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Introduction

Supramolecular assemblies of host cyclodextrins (CDs) and
guest molecules have attracted increasing attention in recent
years, because of their potential to serve as platforms for
the construction of molecular machines, with functions in-
cluding chiral discrimination, drug carrying, reaction media-
tion, and recognition of ionic species.[1–15] In particular, CD
inclusion complexes serve as enzyme models to reveal
enzyme–substrate interactions, and have potential applica-
tions as drug carriers. Solution studies of CD inclusion com-

plexes and determination of bonding constants have provid-
ed thermodynamic data that are useful for chromatographic
applications. In the solid phase, X-ray diffraction studies of
inclusion complexes with guest molecules can provide direct
information on the mechanism of the noncovalent interac-
tions associated with the inclusion process. A recent study
indicates that the coordination properties of the metal ion in
a metal complex confined in a supramolecular environment
as a guest molecule can undergo great change. For example,
a stable 1:2 inclusion complex constructed from two b-CD
derivatives and a porphinatoiron ACHTUNGTRENNUNG(III) derivative reported by
Kano et al. shows a high selectivity toward the N3

� ion.[16]

Recently, we reported an inclusion compound created by
supramolecular assembly of an imidazolate-bridged homodi-
nuclear copper complex and two b-CD molecules, [{Cu(L1)-
ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(b-CD)}2(im)] ACHTUNGTRENNUNG[ClO4]3, (L1=4-(4’-tert-butyl)benzyldie-
thylenetriamine; im= imidazolate).[17] The UV/Vis study in-
dicated that the imidazolate bridge in such an inclusion
complex exhibits additional stability, even at the physiologi-
cal pH. When copper ion was replaced by zinc, [Zn(L1)-
ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(b-CD)]2+ and unexpected hydroxo-coordinated
mononuclear zinc moieties, [Zn(L1)(OH) ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(b-CD)]+ ,
were isolated and characterized. Inclusion complexation
weakened the formation of the hydroxo-bridged dimer and
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stabilized mononuclear hydroxyl species.[16] Since hydroxyl is
the active species in the hydrolysis process,[18] such hydroxyl-
coordinated species with additional stability engendered by
the supramolecular environment may serve as an effective
model for mononuclear metallohydrolases. Herein we report
their supramolecular structures, thermodynamic properties,
and metallohydrolase activities, evaluation of which was
based on hydrolysis of p-nitrophenyl acetate.

Results and Discussion

Supramolecular assembly : By mixing L1, b-CD, and Zn2+ in
aqueous solution at pH�7.0 and 9.0, two supramolecular in-
clusion complexes, [Zn(L1) ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(b-CD)] ACHTUNGTRENNUNG(ClO4)2·9.5H2O
(1) and [Zn(L1)(OH) ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(b-CD)]ClO4 (2) were obtained
in moderate yields (Scheme 1). At pH>9.5, elemental anal-

ysis showed that isolated precipitates contained hydroxides.
No hydroxo-bridged dimers or carbonato-bridged polymers
with or without b-CD were isolated at the pH values stud-
ied. However, the corresponding inclusion complex with b-
CD could not be isolated from a mixed solution of L2 (L2=

4-benzyldiethylenetriamine), b-CD, and Zn2+ at pH�7.0;
instead, only a water-insoluble hydroxo-bridged dimer,
[{Zn(L2)ACHTUNGTRENNUNG(H2O)}2ACHTUNGTRENNUNG(m-OH)] ACHTUNGTRENNUNG[ClO4]3 (3), was precipitated. Such
dimerization behavior often takes place in many simple tri-
ACHTUNGTRENNUNGamine–Zn2+ systems.[19] Experimental results showed that
[Zn(L1) ACHTUNGTRENNUNG(H2O)2]

2+ with a larger hydrophobic group is just
able to undergo effective inclusion complexation with the b-
CD molecule, and moreover this inclusion interaction can
weaken the formation of the hydroxo-bridged dimer.[16]

Complexes 1 and 3 were characterized structurally by X-ray

crystallography;[20] crystal data and selected bond lengths
and angles are listed in Tables 1–3.

Structure of [Zn(L1) ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(b-CD)] ACHTUNGTRENNUNG(ClO4)2·9.5H2O (1): The
4-tert-butylbenzyl group of the [Zn(L1) ACHTUNGTRENNUNG(H2O)2]

2+ moiety in 1
is inserted as a guest in the hydrophobic cavity of the b-CD
host on the primary hydroxyl side to form a supramolecular
unit (Figure 1), [Zn(L1)ACHTUNGTRENNUNG(H2O)2ACHTUNGTRENNUNG(b-CD)]2+ , in which the
atoms of the guest are partially disordered (Figure S1).[17]

Two units form a symmetrical head-to-head dimer through

Scheme 1. Synthesis of complexes 1–3.

Table 1. Crystal data and structure refinement for 1 and 3.

