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A chiral complex, SalenZn(II) (S), was synthesized and characterized. Its coordination with
imidazole derivatives and amino acid ester derivatives was studied by UV-vis spectro-
photometric titrations and CD spectroscopy. The binding constants decreased in the order
K (Im)>K (2-MeIm)>K (2-Et-4-MeIm)>K (N-MeIm) for imidazole derivatives, and
K (AlaOMe)>K (PheOMe)>K (ValOMe) for amino acid ester derivatives with the same
configuration and KD>KL for amino acid esters with different configuration. CD spectra
can quantify the strength of SalenZn(II)-ligand interactions, giving results consistent with the
magnitudes of the binding constants. Moreover the minimum energy conformations of the
adducts were obtained by simulated annealing, and quantum chemical calculations were
performed based on those conformations to explain experimental results at the molecular level.

Keywords: Chiral SalenZn(II); Coordination; UV-vis spectrum; CD spectrum;
Quantum chemical calculation

1. Introduction

The use of metal complexes of chiral Salen (N,N-bis-(saliylaldehyde)ethylenediamine)
in catalytic asymmetric synthesis has been widespread because of simple preparation,
low cost, structural diversity and high enantioselectivity. They are widely used in asym-
metric alkene epoxidation [1, 2], acylation [3], asymmetric sulfoxidation [4], asymmetric
synthesis of �-amino acids [5], aziridination [6] and hydrolytic kinetic resolution of
epoxides [7]. Enantioselectivity was improved by adding small ligands, e.g. phosphoryl
ligands [1], quaternary ammonium salts [8], amine [9], pyridine N-oxide [10] etc., which
can form adducts with the Salen complexes, but the detailed mechanism is not clear yet.
In order to study the interaction of a Salen metal complex with a ligand, a novel chiral
SalenZn(II) complex has been synthesized and coordination with imidazole derivatives
and amino acid ester derivatives has been studied by UV-vis spectrophotometric titra-
tion experiments and CD spectroscopy. Furthermore, the conformations of the adducts
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have also been investigated via simulated annealing. The results will be helpful to the
mechanism of the catalysis and asymmetric synthesis.

2. Experimental

2.1. Materials and measurements

Ligands used in this article include imidazole (Im), 2-methyl-imidazole (2-MeIm),
N-methyl-imidazole (N-MeIm), 2-ethyl-4-methyl-imidazole (2-Et-4-Me-Im), L- and
D-alanine methyl ester (L- and D-AlaOMe), L- and D-valine methyl ester (L- and
D-ValOMe), L- and D-phenylalanine methyl ester (L- and D-PheOMe). Amino acid
esters and (R,R)-diaminocyclohexane were prepared according to the literature
[11, 12]. Dry N,N-dimethylformamide was obtained by vacuum distilling over
MgSO4. All above mentioned reagents are of commercial reagent grade and were
used without further purification.

1HNMR spectra were recorded on a Mercury V� 300 NMR spectrometer and
chemical shifts reported relative to an internal standard, Me4Si. Infrared spectra
(KBr pellet) were recorded on a Bio-Rad FTS 135FT-IR spectrometer. Elemental ana-
lysis was determined with a Perkin-Elmer 240c elemental analyzer. A Shimadzu-265
spectrophotometer and JASCO-715 spectropolarimeter were applied to record
UV-vis spectra and circular dichroism (CD), respectively. Molecular modeling was
carried out with Sybyl 6.9 software using the Tripos force field on an SGI Indigo II
workstation.

2.2. Synthesis

The procedure used to synthesized the chiral Salen and SalenZn(II) complex is outlined
in scheme 1.

NH3
+ NH3

+

HO OH

−O2C CO2
−

OH

N N

HO OHHO

Zn(OAc)2

Zn

O

N N

OHO OH

K2CO3

EtOH/H2O
NH2

NH2

CHCl3

CHO

OHHO

Scheme 1. Synthesis of chiral Salen and SalenZn(II).

