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ABSTRACT: An “end-off” compartmental ligand has been synthesized by an
abnormal Mannich reaction, namely, 2-[bis(2-methoxyethyl)aminomethyl]-4-
isopropylphenol yielding three centrosymmetric binuclear μ-phenoxozinc(II)
complexes having the molecular formula [Zn2(L)2X2] (Zn-1, Zn-2, and Zn-3),
where X = Cl−, Br −, and I −, respectively. X-ray crystallographic analysis shows
that the ZnO3NX chromophores in each molecule form a slightly distorted
trigonal-bipyramidal geometry (τ = 0.55−0.68) with an intermetallic distance
of 3.068, 3.101, and 3.083 Å (1−3, respectively). The spectrophotometrical
investigation on their phosphatase activity established that all three of them
possess significant hydrolytic efficiency. Michaelis−Menten-derived kinetic
parameters indicate that the competitiveness of the rate of P−O bond fission
employing the phosphomonoester (4-nitrophenyl)phosphate in 97.5% N,N-
dimethylformamide is 3 > 1 > 2 and the kcat value lies in the range 9.47−11.62
s−1 at 298 K. Theoretical calculations involving three major active catalyst forms, such as the dimer-cis form (D-Cis), the dimer-
trans form (D-Trans), and the monoform (M-1 and M-2), systematically interpret the reaction mechanism wherein the dimer-cis
form with the binuclear-bridged hydroxide ion acting as the nucleophile and one water molecule playing a role in stabilizing the
leaving group competes as the most favored pathway.

■ INTRODUCTION

Zinc as a biorelevant metallocatalyst1 is simply versatile and
remarkably efficient in each of its various functional aspects. To
elucidate the mysteries in the structure−function interrelation-
ship of a few bimetallic cores and the pros and cons of binuclear
metallohydrolases in general and binuclear metallophosphatases
in particular at the extremely molecular level, subtle studies
with appropriate bioinspired models are on the apex of a
pyramid in the research arena.2−14 Moreover, to identify
specific activators and inhibitors as potent components for the
synthesis of new drugs and estimate their propensity to act as
an efficient metalloenzyme,15 a paraphernalia of cost-effective
but convenient phosphatase assays are essential in fundamental
and applied enzymological research.16 Undeniably, simple
metallocomplex-promoted hydrolytic fission of the phosphate
bond has been dealt with passionately by organic and inorganic
communities alike.17−24 Ideally, zinc-mediated catalysis is the
best in this field and whose versatility in terms of a
quintessential metalloenzyme has been proven time and
again, which can be primarily attributed to extraordinary ionic
potential, leading to high Lewis acidity25 and coordination
flexibility due to closed-shell configuration apart from

spontaneous nucleophile generation leaving group stabilization
and physiological relevancy. Among them, zinc-containing
dinuclear biomimetics are additionally defined1b,2,26−28 by
lower thermodynamic free energy for electron exchange
influenced by charge delocalization,29 a desired orientation of
substrates by electrostatic activation, lower activation barrier for
solvent and enzyme reorganization, ready formation of
hydrolysis-initiating nucleophiles, and stabilized transition
states for hydrolysis reactions.30 Obviously, their rate of
reaction is regulated by the mechanistic pathway undertaken,
which is as diverse as the possible choices of substrate and
complex1,3d,h,31,32 and the involved catalytic conditions. In a
nutshell, the influence of the coordination environment,33 Zn···
Zn distance,9a stereochemistry,3e,8c,d ligand backbone, and
bridger32,34−36 comprises the family of cardinal determinants,
which upon perfect synchronization results in effective catalyst
design.
In this study, we have synthesized a new phenolic

methoxyethyl pendant “end-off” compartmental Mannich-
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based ligand system, bearing four coordinating sites that yield
three 2:2 ZnII complexes. In an epitome, we describe a novel
ZnII chemical model as part of our series of studies on the
intrinsic chemical properties of ZnII active centers,33,37,38 whose
phosphoester bond cleavage activity has a distinct bifunctional
catalytic reaction mechanism (Scheme 1). The possible

mechanism for (4-nitrophenyl)phosphate (4-NPP) cleavage
promoted by Zn-1−Zn-3 is proposed on the basis of kinetic
and computational analysis considering six reaction models and
22 reaction pathways. The active catalyst form, determination
of the nucleophilic reagent, feasible reaction mechanisms, and
participation of solvent molecules during the reaction process
are systematically investigated in the calculation. The
theoretical results are quite satisfactory, which agrees with our
experimental observations and, more importantly, religiously
interprets the reaction mechanisms and provides suggestions on
the catalyst design. Without any exaggeration, we can comment
hereby that not only are our catalysts more robust and less
complex than their enzymatic counterpart, they are also
blueprints for achieving the dignified rates of “bona fide
substrates” with the aid of catalyst design.

■ EXPERIMENTAL SECTION
Physical Methods and Starting Materials. All of the common

organic reagents and solvents used for synthesis were obtained from
commercial sources and redistilled before use. N,N-Dimethylforma-
mide (DMF) was dried according to a literature procedure. The zinc
halide salts (AR) were obtained from Merck of anhydrous category.
(4-Nitrophenyl)phosphate (4-NPP) was obtained from Sigma-Aldrich.
4-NPP was recrystallized from ethanol/water before use. All other
chemicals were of analytical reagant grade. Elemental analyses (carbon,
hydrogen, and nitrogen) were performed using a PerkinElmer 240C
analyzer. IR spectra (4000−400 cm−1) were recorded at 28 °C on a
Shimadzu FTIR-8400S and PerkinElmer Spectrum Express version
1.03 using KBr pellets and NaCl plates as the medium. 1H and 13C
NMR spectra (300 MHz) were recorded in CDCl3 and dimethyl
sulfoxide (DMSO)-d6 solvents at 25 °C on a Bruker AV300 Supercon
NMR spectrometer. UV−vis spectra and kinetic traces were performed
with a Shimadzu 2450 UV−vis spectrophotometer.