1 3

formula C57H120Cl2N3O54.5Zn C22H43Cl3N6O15Zn2

Mr 1855.83 868.71
T [K] 123(2) 298(2)
l [P] 0.71073 0.71073
crystal system orthorhombic monoclinic
space group C2221 P21/c
a [P] 19.312(1) 17.777(1)
b [P] 23.914(2) 11.905(7)
c [P] 38.163(3) 17.786(1)
b [8] 90 109.19(1))
V [P3] 17624(2) 3555.0(4)
Z 8 4
1calcd [gcm

�3] 1.381 1.623
m [mm�1] 0.444 0.493
F ACHTUNGTRENNUNG(000) 7864 7723
crystal size [mm3] 0.44B0.36B0.20 0.50B0.40B0.34
q range [8] 2.01–26.00 2.10–27.13
limiting indices �23<h<23 �9<h<22

�28<k<29 �15<k<15
�35< l<47 �22< l<19

reflns collected 45987 20610
independent reflns 16976 (Rint=0.0309) 5314 (Rint=0.0290)
data/restraints/parameters 16976/239/1214 7723/277/545
goodness-of-fit on F2 1.156 1.069
final R indices [I>2s(I)] R1=0.0978 R1=0.0569

wR2=0.2632[a] wR2=0.1465[b]

R indices (all data) R1=0.1079 R1=0.0872
wR2=0.2752 wR2=0.1698

largest diff. peak/hole [eP�3] 1.661/�0.680 0.716/�0.625

[a] w=1/[s2F2
o)+ (0.0957P)2+ +96.5262P]; [b] w=1/[s2F2

o+ (0.0843P)2+
4.9328P]; P= (F2

o+2F2
c)/3).

Table 2. Selected bond lengths [P] and angles [o] for 1.

Zn1�N1 2.195(8) Zn1�O1w 2.058(6)
Zn1�N2 2.047(8) Zn1�O2w 1.94(4)
Zn1�N3 1.901(11) Zn1�O2w’ 2.104(11)
Zn1�N3’ 2.001(12)

N3-Zn1-N3’ 119.3(10) O2w-Zn1-O2w’ 96.0(19)
N3-Zn1-O2w 113.0(2) N2-Zn1-O2w’ 124.8(6)
N3-Zn1-N2 107.8(5) O1w-Zn1-O2w’ 88.5(4)
N3’-Zn1-N2 131.9(10) N3-Zn1-N1 83.1(4)
O2w-Zn1-N2 139.0(19) N3’-Zn1-N1 90.9(5)
N3-Zn1-O1w 103.6(4) O2w-Zn1-N1 93.0(11)
N3’-Zn1-O1w 87.3(4) N2-Zn1-N1 85.0(4)
O2w-Zn1-O1w 86.0(11) O1w-Zn1-N1 173.1(3)
N2-Zn1-O1w 91.2(3) O2w’-Zn1-N1 98.5(5)
N3’-Zn1-O2w’ 103.3(9)

Symmetry code 1: x, �y+1, �z+2.
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hydrogen-bonding interaction of secondary hydroxyl groups.
The zinc atom in the guest has a distorted trigonal-bipyrami-
dal configuration. The degree of distortion (t) between the
trigonal bipyramid and the square pyramid can be estimated
by a literature method.[21] For an ideal square-pyramidal ge-
ometry t is zero, whereas it becomes unity for an ideal trigo-
nal-bipyramidal geometry. The calculated t value of 0.57 in-
dicates that the geometry of coordination around the Zn
atom is fairly close to a trigonal-bipyramidal sphere.

Structure of [{Zn(L2) ACHTUNGTRENNUNG(H2O)}2 ACHTUNGTRENNUNG(m-OH)] ACHTUNGTRENNUNG[ClO4]3 (3): The cat-
ionic structure of 3 is a hydroxo-bridged binuclear Zn2+

compound (Figure 2). Each Zn2+ ion has a distorted trigo-
nal-bipyramidal N3O2 coordination sphere, in which the ter-
minal nitrogen atoms of L2 and the hydroxyl group lie in the
trigonal plane. The calculated t values of 0.63 for Zn1 and
0.69 for Zn2 configurations indicate that both coordination

geometries around Zn atoms are closer to trigonal-bipyrami-
dal spheres.[21] The hydroxyl group is located in an equatori-
al position of each trigonal bipyramid in 3, indicating that
equatorial water molecules in the trigonal bipyramid have
lower pKa values than axial ones.

Spectral characterization of [Zn(L1)(OH) ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(b-
CD)]ClO4 (2): The crystals of complex 2 were too small for
X-ray crystallography and therefore its composition was
confirmed by elemental analysis, IR spectroscopy, and scan-
ning electron microscopy (SEM). Complex 1 exhibited a
strong, wide IR band at 1028–1155 cm�1 but 2 gave a strong
peak only at 1081 cm�1; these were assigned to ClO4

� ions
(Figure S2). The narrower band in 2 implies that there are
fewer ClO4

� ions in 2 than in 1. The molar ratio Zn/Cl de-
tected by SEM-EDA (energy dispersive analysis) was
49.39:50.61. To balance the two positive charges of the zinc
ion, a coordinated water molecule must be deprotonated:
the coordination ion of 2 has to include a coordinated hy-
droxyl group, [Zn(L1)(OH) ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(b-CD)], rather than a free
hydroxyl group. The pure [Zn(L1)(OH)2ACHTUNGTRENNUNG(b-CD)] species was
not isolated because of the presence of hydroxide groups.

Stability constant of the inclusion complex : To understand
better the guest–host inclusion complexation, we investigat-
ed the stability constants of the inclusion complexes by fol-
lowing the changes in absorbance at 263 nm by UV/Vis
spectroscopy (Scheme 2). ZnII with complex L1 was titrated

with various concentrations of b-CD according to a previ-
ously described method.[22,23] The Ksc value calculated for
[Zn(L1) ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(b-CD)]2+ , 5.91�0.03B103, is slightly higher

Table 3. Selected bond lengths [P] and angles [o] for 3.