586 R. Yuan et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
6
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



Synthesis of chiral Salen ((R,R)-(-)-N,N0-bis(5-hydroxylsalicylidene)-1,2-cyclo-

hexanediamino): 2.66 g (10mmol) of (R,R)-diaminocyclohexane tartrate, 2.76 g

(20mmol) of potassium carbonate, 20mL of water and 20mL of ethanol were

added to a 100mL flask. The mixture was stirred and refluxed for 5 h. After cooling

to room temperature, the product was extracted with chloroform and the organic

layer was dried using anhydrous Na2SO4. After filtration, 0.55 g (4mmol) of 2,5-

dioxyl-benzaldehyde was added to the filtrate and allowed to react at room tempera-

ture for 5 h. The solution was condensed and the product was purified on silica

gel (ether : petroleum ether¼ 1 : 1) to obtain the yellow solid product, yield 80%,

m.p. 102 � 104�C. Anal. Calcd. for C20H22O4N2(%): C: 67.78, H: 6.26, N: 7.90.

Found: C: 67.78, H: 6.34, N: 7.87. 1HNMR (CDCl3) � (ppm) 8.14 (s, CH¼N,

2H), 6.60–7.28 (m, Phenyl, 6H), 3.28–3.31 (m, chiral H, 2H), 0.85–1.95 (m, CH2,

8H), IR (KBr, pellet) (cm�1) 2932 (m, �C–H), 2858 (w, �C–H), 1641 (s, �C¼N), 1591

(s, �C¼C), 1492 (s, �C¼C).
Synthesis of chiral SalenZn(II) ((R,R)-(-)-N,N 0-bis(5-hydroxylsalicylidene)-1,2-

cyclohexane diamino-zinc(II)) (S): To a solution of 354mg (1mmol) of chiral Salen

in 10mL of methanol a slight excess of Zn(OAc)2 was added. The solution was stirred

for 3 h at room temperature. After filtration, the yellow precipitate was washed

three times with water, and then dried under vacuum, yield 90%. Anal. Calcd. for

C20H20O4N2Zn(%): C: 57.50, H: 4.83, N: 6.71. Found: C: 57.38, H: 4.88, N: 6.60.

IR (KBr, pellet) (cm�1) 3404 (s, �O–H), 2934 (s, �C–H), 2859 (s, �C–H), 1637 (s, �C¼N),

609 (w, �Zn–O), 539(w, �Zn–N).

2.3. UV-vis spectrophotometric titrations

To a solution of 1� 10�4mol dm�3 of S in DMF a solution of imidazole derivatives or
amino acid ester derivatives in DMF was added at room temperature. Changes in the
absorbance at 393 nm were monitored at different concentrations of the ligand in the
range of 10�4

� 10�2mol dm�3. The ligands are shown in figure 1.

CH3CHCOOCH3

NH2

(CH3)2CHCHCOOCH3 CH2CHCOOCH3

N H
*N *N*N*N

CH2CH3

N H N H

CH3

N CH3

CH3

Im 2-MeIm 2-Et-4-MeIm N-MeIm

AlaOMe ValOMe PheOMe

* NH2* NH2*

Figure 1. The structure of ligands (the atoms marked with * are the coordinating atoms).
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3. Results and discussion

3.1. UV-vis spectrophotometric titrations

A representative plot of spectral changes observed upon the addition of Im to S

is shown in figure 2. With the concentrations of the ligand increasing the absorption
peak at 393 nm decreases gradually, while a new absorption peak at 350 nm forms
and increases, showing S consumption and adduct formation. There is a clear isosbestic
point at 370 nm, suggesting that the reaction proceeds cleanly.

