 0.003421X, X5 — 0.0047X,X5 (10) indicating that models (Eqs. 8—13) showed good approxima-
—0.024X2 — 0.037X2 — 0.014X2 tion. In addition, lack-of-fit analysis (P > 0.05) revealed that
: g : equations were adequately fitted to experimental data. The
factors which affect pf significantly could also be determined
prpha =0.17 - 0.019X, + 0.037X, — 0.030X; by P values. For instance, pf of Pha was affected signifi-
+0.002933X, X, + 0.020X, X5 — 0.046X,X; cantly 2by concentra'tlon (i(z), quadratlg lfevels of. tempera-
ture (X7), concentration (X3), and pH (X3), interaction among
+ 0.0lSXf - 0'036X§ - 0'019X§ - 0'046X%X2 quadratic levels of temperature and concentration (X;X,).
1) Taking into account the significant factors, Egs. (8)—(13) can

Ptry, = 0.13 — 0.035X, +0.048X, + 0.018X; — 0.00743X, X,
— 0.00493X, X; — 0.010X,X; — 0.009951X>

+0.003404X2 — 0.002516X>
12

Plephe = 012 = 0.022X, +0.050X, — 0.017X; + 0.012X, X,
+0.005307X, X; — 0.0000825X,X; + 0.033X>

= 0.029X; + 0.001573X; — 0.065X7X, — 0.030X7X;.
(13)

be simplified to Eqgs. (14)—(19), respectively:

pfpp, = 0.14 + 0.056X, + 0.038X; — 0.040X;

14
+0.023X; — 0.062X7X, (1
Pfigpna = 0.073 — 0.022X, + 0.016X, — 0.004791X;

) ) (15)
+0.005234X5 — 0.009458X7
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Table 5 Regression coefficients

Source P value
and P values of the models
Pha Hpha Phg Npha Tys Cphg

Model 0.0014 < 0.0001 < 0.0001 0.0038 < 0.0001 < 0.0001
X, 0.1802 < 0.0001 0.0004 0.0205 < 0.0001 < 0.0001
X, 0.0002 < 0.0001 < 0.0001 0.0056 < 0.0001 < 0.0001
X, 0.1146 0.5051 < 0.0001 0.0027 0.0010 0.0016
XX, 0.0568 0.0643 < 0.0001 0.7474 0.1516 0.0065
X, X5 0.5219 0.0686 0.1453 0.0660 0.3211 0.1155
XX 0.8065 0.9270 0.0591 0.0017 0.0618 0.9776
X 0.0011 0.0154 < 0.0001 0.0832 0.0627 < 0.0001
X,? 0.0008 0.0103 < 0.0001 0.0057 0.4742 0.0001
X,? 0.0134 0.0004 0.0003 0.0630 0.5935 0.5880
X, %X, 0.0006 - - 0.0095 - < 0.0001
XX, - - - - - 0.0007
Lack of fit 0.0939 0.1097 0.1057 0.1545 0.1985 0.3815

Plppg = 0.13 +0.009171X, — 0.022X, — 0.020X,

- 0.017X,X, — 0.024X} — 0.037X; — 0.014X; (16)

Pfxpna = 0.17 = 0.019X, + 0.037X, — 0.030X,
— 0.046X,X; — 0.036X; — 0.046X; X, 17)
pr, = 0.13 = 0.035X, + 0.048X, + 0.018X; (18)

Plepg = 0.12 = 0.022X, + 0.050X, — 0.017X; + 0.012X, X,

+0.033X; — 0.029X; — 0.065X;X, — 0.030X;X;.

19)

Figure 6 shows the response surface plots of Pha (I),
Hpha (II), Phg (IIT), Npha (IV), Tys (V), and Cphg (VI). For
instance, Fig. 6(IIT) shows the response surface plots of Phg.
Figure 6a3, b3 reveals that the change trends of pf increased
rapidly with the rising of temperature (5-10 °C), and then
decreased with further increasing of temperature (10-15 °C).
Figure 6a3, c3 indicates that pf slightly increased and then
sharply decreased with the increase in concentration. Fig-
ure 6b3, c3 shows that pf slightly increased with pH increas-
ing from 7.0 to 7.5, and then decreased with pH above 7.5.
Higher pf were obtained at pH around 7.5. For Pha, Hpha,
Npha, Tys, and Cphg, the effects of temperature/concentra-
tion, temperature/pH, and concentration/pH on pf have also
been fully displayed in Fig. 6(I), (IT), (IV)—(V1), respectively.
According to Eqgs. (14)—(19), the optimal parameters
in extractions were determined by numerical optimiza-
tion. As shown in Table 6, the optimal extraction condition
for Pha was temperature 5.0 °C, extractant concentration
2.1 mmol/L, and pH 10.0 with predicted pf of 0.22484.
The experimental pf were also determined at their optimum
extraction conditions. The experimental pf for Pha, Hpha,
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Phg, Npha, Tys, and Cphg were 0.22893, 0.11085, 0.14003,
0.25476, 0.21414, and 0.23142, respectively. The relative
errors of Pha, Hpha, Phg, Npha, Tys, and Cphg were 1.78%,
2.38%,2.42%, 3.07%, 0.17%, and 3.29%, respectively, indi-
cating that the models were sufficient to predict the values
of pf.