Zn1�N1 2.265(4) Zn2�N4 2.272(4)
Zn1�N2 2.062(4) Zn2�N5 2.045(4)
Zn1�N3 2.049(5) Zn2�N6 2.039(5)
Zn1�O1 1.925(3) Zn2�O1 1.935(4)
Zn1�O1w 2.286(4) Zn2�O2w 2.286(4)

O1-Zn1-N3 119.56(18) O1-Zn2-N6 123.09(18)
O1-Zn1-N2 116.74(19) O1-Zn2-N5 116.74(17)
N3-Zn1-N2 123.7(2) N6-Zn2-N5 120.0(2)
O1-Zn1-N1 106.95(15) O1-Zn2-O2w 93.71(18)
N3-Zn1-N1 82.43(17) N6-Zn2-O2w 90.7(2)
N2-Zn1-N1 82.71(17) N5-Zn2-O2w 89.12(19)
O1-Zn1-O1w 91.33(15) O1-Zn2-N4 101.59(16)
N3-Zn1-O1w 89.08(17) N6-Zn2-N4 82.79(19)
N2-Zn1-O1w 88.67(17) N5-Zn2-N4 82.16(17)
N1-Zn1-O1w 161.71(15) O2w-Zn2-N4 164.56(17)

Figure 1. X-ray structure of [Zn(L1) ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(b-CD)]2+ in 1 at 123 K show-
ing the guest molecule inserted in b-CD by hydrophobic interaction. The
ligand is doubly disordered, comprising two sets of structures, one of
which is omitted for clarity.

Figure 2. X-ray structure of [{Zn(L2) ACHTUNGTRENNUNG(H2O)}2 ACHTUNGTRENNUNG(m-OH)]3+ in 3 at 298 K.

Scheme 2. Inclusion equilibrium of the Zn2+ complexes with b-CD in
aqueous solution.
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than that of the butyl p-hydrox-
ybenzoate-b-CD inclusion com-
plex (2.56B103).[24] For a cyclo-
dextrin, which is fairly rigid, the
guest molecule must fit snugly
into the cavity. Because the
combined reduction in cavity-
water and insert-water surface
areas is the driving force for
complexation, the ideal situa-
tion for complexation is a snug
fit of the nonpolar portion of the guest molecule into the
nonpolar cyclodextrin cavity.[25] This would remove a maxi-
mum amount of water from the cavity and from the mole-
cule surface.

Complexation and deprotonation constants and species dis-
tribution : Since the dimer with L2 is precipitated easily
under weak alkaline conditions, the protonation constant
(Kn) of L

1 and its complex formation constant (KML) and the
deprotonation constant (pKa) of the coordinated water mol-
ecule (Scheme 3) were determined by potentiometric pH ti-

tration in the presence of b-CD at 25�0.1 8C.[26,27] The pH
profiles of the titration curves, including the distribution
curves of the Zn2+ species as a function of pH (Figure 3),
were analyzed; the calculated results are summarized in
Table 4. A marked change is that the pKa1 of [Zn(L1)-
ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(b-CD)]2+ (8.20�0.08) is approximately 0.7 pH unit

lower than that of [Zn ACHTUNGTRENNUNG(dien) ACHTUNGTRENNUNG(H2O)2]
2+ (8.93), an analogue

of 1 (dien=diethylenetriamine).[28] This reduction is proba-
bly due to the effect of both the hydrophobic environment
around the coordinated water molecule and weak interac-
tions after complexation in 2, similar to those in carbonic
anhydrase or alkaline phosphatase.[18] Values for the pKa2 of
water molecules coordinating the same metal ion such as
that determined for [Zn(L1) ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(b-CD)]2+ , 10.44�0.08,
have not been reported for previously documented models.
These results indicate that the strong hydrophobic interac-
tion between the b-CD and the zinc complex can effectively
weaken or prevent the formation of hydroxo-bridged dimers
or carbonato-bridged polymers which occur in other simple
mononuclear complex systems.[29]

On the basis of the X-ray structure of 3, which showed
that the bridged hydroxyl group is located in an equatorial
position of each distorted trigonal bipyramid, one can con-
clude that an equatorially coordinated H2O molecule has a
lower pKa than an axially coordinated one. Therefore, the
water molecule with pKa1 occupies the equatorial position
and the water molecule with pKa2 is in an axial position of
the trigonal bipyramid in 1. In summary, the supramolecular
complexation brings several unexpected properties, such as
weakening or preventing formation of dimers, decreasing
pKa values, and stabilizing mononuclear hydroxyl species,
which are very desirable properties for model compounds of
mononuclear zinc enzymes.

