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AbstractÐA novel N3S1 typed tripodal ligand bearing an SH group, N-(mercaptoethyl)-di(2-pyridylmethyl)amine, DPASH, was
prepared and its zinc(II) complex, [ZnII(DPAS)Cl], was structurally characterized by X-ray crystallography. [ZnII(DPAS)Cl] pro-
moted hydrolysis of sodium bis(p-nitrophenyl)hydrogenphosphate), BNPÿ. # 2000 Elsevier Science Ltd. All rights reserved.

Introduction

Zinc ion is biologically important and has been found in
the active site of many enzymes such as carbonic anhy-
drase,1 carboxypeptidase,2 alkaline phosphatase,3 and
b-lactamases.4 b-Lactamases, for example, are a family
of enzymes that hydrolyze the antibiotic agents and
metallo-b-lactamases have been recently recognized as
potent threat in medicinal community because of their
wide spectrum of substrates including carbapenems.
More recently, X-ray crystallographic study of B. fra-
gillis metallo-b-lactamase by Concha et al.4c has shown
that this enzyme has a dinuclear zinc active site in which
the ®rst zinc is coordinated by the nitrogen atoms of
His99, 101, and 162 and by a water/hydroxide with a
tetrahedral geometry while the second one is coordinated
by a nitrogen of His223, a carboxylate of Asp103, a
thiolate of Cys181, and a water molecule and the water/
hydroxide, which acts as a bridge between two zinc ions,
with trigonal bipyramidal geometry. In this structure,
the thiolate is thought to be important for enzymatic
activity. Therefore, the structure of active site has been
a topic of interest with respect to the discovery or design
of the inhibitors against this enzyme in the ®elds of
medicine and pharmacy.5

In a model study on ZnII-containing-b-lactamase, Kimura
et al.6 have investigated the role of zinc(II) and the hydro-
lysis mechanism of b-lactam ring in Bacillus cereus b-lac-

tamase II using a zinc(II) complex derived frommacrocylic
polyamine, 1,4,7,10-tetraazacyclododecane (cyclen). In the
metallo-b-lactamase, the tetrahedral zinc center is recog-
nized as the catalytic center but the role of the second tri-
gonal bipyramidal zinc center remains to be answered.

In order to determine the role of sulfur and the function
of zinc(II) ion as a Lewis acid, we synthesized an N3S1
typed tripodal ligand bearing amercaptoethyl group,N-(2-
mercaptoethyl)-di(2-pyridylmethyl)amine, DPASH. To
our knowledge, only a few of such tripodal ligand with
N3S1 donor set have been reported.

7We described here the
®rst synthesis of DPASH, where H denotes a dissociable
proton, and of its zinc(II) complex, chloro{N-mercap-
toethyl-di(2-pyridylmethyl)amine}zinc(II), [ZnII(DPAS)
Cl], and the ability of hydrolysis of diphosphoester, BNP-

along with that of dichloro{di(2-pyridylmethyl)amine=
DPA}zinc(II) complex, [ZnII(DPA)Cl2]

8 (Chart 1).

Results and Discussion

Syntheses

The synthetic routes of DPASH and [ZnII(DPAS)Cl] are
shown in Scheme 1. The tripodal ligand, DPASH,9 was
synthesized by the reaction of di(2-pyridylmethyl)amine10

with 3 equiv of ethylene sul®de in dry toluene at 50 �C for
4 days under argon. The solvent was evaporated under
reduced pressure and the resulting residue was puri®ed by
column chromatography with silica gel (eluent, AcOEt:
i-PrOH=1:1) to giveDPASH as a yellow oil in 50% yield.
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The zinc(II) complex, [ZnII(DPAS)Cl],11 was prepared
by mixing a solution ofDPASH with equimolar amounts
of ZnCl2 and NaOH in methanol at room temperature.
The insoluble materials formed were ®ltered o� and the
®ltrate was concentrated in vacuo. The resulting residue
was recrystallized from 1:1 methanol:water to give
[ZnII(DPAS)Cl] as colorless crystals in 45% yield.