Comparison of enantioselectivities
between (S)-BINAP, (S)-MeO-BIPHEP,
and (S)-SEGPHOS

A comparison of the enantioselectivities of (S)-SEGPHOS
obtained in this work with those of ($)-BINAP and (S)-
MeO-BIPHEP reported by literature was analyzed. (S)-
BINAP showed excellent ability to recognize Pha with a of
5.203 (Tang et al. 2012a, b). (S)-MeO-BIPHEP had good
ability to recognize Tys with a of 4.22 (Liu et al., 2019a).
(S)-SEGPHOS showed good ability to recognize Npha and
Cphg with a of 4.25 and 2.94, respectively. For Hpha and
Phg, there were no significant differences on enantioselec-
tivities between these three chiral diphosphine ligands. The
above results indicated that the steric and/or electronic prop-
erties have significant influence on enantioselectivities of
chiral extractants. The highest enantioselectivity is obtained
when extractant and substrate have matching stereochemical
structure and electronic property.

The possible recognize mechanisms

The possible chiral recognition mechanisms between (S)-
SEGPHOS-metal complexes and pL-amino acids are shown
in Fig. 7. The results in Table 1 revealed that n—r interac-
tion between phenyl groups in (S)-SEGPHOS and substrate
was an important acting force in extraction. The k values
in Fig. 3a revealed that (S)-SEGPHOS-metal complexes
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Fig.6 Response surface plots of interactions between a X,/X,, b X,/X;, and ¢ X,/X; on Pha (I), Hpha (II), Phg (III), Npha (IV), Tys (V), and Cphg (VI)
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Table 6 The optimum

. . Amino acids X, (°C) X, (mmol/L) X; Predicted pf Experimental pf Relative
extraction conditions and ;
. error (%)
maximum pf
Pha 5.0 2.1 10.0 0.22484 0.22893 1.78
Hpha 5.0 3.0 8.0 0.10821 0.11085 2.38
Phg 12.5 1.5 7.57 0.14342 0.14003 242
Npha 5.0 1.3 6.5 0.24695 0.25476 3.07
Tys 5.6 29 10.92 0.21378 0.21414 0.17
Cphg 5.0 1.6 7.0 0.23903 0.23142 3.29
Fig.7 The possible recognize H,O
mechanism in chiral extraction !
o H o NH;
9%\@ /O/U\D%HH\Q
<—=——"P—_——cu=aNH <—=—" Pd—NCCH; H
I — e
; %
o o

i

preferred to combine with anionic substrates. Therefore, the
coordination between carboxyl and metal ion was another
important acting force in extraction (Liu et al. 2019b, c). The
stereoscopic structures of tetradentate copper and palladium
have big difference. Tetradentate copper has a tetrahedral
configuration and tetradentate palladium has a quadrilat-
eral configuration (Otter et al. 1998; Aslanidis et al. 1993).
In chiral recognition, L-amino acid could coordinate with
(S)-SEGPHOS-Cu to form a tetrahedral configuration. The
combining capacity between L-amino acid and (S)-SEG-
PHOS-Cu was higher in extraction. Thus, L-amino acids
were preferentially recognized by (S)-SEGPHOS-Cu. When
(S)-SEGPHOS-Pd was used as extractant, amino acid could
not coordinate with (§)-SEGPHOS-Pd to form a quadrilat-
eral configuration. The steric hindrance between -NH, and
CH;CN would also weaken the combining capacity between
L-amino acid and (S)-SEGPHOS-Pd. In addition, -NH, in
D-amino acid could form hydrogen bond with H,O. Thus,
kp were higher than k; when (S)-SEGPHOS-Pd was used
as extractant.

Conclusions

(S)-SEGPHOS-metal complexes, similar to other chiral
diphosphine ligands, also showed good abilities to recog-
nize amino acid enantiomers. (S)-SEGPHOS-Pd exhibited
excellent ability to recognize Npha with «a of 4.25. And

@ Springer
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(S)-SEGPHOS-Cu exhibited good abilities to recognize Pha,
Hpha, Phg, Tys, and Cphg with a were 2.87, 1.93, 2.28,
4.07, and 2.94, respectively. After optimization by response
surface methodology, the optimal extraction conditions
were obtained and the maximum experimental pf for Pha,
Hpha, Phg, Npha, Tys, and Cphg were 0.22893, 0.11085,
0.14003, 0.25476, 0.21414, and 0.23142, respectively. The
tetrahedral configuration of Cu(I) and quadrilateral configu-
ration of Pd(II) lead to the preferred enantiomers for (S)-
SEGPHOS-Cu and (S)-SEGPHOS-Pd are L-amino acids and
D-amino acids, respectively. This work provided a new chiral
extractant that had good application in enantioseparation of
amino acid enantiomers. And it has potential application
in recognition of chiral drugs which has structural unit of
amino acid.
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