Titration of the Zn2+ species of L1 in the absence of b-CD
failed due to precipitation at pH�8. Elemental analysis
confirmed the white precipitate obtained to be the hydroxo-
bridged zinc(II) dimer.

p-Nitrophenyl acetate hydrolysis : The hydrolysis of p-nitro-
phenyl acetate (pNA) has been used widely for examining
catalytic abilities of various mimics of metallohydrolase.[30–37]

The initial rate was determined by monitoring formation of
the p-nitrophenolate anion at 400 nm. Under the experimen-
tal conditions used, the initial hydrolysis rate increased line-
arly with the increase in [pNA] or 1 (Figure 4). The first-
order rate constant obtained (vic, ic= inclusion complex) is
one order of magnitude higher than that of vb-CD at pH 7–9,
and therefore the contribution of b-CD can be neglected.
Since the substrate concentration was essentially constant
during the measurement, the initial first-order rate constant
(kin ; in= initial) of the total inclusion complex was calculat-
ed as vic/ ACHTUNGTRENNUNG[pNA]total.

[33]

Scheme 3. Deprotonation equilibria of Zn2+-coordinated water in aque-
ous solution.

Figure 3. Distribution plots of species with ligand as a function of pH in
the presence of b-CD at 0.1m NaClO4 and 25�0.1 8C: (&) [Zn ACHTUNGTRENNUNG(H2O)6]

2+ ;
(*) [Zn(L1) ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(b-CD)]2+ ; (~) [Zn(L1) ACHTUNGTRENNUNG(H2O)(OH) ACHTUNGTRENNUNG(b-CD)]+ ; (!)
[Zn(L1)(OH)2ACHTUNGTRENNUNG(b-CD)].

Table 4. Equilibrium constants of ligands and metal complexation in the presence of b-CD.

Chemical equilibrium Parameter Equilibrium constant
dien[a] L1+b-CD

H2L
2+ =HL+ +H+ pK1 9.78�0.01 9.67�0.05

HL+ =L+H+ pK2 8.99�0.03 9.03�0.04
[Zn(H2O)6]

2+ +L= [Zn(L)(H2O)2]
2+ logKML 8.92�0.01 8.74�0.06

[Zn(L)(H2O)2]
2+ = [Zn(L)(H2O)(OH)]+ +H+ pKa1 8.93�0.01 8.20�0.08

[Zn(L)(H2O)(OH)]+ = [Zn(L)(OH)2]+H+ pKa2 – 10.44�0.08

[a] dien=diethylenetriamine.
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At a given pH value, the kin values were measured at dif-
ferent concentrations of 1. For each kinetic measurement,
the kin value increased linearly with the total concentration
of 1. The linear plots were extended to a wide pH range
(7.5–�9.1) (Figure 5). Thus, the slope of kin versus [inclusion

species]total resulted in the observed second-order rate con-
stant kobs.

[32] The rate constants (kobs) were found to increase
exponentially with the increase in pH (Figure 6), in good
agreement with the calculated percentage of [Zn(L1)(OH)-
ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(b-CD)]+ and [Zn(L1)(OH)2ACHTUNGTRENNUNG(b-CD)] species
(Figure 3), which suggests that the kinetic process is control-
led by an acid–base equilibrium. These results indicate that
these hydroxyl complexes are the kinetically active species.
A complete rate can therefore be expressed as Eq. (1).

kobs ¼ ðkcat
I½LZnOH� þ kcat

II½LZnðOHÞ2� þ . . .Þ=
½Zn2þ species�total ¼ ðkcat

IKa1½Hþ� þ kcat
IIKa1Ka2Þ=

ð½Hþ�2 þKa1½Hþ� þKa1Ka2Þ
ð1Þ

Subsequently, the kcat and pKa values (Table 5) were
found by curve-fitting to be 0.59m�1 s�1 and 8.47 for
[Zn(L1)(OH)ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(b-CD)]+ , and 24.0m�1 s�1 and 10.5 for
[Zn(L1)(OH)2ACHTUNGTRENNUNG(b-CD)], respectively (R=0.994).

The kcat of the first-order monohydroxyl form of 1 fell
within the normal range, with similar pKa values.

[31] Surpris-
ingly, the kcat of the second-order dihydroxyl form is 300
times higher than that of its simple unassembled analogue
[Zn ACHTUNGTRENNUNG(dien)(OH) ACHTUNGTRENNUNG(H2O)]+ (kcat=0.08m�1 s�1),[34] and is also at
least fivefold higher than those of other reported binuclear
and trinuclear complexes (Table 5). It is possible that the hy-

Figure 4. Dependence of initial rates on a) [pNA] and b) [1] for pNA hy-
drolysis catalyzed by (&) 1 and (!) b-CD at pH 8.33.

Figure 5. Dependence of kin on [1]total at pH 7.50–9.13, 0.1m NaClO4, 25�
0.1 8C in the presence of 10% (v/v) CH3CN.

Figure 6. Dependence on pH of the second-order rate constants for pNA
hydrolysis catalyzed by 1.

Table 5. Rate of pNA hydrolysis for 1 and other reported ZnII com-
plexes.

Catalyst pKa kcat (m
�1 s�1) Ref.