The molar conductance at 25 �C of a 0.1 mM solution
of the zinc(II) complex, [ZnII(DPAS)Cl], in water is
3.1�10ÿ2 S m2/mol, indicating that a chloride ion might
be displaced by a solvent water molecule to yield [ZnII

(DPAS)(H2O)]+ complex as a 1:1 electrolyte.

X-ray crystal structure

The structure of [ZnII(DPAS)Cl] was determined by an
X-ray analysis.12 The ORTEP drawing of [ZnII(D-
PAS)Cl] is shown in Figure 1. The complex is neutral
molecule in the solid state. The geometry around zinc(II)
is a trigonal bipyramid with t13 value of 0.82 (t=(b-a)/60,
where b=Cl(1)-Zn-N(1); 167.59(9)� and a=S(1)-Zn-N
(2); 118.68(10)�: t is zero for an ideal square pyramid,
whereas t=1 for an ideal trigonal bipyramid). The zinc
atom is located above 0.409 AÊ from the trigonal plane

de®ned by two pyridine nitrogen atoms, N(2) and N(3),
and the thiolate ion S(1). The apical coordination sites
are occupied by the tertiary amine N(1) and chloride ion
Cl(1). This structure is di�erent from that of the related
zinc(II) complex, [ZnII(DPA)Cl2],

8 which takes a dis-
torted square pyramid with t13 value of 0.15. The average
Zn-Npyridine (N(2) and N(3)) bond lengths of 2.122 AÊ are
shorter than those found in [ZnII(DPA)Cl2]

8 of 2.169 AÊ

while the Zn-N(1) and Zn-Cl bond lengths of 2.313(3)
and 2.337(1) AÊ respectively are longer than those of
[ZnII(DPA)Cl2]

8 (2.161(6) AÊ for Zn-N and 2.275(1) and
2.265(AÊ ) for Zn-Cl). The Zn-S bond length of 2.303(1) AÊ

is within normal range as compared to the other zinc
complexes.14 The angles of S(1)-Zn-N(2), S(1)-Zn-N(3),
and N(2)-Zn-N(3) are nearly 120�, while the angle of
Cl(1)-Zn-N(1) is 167.59(9)�. The conformations of ®ve-
membered chelate rings formed by coordination of thiol
group to zinc are the same with either the d,d or l,l form.
As a result, the dihedral angle between two pyridine rings
increased from 14.05� for [ZnII(DPA)Cl2]

8 to 47.57�.

Potentiometric pH-titrations

The protonation constants (Kn) of DPASH were deter-
mined by potentiometric pH-titration of DPASH.3HCl
(1 mM) at 25 �C and I=0.10 M (NaNO3). A typical
titration curve is shown in Figure 2a. The computed pKa

values (=ÿlogK1 �ÿlogK4) are 9.2� 0.2 (SH), 5.0� 0.1
(tertiary amine), and <3 (pyridines) and the pKa value

Chart 1.

Scheme 1.

Figure 1. ORTEP drawing of [ZnII(DPAS)Cl], showing with 50%
probability thermal ellipsoids. Selected bond lengths (AÊ ) and angles
(�): Zn(1)-Cl(1) 2.337(1), Zn(1)-S(1) 2.303(1), Zn(1)-N(1) 2.313(3),
Zn(1)-N(2) 2.113(3), Zn(1)-N(3) 2.130(4), Cl(1)-Zn(1)-S(1) 106.57(5),
Cl(1)-Zn(1)-N(1) 167.59(9), Cl(1)-Zn(1)-N(2) 98.6(1), Cl(1)-Zn(1)-N(3)
97.0(1), S(1)-Zn(1)-N(1) 85.80(9), S(1)-Zn(1)-N(2) 118.7(1), S(1)-
Zn(1)-N(3) 116.0(1), N(1)-Zn(1)-N(2) 75.6(1), N(1)-Zn(1)-N(3)
76.1(1), N(2)-Zn(1)-N(3) 115.0(1).
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of the thiol group is lower than that of ethanethiol (pKa