The coordination reaction can be expressed as follows:

Sþ nL��*)��

K

SLn

Where S is the chiral SalenZn(II), L is the ligand, n is the coordination number and
K is the binding constant. In the presence of a large excess of the ligand (except Im
and 2-MeIm) with SalenZn(II) K can be calculated by equation (1) [13]:

A0

Ae � A0
¼

"1
"2 � "1

1

KcnL
þ

"1
"2 � "1

ð1Þ

Where A0 is the absorbance of S solution, Ae is the equilibrium absorbance in the
presence of ligand at concentration cL, "1 and "2 are the extinction coefficients of
S and of the adduct, respectively. The quantity A0/(Ae�A0) has a linear relation to
1/cL, showing that the coordination number is 1. The binding constant K can be

A
bs

or
ba

nc
e

1

14

Figure 2. The UV-vis spectra of S-Im system (the concentration of S is 1� 10�4mol l�1, and the concen-
tration ratios of [Im]/[S] from 1 � 14 are: 0, 5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 10, respectively).
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obtained from the ratio of the intercept to the slope. With a small excess of the ligands
Im and 2-MeIm and SalenZn(II), the binding constants K are calculated by the method
of Rose and Drago [14]. For the formation of a 1 : 1 adduct,

1

K
¼

ðAe � A0Þ

ð"2 � "1Þ � c0 � cL
þ c0cL

ð"2 � "1Þ

ðAe � A0Þ

� �
ð2Þ

where c0 and cL are the concentrations of S and the ligand, respectively. For a
given solution all the terms of the Rose–Drago equation are known except for
1/K and ("2� "1) which are constants to be determined. To do this, a range of
("2� "1) values is chosen that will encompass the true value. A plot of 1/K versus
�"(¼"2� "1) for solutions of varying concentrations of ligands gives an intersection
point that determines the unique K�1.

A representive plot is shown in figure 3 and the binding constants K are listed in

table 1.
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Figure 3. The plot of A0/(Ae�A0) vs. 1/CL in S-D-ValOMe system.

Table 1. The binding constants of S with imidazole derivatives and with amino acid ester derivatives.

Ligands K/(mol�1 L) Ligands K/(mol�1 L) KD/KL

Im (6.3� 0.4)� 103 D-AlaOMe (2.0� 0.1)� 102 1.1
2-MeIm (3.9� 0.2)� 103 L-AlaOMe (1.8� 0.1)� 102

2-Et-4-Me-Im (5.4� 0.3)� 10 D-PheOMe (3.3� 0.2)� 10 1.9
N-MeIm (4.0� 0.2)� 10 L-PheOMe (1.7� 0.1)� 10

D-ValOMe (1.7� 0.1)� 10 2.1
L-ValOMe 8.2� 0.5
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The coordinating capability of the ligand can be affected by many factors, but in this
system the main factors which determine the binding affinity of the ligand are steric
bulk of the ligand and the net negative charge on the ligand. To consider these two
factors, we obtained the net negative charge of coordination atom in the ligands by
quantum chemical calculation (table 2).

The larger the absolute value of the net charge of the ligand, the stronger the binding
affinity. On the basis of the net charge values given in table 2, the coordinating
capability of imidazole derivatives should decrease in the order of 2-Et-4-MeIm>
2-MeIm>N-MeIm>Im. However, steric repulsion hinders ligand approach to S,
so on the basis of the steric bulk of the ligand, one would expect the binding constants
to decrease in the order of Im>N-MeIm>2-MeIm>2-Et-4-MeIm. The actual binding
constants are in the order Im>2-MeIm>2-Et-4-MeIm>N-MeIm because of the
combined effect of the two factors.

Amino acid ester derivatives with the same configuration have net charges decreasing
in the order PheOMe>ValOMe>AlaOMe, and the steric bulk of the ligands also
decreases in the same order. The binding constants listed in table 1 decrease in the
order K (AlaOMe)>K (PheOMe)>K (ValOMe), which once again appears to result
from the combined effect. For the same amino acid ester with different configuration,
the steric bulk is similar. Chiral SalenZn(II) is (R,R) coordinating preferentially with
D-amino acid ester, so the binding constants are KD>KL, consistent with the order
of net charge.