[Zn([12]aneN3)(OH)]+ [a] 7.30 0.041 [32a]
[Zn(cyclen)(OH)]+ [b] 7.90 0.11 [32b]
[Zn(Mecyclen)(OH)]+ [c] 7.68 0.047 [32c]
[Zn([15]aneN3O2)(OH)]+ [d] 8.8 0.6 [35a]
[Zn(dien)(OH)]+ [e] 8.93 0.08 [34]
[Zn(L)(OH)]+ [f] 9.39 2.16 [35d]
[Zn(L)(OH)]+ [g] 8.0 0.71 [32e]
[Zn(L)(OH)]+ [h] 8.74 0.934 [32f]
[Zn(L)(H2O)(OH)(b-CD)]+ 8.47 0.59 this work
[Zn(L)(OH)2(b-CD)] 10.5 24.0 this work
[Zn2([15]aneN3O2)(OH)2]

2+ [d] 9.2 1.3 [35a]
[Zn2(L)(OH)2]

2+ [i] 9.36 3.5 [35b]
[Zn3{([12]aneN4)3-tren}(OH)3]

3+ [j] 9.7 4.2 [35c]
[Zn3{([14]aneN4)3-tren}(OH)3]

3+ [k] 8.9 3.7 [35c]
Zn(CA)OH[l] 7.0 400 [38]

[a] [12]aneN3=1,5,9-triazacyclododecane. [b] cyclen=1,4,7,10-tetraazacy-
clododecane. [c] Mecyclen=1-methyl-1,4,7,10-tetraazacyclododecane.
[d] [15]aneN3O2=1,4-dioxa-7,10,13-triazacyclopentadecane. [e] dien=di-
ethyltriamine. [f] L=2,5,8-trisaza[9]-10,23-phenanthrolinophane. [g] L=

1,1,1-tris(aminomethyl)ethane. [h] L=N,N’-dialkyl-1,10-phenanthroline-
2,9-dimethanamine. [i] L=1,4,7,10,19,22,25,28-octaaza-13,16,31,34-tet-
raoxacyclotriacontane. [j] ([12]aneN4)3-tren= tris(2-(1,4,7,10-tetraazacy-
clododecan)ethyl)amine. [k] ([14]aneN4)3-tren= tris(2-(1,4,8,12-tetraaza-
cyclododecane)ethyl)amine. [l] CA=bovine carbonic anhydrase.
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droxyl group in an equatorial position of the trigonal bipyra-
mid attacks the carboxylic carbon directly at low pH, and
the axial one with higher nucleophilicity attacks the carbox-
ylic carbon at high pH (Scheme 4).

Interestingly, the pKa dependence of the second-order
rate constants for pNA hydrolysis catalyzed by 1, 2, and
other reported complexes exhibits exponential growth
rather than a linear increase (Figure 7). Therefore, the kinet-

ic behavior of dihydroxyl species of 2 cannot be explained
simply by reference to changes in pKa. Formation of dihy-
droxyl species led to a decrease in the positive charge distri-
bution of the whole nucleophilic agent, which is propitious
to nucleophilic attack on the carboxylic carbon. Compared
with monohydroxyl species, dihydroxyl species have a lower
oxidation number and more nucleophilic groups, and the
second nucleophilic group has higher nucleophilicity. All of
these factors have significant effects on their catalytic activi-
ty for hydrolysis of the carboxylic ester. The effect of pKa

on nucleophilicity is only one of the factors that affect the
catalytic activity.

The potent catalytic activity of the dihydroxyl species may
be applied to elucidate the previously reported pH profile
of the second-order rate constant for hydrolysis of methyl 4-
nitrophenyl carbonate catalyzed by bovine carbonic anhy-
drase.[38] In the pH profile, the rate constant of the enzyme
increases with the increase from pH 6 to pH 11. The rapid

increase in the rate constant at pH 6–8 was attributed to the
formation of first-order monohydroxyl species of the
enzyme, such as active (His)3ZnOH species (pKa=7.0).
However, no explanations were given for the continual
growth of the rate constant at pH 8–11. Based on our re-
sults, the increase in the rate constants in this pH range may
be due to the contribution from second-order dihydroxyl
forms of the active site of the enzyme, for example, active
[(His)3Zn(OH)2] species.

Conclusion

A Zn2+–triamine complex with pendant 4-tert-butylbenzyl
can be assembled effectively with a b-CD molecule to form
a supramolecular inclusion complex. This inclusion complex-
ation can lower the pKa values of Zn2+-coordinated water
molecules, weaken or prevent the formation of hydroxo-
bridged dimers of the zinc moiety, and stabilize hydroxyl
species in solution. Such an inclusion complex is an ideal
model for mononuclear metallohydrolases and has potential
in the development of an effective model for metalloen-
zymes; of all the model compounds, its double-hydroxyl spe-
cies exhibits the highest catalytic activity for pNA hydrolysis
found so far.

Experimental Section

Materials : b-Cyclodextrin and p-nitrophenyl acetate were purchased
from Aldrich Chemical Company. Common organic reagents were re-
agent grade and redistilled before use. The water used in all physical
measurements was Milli-Q grade. The ligands were prepared as described
and were confirmed by their elemental analyses and NMR spectra.[17]

[Zn(L1) ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(b-CD)] ACHTUNGTRENNUNG(ClO4)2·9.5H2O (1): b-CD (0.567 g, 0.50 mmol)
was added to a solution of L1·3HClO4·3H2O (0.328 g, 0.50 mmol) and
NaOH (0.060 g, 1.5 mmol) in water (10 mL) with magnetic stirring until
the solution became clear. This solution was then added dropwise to a so-
lution of ZnACHTUNGTRENNUNG(ClO4)2·6H2O (0.187 g, 0.50 mmol) in water (10 mL) with
stirring for 30 min at room temperature, the pH was adjusted to 7, and
the solution was filtered, and then allowed to stand to evaporate slowly
in a desiccator charged with P2O5. Several days later, colorless cubic crys-
tals suitable for crystal analysis were obtained in 46% yield. Elemental
analysis calcd (%) for C57H115N3Cl2O52Zn: C 37.81, H 6.40, N 2.32;
found: C 37.71, H 6.21, N 2.35 (the crystals effloresced easily and lost
2.5H2O).