10.61).15 The 1:1 DPASH.3HCl-ZnII titration curve is
shown in Figure 2b where two in¯ections at a=4 and 5
were observed. The ®rst bu�er region until a=4 is
ascribed to the loss of four protons from two pyridine
nitrogens, a tertiary amine, and a thiol group. The sec-
ond bu�er region at 4<a<5 represents the removal of a
proton from the ZnII-bound water molecule at the ®fth
site with a pKa value of 8.6� 0.1, which is lower than
that of ZnII(H2O)6

2+ (pKa=9.5).16 Under the same con-
ditions, the pKa of the coordinated water molecule of
[ZnII(DPA)Cl2] complex is 9.0� 0.1, indicating that
thiolate anion in DPASH slightly lowers the pKa of the
ZnII-bound water molecule and the zinc(II) is acting as
Lewis acid.

Cleavage of phosphate diester

In order to determine whether hydrolysis of phospho-
diester, BNPÿ, is promoted by [ZnII(DPAS)Cl] or
[ZnII(DPA)Cl2], hydrolysis of BNPÿ (15 mM) in 10%
MeOH (v/v) aqueous solution of ZnII complex (1.25
mM) at pH 6.0 ±10.5 (20 mM HEPES or CHES bu�er)
at 35 �C and I=0.10 M (NaNO3) was monitored by
following the increase in the visible absorption at 400
nm due to the release of 4-nitrophenolate.17 The initial
rate increases linearly with the concentration of BNPÿ.
Therefore, v is expressed as eq (1).

�init � kobs�BNPÿ� �1�
The observed initial rates, ninit, for [ZnII(DPAS)Cl] and
[ZnII(DPA)Cl2] at the concentration of [BNPÿ]=15
mM and the [Zn complex]=1.25 mM are plotted as a
function of pH (Fig. 3). Both reactions exhibited sig-
moidal pH-rate pro®les with in¯ection points at pH 8.9
for [ZnII(DPAS)Cl] and at pH 9.2 for [ZnII(DPA)Cl2].
These results are in good agreement with pKa values
obtained from potentiometric pH-titrations. At pH
10.0, [ZnII(DPAS)Cl] and [ZnII(DPA)Cl2] gave rates of
(1.4� 0.4)�10ÿ9 Msÿ1 and (9.2� 0.3)�10ÿ9 Msÿ1. Under
the same conditions, ZnIICl2 gave (1.7� 0.3)�10ÿ10

Msÿ1. Therefore, [ZnII(DPAS)Cl] and [ZnII(DPA)Cl2]
hydrolyzed BNPÿ 8.4 and 55 times faster than ZnIICl2,
respectively.

The rate of hydrolysis of both ZnII complexes increased
linearly with the concentration of the complexes at low
concentration range but the magnitude of slope was
gradually decreased at the higher concentration range as
shown in Fig. 4. These results suggest that an equili-
brium between monomers and a dimer exists in solution
as shown in Scheme 2 and the monomer is probably an
active species for hydrolysis. Such equilibrium in solu-
tion has been also observed in analogous CuII complex
in which the thiol group in DPASH is replaced with an
alcohol.18

If we assume that the monomeric ZnII complex with
hydroxide coordinated at the ®fth site (M) is exclusively
the catalytic active species, the concentration of M is
expressed by

Figure 4. Dependence of the rate for the hydrolysis of BNPÿ (1.25
mM) on the concentration of [ZnII(DPAS)Cl] (a) or [ZnII(DPA)Cl2]
(b) at 35 �C and I=0.10 M (NaNO3) in 10% (v/v) MeOH.

Figure 2. pH titration curves of triprotonated ligand DPASH.3HCl in
the absence and presence of equimolar ZnII at 25 �C and I=0.10 M
(NaNO3). Key: (a) 1.0 mM DPASH.3HCl; (b) (a)+1.0 mM ZnII

(NO3)2.6H2O.