3.2. CD spectrum

The UV-vis and CD spectra of chiral SalenZn(II) are shown in figure 4(a) and (b),
respectively. The absorption peak at 393 nm is induced by the �–�* transition of
C¼N which produces a pair of Cotton splits at shorter wavelength 383 nm (þ30) and
longer wavelength 425 nm (�56) in the CD spectrum. The absorption peak at 282 nm
is induced by the �–�* transition of benzene which produces one negative Cotton
split at 270 nm (�30) in the CD spectrum [15]. It is predicted that when the
chirality configuration is � [16] (IUPAC nomenclature [17]), the negative component
of the azomethine �–�* couplet will lie at higher energy, whereas the lower energy
case corresponds to the configuration �. (R, R)-Salen metal complexes conform to
the � configuration [15, 16, 18]. Therefore, the CD spectrum will show a negative
Cotton effect at long wavelength.

Figure 5 shows the CD spectra of the S-Im system. Although there is a chromophore
group of C¼N in imidazole, it will not produce a CD signal by itself. However, it will
when situated in a chiral environment of S because of the distortion of the intrinsic

Table 2. The net charge value of coordination atom in the ligands.

Axial ligand Net charge Axial ligand Net charge

Im �0.648772 L-AlaOMe �0.719113
2-MeIm �0.679015 D-AlaOMe �0.721606
N-MeIm �0.657460 L-PheOMe �0.736438
2-Et-4-MeIm �0.695502 D-PheOMe �0.740544

L-ValOMe �0.724591
D-ValOMe �0.728753
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symmetric chromophore group. From figure 5 it can be observed that the signal inten-
sity of CD spectra at 425 and 383 nm decreases with the increasing concentration of
the ligand, while a new signal appears and increases gradually at 360 nm, which is
from the adduct. The signal of CD of the adduct moves to shorter wavelength, much
like the position of absorption peak of UV-vis spectra moves to shorter wavelength.
With regard to other imidazole derivatives, CD spectra are similar.
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Figure 5. The CD spectra of S-Im system (b–f are the concentration ratios of [ligand]/[S]).

(a) (b)

300 400 500 600

−60

−40

−20

0

20

40

∆e
 / 

m
ol

-1
 d

m
3 c

m
-1

300 400 500

2

1

0

A
bs

or
ba

nc
e

l/nm l/nm

Figure 4. The UV-vis (a) and CD (b) spectra of S.
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The CD spectra of the system of S with imidazole derivatives of the same concentra-
tion are illustrated in figure 6. Different CD signal intensities present different

coordinating capabilities. The signal intensity of S decreases at 383 nm in the
order S-Im>S-2-MeIm>S-2-Et-4-MeIm>S-N-MeIm, and the signal intensity of
the adducts (at about 360 nm) increases in the same order, consistent with the ther-
modynamic results; CD spectra can quantify the strength of S-ligand interaction.

As for amino acid ester derivatives, the CD spectra of the S-ligand system are similar
to those of the S-imidazole derivative system (figure 7). However, the selectivity of
S towards the same amino ester with different configuration is different. The CD
spectra of S-(D- and L-) PheOMe are shown in figure 8. D-PheOMe causes more
apparent change in CD spectra than L-PheOMe. The discrepancy indicates a higher

selectivity of SalenZn(II) towards D-PheOMe, which coincides with the order of
binding constants.