[Zn(L1)(OH)ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(b-CD)]ClO4 (2): NaOH (0.5m) solution was added
to a solution of 1 (0.090 g, 0.050 mmol) in water (5 mL) until a pH�9.0
was reached. The solution was filtered and the filtrate was allowed to
stand to evaporate slowly at room temperature. Several days later, color-
less crystals were obtained (yield 31%). Elemental analysis calcd (%) for
C57H100N3ClO41Zn: C 43.21, H 6.36, N 2.65; found: C 43.89, H 6.74, N
2.65; molar ratio Zn/Cl: 49.39:50.61.

[{Zn(L2) ACHTUNGTRENNUNG(H2O)}2 ACHTUNGTRENNUNG(m-OH)] ACHTUNGTRENNUNG[ClO4]3 (3): A mixture of L2·3HClO4·H2O
(0.256 g, 0.5 mmol) and NaOH (0.06 g, 1.5 mmol) were dissolved in water
(10 mL) containing b-cyclodextrin (0.567 g, 0.5 mmol) and stirred at
room temperature until the solution became clear. This solution was
added dropwise to an aqueous solution of ZnACHTUNGTRENNUNG(ClO4)2·6H2O (0.187 g,
0.5 mmol, 10 mL) with stirring, then stirring was continued for 30 min.
The white precipitate (0.182 g) formed was collected by filtration. Color-
less cubic crystals of 3 suitable for X-ray analysis were obtained by dis-
solving this precipitate in hot water and cooling to room temperature. El-

Scheme 4. Possible intermediates involving nucleophilic attacks by the
first and second hydroxyl groups.

Figure 7. Dependence on pKa of the second-order rate constants for pNA
hydrolysis catalyzed by the zinc complexes listed in Table 5.
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emental analysis calcd (%) for C22H43N6Cl3O15Zn2: C 30.42, H 4.99, N
9.67; found: C 30.14, H 4.96, N 9.45.

Caution : Perchlorate salts of organic compounds are potentially explosive;
these compounds must be prepared and handled with great care!

General methods : 1H NMR spectra were recorded on a Varian INOVA-
500NB or Mercury Plus 300 spectrometer, IR spectra on a Bruker FTIR
Equinox 55 spectrometer, and ESI-MS spectra on a Thermo LCQ-
DECA-XP spectrometer. Elemental contents were determined with a
Perkin–Elmer 240 elemental analyzer.

X-ray crystallography : Single-crystal X-ray data of two complexes were
collected on a Bruker Smart Apex CCD diffractometer at 123 and at
298 K, with graphite-monochromated MoKa radiation (l=0.71073 P).
The reflections were corrected for Lorentz and polarization effects and
empirical absorption corrections were applied using the SADABS pro-
gram. The space groups were determined from systematic absences and
confirmed by refinement results. The structures of 1 and 3 were solved
by direct methods using the SHELXTL software suite.[20] The data were
refined by the full-matrix least-squares method on F2. All the non-hydro-
gen atoms except some of the badly disordered ones were refined with
anisotropic displacement parameters. All the hydrogen atoms of the or-
ganic ligands were placed in idealized positions and refined as riding
atoms. The host b-CD molecules are quite normal, with only a few termi-
nal groups showing slight disorder, whereas the guest molecules of the
metal complexes exhibit serious disorder, a common feature of host–
guest structures with large cavities. The perchlorate anions were badly
disordered; each was refined with a fractional occupancy, with the sum of
site occupancy factors equal to unity. The structural refinements were
carried out with a few restraints owing to the serious disorder phenomen-
on. However, not all seemingly abnormal bond lengths and angles were
modeled, because they do not affect our general understanding of the
host–guest chemistry. The crystallographic data are listed in Table 1.

UV/Vis spectroscopy: Inclusion stability constants were determined with
a Varian Cary 300 UV/Vis spectrophotometer equipped with a tempera-
ture controller (�0.1 8C), by monitoring the changes in UV absorption of
solutions of metal complexes (0.1mm) in a tris(hydroxymethano)amino-
methane (Tris) buffer upon addition of different molar ratios of b-CD at
pH 8.33, 25�0.1 8C, and NaClO4 (0.1m).

Potentiometric titration : An automatic titrator (Metrohm 751GPD Titri-
no) coupled to a Metrohm electrode was used and calibrated according
to the Gran method.[26,27] The electrode system was calibrated with buf-
fers and checked by titration of HClO4 with NaOH (0.1m). All titrations
were carried out under an N2 atmosphere, at 25.0�0.1 8C and 0.10m
NaClO4. Titrations were performed on the following aqueous solutions
with standard NaOH solution ((0.1m ; Vtot=25 mL, [species]=1.0mm):
a) L1·3HClO4+b-CD; b) L1·3HClO4+Zn2+ +b-CD. Duplicate measure-
ments were performed, for which the experimental error was below 1%.
The titration data were fitted with the PSEQUAD program to calculate
the ligand protonation constants Kn, the complex formation constant
KML, and the deprotonation constants of the coordinated water molecules
in the absence and in the presence of b-CD.