Figure 3. pH rate pro®le for the rate of hydrolysis of BNPÿ (15 mM) at
35 �C and I=0.10 M (NaNO3) in 10% (v/v) MeOH: (a) 1.25 mM of
[ZnII(DPAS)Cl]; (b) 1.25 mM of [ZnII(DPA)Cl2]; (c) background BNPÿ.
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�M� � �1� �H��=Ka�2 � 8K�ZnII�t
ÿ �1=2ÿ �1� �H��=Ka�
n o

=4K

where K � �Dimeric species�=�M�2, Ka � �M��H��=�MH�,
and �Zn�t � �MH� � �M� � 2�Dimeric species�. The rate
expression can be written by

� � kobs�BNPÿ� � k �M��BNPÿ�
and the pseudo-®rst order rate constant, kobs, is given in
eq (2), where [ZnII]t, [H

+], K, and Ka represent the total
zinc complex concentration, the proton concentration,
apparent dimerization constant, and acid dissociation
constant, respectively.

kobs� k �1��H��=Ka�2�8K�ZnII�t
ÿ �1=2ÿ �1��H��=Ka�
n o

=4K

�2�
A non linear least-squares ®tting19 of the data using eq
(2) gaveK values of 762� 4 and 316� 6Mÿ1 and k values
of (1.5� 0.2)�10ÿ4 and (5.8� 0.3)�10ÿ4 Mÿ1sÿ1, and
pKa values of 9.1� 0.1 and 9.4� 0.2 for [ZnII(DPAS)Cl]
and [ZnII(DPA)Cl2], respectively. The curves based on
these values are included as solid curves in Figure 4.

The dimerization constant of [ZnII(DPAS)Cl] with the
mercaptoethyl group is about two times larger than that
of [ZnII(DPA)Cl2], indicating that the dimerization
occurs readily as compared to [ZnII(DPA)Cl2]. [Zn

II(D-
PAS)Cl] is about four times less reactive than [ZnII(D-
PA)Cl2] due to the decreased overall charge or steric
e�ect of mercaptoethyl substituent. Furthermore, these
pKa values obtained by ®tting the concentration-rate
pro®les are in agreement with those obtained from pH-
rate pro®les.

Finally, in order to test whether ZnII complex can hydro-
lyze a b-lactam antibiotic agent, nitroce®n, preliminary
kinetics studies were carried out under the conditions; the
concentrations of the complex and nitroce®n are 4.18
mM, 20mMCAPS bu�er (pH 9.0) at 35 �C and I=0.10M
(NaNO3). The obtained rates of hydrolysis of nitroce®n

by ZnII complexes are (6.5� 0.4)�10ÿ9 Msÿ1 for
[ZnII(DPAS)Cl] and (25.2� 0.2)�10ÿ9 Msÿ1 for [ZnII(D-
PA)Cl2] compared with a rate of (3.4� 0.2)�10ÿ9 Msÿ1

for a control experiment. It seems that the intermolecular
nucleophilic attack will not be enhanced since both ZnII-
bound water/hydroxide ion and carbonyl group of b-
lactam ring of antibiotic agent can not simultaneously
coordinate to ZnII ion in [ZnII(DPAS)Cl].

In summary, a novel ZnII complex bearing a mercap-
toethyl group has been prepared and found to hydrolyze a
diphosphoester, BNPÿ. The rate of ZnII-promoted
hydrolysis of BNPÿ increases with the increase in pH,
indicating that zinc-bound hydroxide is an active species
for the hydrolysis of BNPÿ. The thiol group in DPASH
molecule contributes to stabilization of the dimer in
solution but decreases the hydrolytic activity, compared
with non-substituted [ZnII(DPA)Cl2] complex.

Finally, the major role of the thiolate coordination will
be structural stabilization rather than enzymatic activity.
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