3.3. Molecular modeling

Molecular modeling was performed in the Tripos force field as implemented in Sybyl
6.9 software on an SGI Indigo II workstation. The energy minimization was carried
out with a gradient of 0.01 kcalmol�1. The minimum energy conformation of S was
obtained by the method of simulated annealing. On the basis of this conformation,
the minimum energy conformations of S binding with the ligands were obtained by
the same method. Quantum chemical calculations were performed by the method of
Hatree–Fock at 6–31G level with Guassian 98 program package [19].
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Figure 6. The CD spectra of S-imidazole derivatives (the concentrations of ligands are equivalent).
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Figure 9 illustrates the minimum energy conformations of S (a), the adducts binding
with Im (b) and with D-AlaOMe (c). The bond lengths of Zn–O, Zn–N, and Zn–N*
(between S and the ligand) are listed in table 3. From the results it can be seen that
the Zn–O bond length becomes longer after the adducts formed, indicating that
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Figure 7. The CD spectra of S-D-PheOMe system (a–d are the concentration ratios of [ligand]/[S]).
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Figure 8. The CD spectra of S-(D- and L-) PheOMe system (the concentrations of D- and L-PheOMe
are equivalent).
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the zinc(II) of the adduct projects more from the plane of N–O–O–N than that of S.

The variation is one of the reasons resulting in the changes of CD spectra. In addition,

the stability of the adduct can be reflected through the Zn–N* bond length (between S

and the ligand). The shorter the bond length, the more stable the adduct. The results
listed in table 3 support the thermodynamic results.

Table 4 shows HOMO and LUMO energies of S and of the adducts. The energy of

HOMO is negative, which indicates the adducts are stable. The energy difference

�EL–H of adducts are larger than that of S, which indicates the energy of electronic

transitions have increased, so the absorption bands in UV-vis spectra of adducts are
blue-shifted. The bigger the �EL–H, the more stable the adduct [20]. The results

listed in table 4 are consistent with those measured in UV-vis spectrophotometric titra-

tions. In addition, �ED–L are positive which indicates the adducts binding with

D-amino acid ester are more stable than those with L-amino acid ester.

(a) (b)

(c)

Figure 9. The minimum energy conformations of S (a) and the adducts binding with Im (b) and with
D-AlaOMe (c).

Table 3. The bond lengths of Zn–O, Zn–N and Zn–N* (between S and the ligand).

Compounds Zn–O1 (Å) Zn–O2 (Å) Zn–N1 (Å) Zn–N2 (Å) Zn–N* (Å)

S-Im 1.856 1.846 1.918 1.918 1.924
S-2-MeIm 1.860 1.850 1.922 1.924 1.932
S-EtMeIm 1.864 1.854 1.928 1.932 1.938
S-N-MeIm 1.866 1.856 1.932 1.936 1.944
S-D-AlaOMe 1.855 1.842 1.909 1.910 1.918
S-L-AlaOMe 1.852 1.842 1.912 1.911 1.919
S-D-PheOMe 1.859 1.850 1.916 1.916 1.924
S-L-PheOMe 1.859 1.849 1.920 1.922 1.926
S-D-ValOMe 1.861 1.854 1.919 1.918 1.925
S-L-ValOMe 1.860 1.852 1.919 1.919 1.928
S 1.843 1.829 1.901 1.901
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Table 4. HOMO and LUMO energies of S and of the adducts.

Compound EH(HOMO) (a.u.) EL(LUMO) (a.u.)
�EL�H

a

(LUMO-HOMO) (a.u.) �ED�L
b (a.u.)

S-Im �0.23334 0.10192 0.33526
S-2-MeIm �0.23285 0.10108 0.33393
S-EtMeIm �0.23369 0.09645 0.33014
S-N-MeIm �0.22976 0.09773 0.32749
S-D-AlaOMe �0.23621 0.09838 0.33459

0.00333S-L-AlaOMe �0.23458 0.09668 0.33126
S-D-PheOMe �0.23413 0.09862 0.33275

0.00637S-L-PheOMe �0.23086 0.09552 0.32638
S-D-ValOMe �0.23767 0.09816 0.32774

0.00559S-L-ValOMe �0.23052 0.09440 0.32215
S �0.24068 0.08093 0.32161

a�EL�H¼ELUMO�EHOMO.
b�ED�L¼�EL–H(S-D-amino acid ester)��EL�H(S-L-amino acid ester).
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