Kinetics of p-nitrophenyl acetate hydrolysis : The hydrolysis rate of pNA
in aqueous solution was measured by following the increase in absorption
at 400 nm of the p-nitrophenolate released.[31] At this wavelength, the ab-
sorbance of the ester substrate was negligible. The reaction solution was
maintained at 25�0.1 8C and the ionic strength was adjusted to 0.10 with
NaClO4. Tris (50mm; pH 7.5–8.5) and N-(1,1-dimethyl-2-hydroxyethyl)-3-
amino-2-hydroxypropane sulfonate (AMPSO; pH 8.8–9.1) were used as
buffers. The solutions used in kinetic measurements contained 10% (v/v)
CH3CN. Aqueous solutions of the inclusion compounds were prepared
by dissolving their crystals in buffer solutions of different pH values and
oscillating them ultrasonically for 30 min before testing. The results of
the kinetic measurements could be duplicated within �5%. The molar
absorbance values of NA at different pH values were measured for calcu-
lation.[30–37]

Acknowledgements

This work was supported by the National Natural Science Foundation of
China (grants 20231010, 20529101, and 20671098), the Natural Science
Foundation of Guangdong Province (grant 04009703), the Education
Ministry of China, and the University of Hong Kong. We thank Prof.
Xiao-Ming Chen for providing access to low-temperature CCD equip-
ment.

[1] J. M. Haider, Z Pikramenou, Chem. Soc. Rev. 2005, 34, 120–132.
[2] A. Harada, Acc. Chem. Res. 2001, 34, 456–464.
[3] a) G. Wenz, B.-H. Han, A. MSller, Chem. Rev. 2006, 106, 782–817;

b) F. M. Raymo, J. F. Stoddart, Chem. Rev. 1999, 99, 1643–1664.
[4] I. Suzuki, M. Ui, A. Yamauchi, J. Am. Chem. Soc. 2006, 128, 4498–

4499.
[5] J. A. Faiz, R. M. Williams, M. J. J. Pereira Silva, L. D. Cola, Z. Pikra-

menou, J. Am. Chem. Soc. 2006, 128, 4520–4521.
[6] M. Miyauchi, T. Hoshino, H. Yamaguchi, S. Kamitori, A. Harada, J.

Am. Chem. Soc. 2005, 127, 2034–2035.
[7] K. A. Udachin, L. D. Wilson, J. A. Ripmeester, J. Am. Chem. Soc.

2000, 122, 12375–12376.
[8] Y. Liu, Y.-L. Zhao, H.-Y. Zhang, H.-B. Song, Angew. Chem. 2003,

115, 3382–3385; Angew. Chem. Int. Ed. 2003, 42, 3260–3263.
[9] J. M. Alexander, J. L. Clark, T. J. Brett, J. J. Stezowski, Proc. Natl.

Acad. Sci. USA 2002, 99, 5115–5120.
[10] B. H. Hong, S. C. Bae, C.-W. Lee, S. Jeong, K. S. Kim, Science 2001,

294, 348–351.
[11] D. T. Bong, T. D. Clark, J. R. Granja, M. R. Ghadiri, Angew. Chem.

2001, 113, 1016–1041; Angew. Chem. Int. Ed. 2001, 40, 988–1011.
[12] J. J. Stezowski, W. Parker, S. Hilgenkamp, M. Gdaniec, J. Am.

Chem. Soc. 2001, 123, 3919–3926.
[13] J. L. Clark, J. J. Stezowski, J. Am. Chem. Soc. 2001, 123, 9880–9888.
[14] J. L. Clark, B. R. Booth, J. J. Stezowski, J. Am. Chem. Soc. 2001,

123, 9889–9895.
[15] E. Engeldinger, D. Armspach, D. Matt, P. G. Jones, R. Welter,

Angew. Chem. 2002, 114, 2705–2708; Angew. Chem. Int. Ed. 2002,
41, 2593–2596.

[16] K. Kano, H. Kitagishi, S. Tamura, A. Yamada, J. Am. Chem. Soc.
2004, 126, 15202–15210.

[17] H. Fu, Y.-H. Zhou, W.-L. Chen, Z.-G. Deqing, M.-L. Tong, L.-N. Ji,
Z.-W. Mao, J. Am. Chem. Soc. 2006, 128, 4924–4925.

[18] W. N. Lipscomb, N. Strater, Chem. Rev. 1996, 96, 2375–2434.
[19] a) T. Itoh, Y. Fujii, T. Tada, Y. Yoshikawa, H. Hisada, Bull. Chem.

Soc. Jpn. 1996, 69, 1265–1274; b) L. J. Zompa, Inorg. Chem. 1978,
17, 2531–2536; c) R. Yang, L. J. Zompa, Inorg. Chem. 1976, 15,
1499–1502.

[20] a) G. M. Sheldrick, SADABS, Program for Scaling and Correction
of Area Detector Data, University of Gçttingen, Gçttingen (Ger-
many), 1996 ; b) G. M. Sheldrick, SHELXS-97, Program for Crystal
Structure Solution, Gçttingen University (Germany), 1997; c) G. M.
Sheldrick, SHELXL-97, Program for Crystal Structure Refinement,
Gçttingen University (Germany), 1997.

[21] A. W. Addison, T. N. Rao, J. Chem. Soc. Dalton Trans. 1984, 1349–
1356.

[22] Y. Chen, P. Xiang, G. Li, H.-L. Chen, K. Chinnakali, H.-K. Fun, Su-
pramol. Chem. 2002, 14, 339–346.

[23] T. Itoh, H. Hisada, Y. Usui, Y. Fujii, Inorg. Chim. Acta 1998, 283,
51–60.

[24] H. Y. Samuel, Solubility and Solubilization in Aqueous Media,
Oxford University Press, New York, 1999, p. 321.

[25] a) J. J. Stezowski, W. Parker, S. Hilgenkamp, M. Gdaniec, J. Am.
Chem. Soc. 2001, 123, 3919–3926; b) T. J. Brett, S. Liu, P. Coppens,
J. J. Stezowski, Chem. Commun. 1999, 551–552; c) K. A. Udachin,
J.A. Ripmeester, J. Am. Chem. Soc. 1998, 120, 1080–1081; d) S.
Makedonopoulou, I. M. Mavridis, K. J. Papaioannou, Chem.
Commun. 1998, 2133–2134; e) J. A. Hamilton, L. Chen, J. Am.
Chem. Soc. 1988, 110, 5833–5841.

[26] G. Gran, Acta Chem. Scand. 1950, 4, 559–577.

www.chemeurj.org N 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 2402 – 24092408

Z.-W. Mao et al.

www.chemeurj.org


[27] Z. W. Mao, G. Liehr, R. van Eldik, J. Chem. Soc. Dalton Trans.
2001, 1593–1600.

[28] T. Itoh, H. Hisada, Y. Usui, Y. Fujii, Inorg. Chim. Acta 1998, 283,
51–60.

[29] a) P. Chaudhuri, C. Stockheim, K. Wieghardt, W. Deck, R. Gregor-
zik, H. Vahrenkamp, B. Nuber, J. Weiss, Inorg. Chem. 1992, 31,
1451–1457; b) N. N. B. Murthy, K. D. Karlin, J. Chem. Soc. Chem.
Commun. 1993, 1236–1238; c) A. Mondal, G. Mostafa, A. Ghosh,
N. R. Chaudhuri, W.-T. Wong, Polyhedron 1998, 17, 1217–1221.

[30] G. Parkin, Chem. Rev. 2004, 104, 699–768.
[31] A. K. Yatsimirsky, Coord. Chem. Rev. 2005, 249, 1997–2011.
[32] a) E. Kimura, T. Shiota, T. Koike, M. Shiro, M. Kodama, J. Am.

Chem. Soc. 1990, 112, 5805–5811; b) T. Koike, M. Takamura, E.
Kimura, J. Am. Chem. Soc. 1994, 116, 8443–8449; c) T. Koike, S.
Kajitani, I. Nakamura, E. Kimura, M. Shiro, J. Am. Chem. Soc.
1995, 117, 1210–1219; d) T. Koike, M. Inoue, E. Kimura, M. Shiro,
J. Am. Chem. Soc. 1996, 118, 3091–3099; e) T. G. Sprigings, C. D.
Hall, J. Chem. Soc. Perkin Trans. 2 2001, 2063–2067; f) X. Su, H.
Sun, Z. Zhou, H. Lin, L. Chen, S. Zhu, Y. Chen, Polyhedron 2001,
20, 91–95.

[33] J. Suh, S. J. Son, M. P. Suh, Inorg. Chem. 1998, 37, 4872–4877.
[34] T. Itoh, T. Y. Fujii, T. Tada, Y. Yoshikawa, H. Hisada, Bull. Chem.

Soc. Jpn. 1996, 69, 1265–1274.
[35] a) C. Bazzicalupi, A. Bencini, A. Bianchi, V. Fusi, C. Giorgi, P. Pao-

letti, B. Valtancoli, D. Zanchi, Inorg. Chem. 1997, 36, 2784–2790;
b) A. Bencini, E. Berni, A. Biachi, V. Fedi, C. Giorgi, P. Paoletti, B.
Valancoli, Inorg. Chem. 1999, 38, 6323–6325; c) C. Bazzicalupi, A.
Bencini, E. Berni, C. Giorgi, S. Maoggi, B. Val-tancoli, Dalton Trans.
2003, 3574–3580; d) C. Bazzicalupi, A. Bencini, E. Berni, M. Vaira,
Inorg. Chim. Acta 2005, 358, 77–92.

[36] a) E. L. Hegg, S. H. Mortimore, C. L. Cheung, J. E. Huyett, D. R.
Powell, J. N. Burstyn, Inorg. Chem. 1999, 38, 2961–2968; b) K. M.
Deck, T. A. Tseng, J. N. Burstyn, Inorg. Chem. 2002, 41, 669–677.

[37] a) J. Xia, S.-A. Li, Y.-B. Shi, K.-B. Yu, W.-X. Tang, J. Chem. Soc.
Dalton Trans. 2001, 2109–2115; b) D.-X. Yang, S.-A. Li, D.-F. Li, J.
Xia, W.-X. Tang, J. Chem. Soc. Dalton Trans. 2002, 4042–4047.

[38] Y. Pocker, L. J. Guilbert, Biochemistry, 1974, 13, 70–78.

Received: September 10, 2006
Published online: December 13, 2006

Chem. Eur. J. 2007, 13, 2402 – 2409 N 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 2409

FULL PAPERMetallohydrolase Model

www.chemeurj.org