Synthesis of the Ligand 2-[Bis(2-methoxyethyl)-
aminomethyl]-4-isopropylphenol (HL). To an ethanolic solution
(50 mL) of 4-isopropylphenol (25 mmol, 3.4 g) was added dropwise
bis(2-methoxyethyl)amine (22.5 mmol, 2.3 g) with constant stirring.
After 30 min, a 37% (w/v) formalin solution (22.5 mmol, 1.85 mL)
was added to it. The resulting mixture was stirred for 45 min at room
temperature and then refluxed for 6 h. It was evaporated under
reduced pressure, and the orange oil was extracted with a saturated
brine solution and diethyl ether several times. The organic phase was
separated, dried with anhydrous MgSO4, concentrated by evaporation
of ether, and finally vacuum-dried for removal of the last traces of
water. Yield: 4.75 g (75.4%). Elem anal. Calcd for C14H23N1O3: C,
68.29; H, 9.67; N, 4.98; O, 17.06. Found: C, 68.25; H, 9.69; N, 4.99;
O, 17.07. 1H NMR (300 MHz, CDCl3, 25 °C): δ 1.267−1.244 (d, 6H;
PhCHCH3), 2.769−2.806 (t, 4H; NCH2CH2), 2.845−2.891 (multip-
let, 1H; PhCHCH3), 3.323 (s, 6H; OCH3), 3.530−3.567 (t, 4H;
NCH2CH2), 3.851 (s, 2H; PhCH2N), 6.714−7.138 (m, 3H; Ar). 13C
NMR (300 MHz, DMSO-d6, 25 °C): δ 24.44 (6H; PhCHCH3), 32.82
(1H; PhCHCH3), 52.86 (2C, OMe), 56.84 (1C, PhCH2N), 58.24
(2C, NCH2CH2), 69.81 (2C, NCH2CH2), 115.43 (1C, Ar), 122.96
(1C, Ar), 125.92 (1C, Ar), 126.95 (1C, Ar), 138.68 (1C, Ar), 155.34
(1C, ArOH). IR data (NaCl plate, cm−1): γ 768, 824, 1017, 1117,
1362, 1256, 1462, 1500, 1596, 1615, 2872.

Scheme 1. Schematic Depiction of the Hydrolysis Reaction
of 4-NPP Catalyzed by Three Symmetrical Mannich-Based
Dinuclear ZnII Complexes Differing in the Coordinated
Halido Moiety

Table 1. Crystallographic Data and Processing Parameters

1 2 3

empirical formula C32H52Cl2N2O6Zn2 C32H52Br2N2O6Zn2 C32H52I2N2O6Zn2
fw 762.44 851.34 945.34
cryst syst monoclinic monoclinic monoclinic
space group P21/n P21/c C2/c
a, Å 20.858(2) 12.0114(13) 18.8257(18)
b, Å 8.1399(8) 19.4652(19) 12.7316(12)
c, Å 21.673(2) 7.9080(8) 15.8290(16)
α, deg 90.00 90.00 90.00
β, deg 98.09(2) 96.620(17) 99.74(2)
γ, deg 90.00 90.00 90.00
volume, Å3 3643.1(4) 1836.6(3) 3739.6(7)
Z 4 2 4
μ, mm−1 1.505 3.523 2.975
Dcalc, Mg m−3 1.390 1.539 1.679
F(000) 1600 872 1888
no. of reflns collected 27944 [Rint = 0.0263] 9274 [Rint = 0.0285] 14376 [Rint = 0.0416]
no. of indep reflns 7393 3677 3800
data/param 7393/405 3677/203 3800/203
GOF 1.041 1.075 1.068
R1 [I > 2σ(I)] 0.0326 0.0261 0.0325
wR2 (all data) 0.0866 0.0693 0.0816
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Synthesis of ZnII Complexes. Synthesis of [Zn2L2Cl2] (Zn-1).
A methanolic solution (15 mL) of anhydrous zinc chloride (0.5 mmol,
112.6 mg) was added to a methanolic solution (20 mL) of HL (0.5
mmol, 140 mg). The resulting yellow reaction mixture was allowed to
reflux for 2 h. Then the solution was cooled to room temperature,
filtered, and kept in a CaCl2 desiccator in the dark. After 1 day,
colorless square-shaped crystals, suitable for X-ray data collection, were
obtained. Yield: 168 mg (88%). Elem anal. Calcd for
C30H48Cl2N2O6Zn2: C, 50.41; H, 6.87; N, 3.67; O, 12.59; Cl, 9.31;
Zn, 17.15. Found: C, 50.43; H, 6.81; N, 3.70; O, 12.58; Cl, 9.30; Zn,
17.18. IR data (KBr pellet, cm−1): γ 455, 530, 742, 970, 1020, 1100,
1265, 1492, 1611, 2384, 2954.
Synthesis of [Zn2L2Br2] (Zn-2). Complex 2 was prepared by

stirring a solution (20 mL) of ligand (1 mmol, 280 mg) and ZnBr2 (2
mmol, 450 mg) for 30 min. The resulting yellow solution was filtered
and kept in a CaCl2 desiccator. A few days later rhombic colorless
single crystals were obtained that were suitable for X-ray data
collection. Yield: 366 mg (86%). Elem anal. Calcd for
C30H48Br2N2O6Zn2: C, 45.14; H, 6.16; N, 3.29; O, 11.28; Br, 18.77;
Zn, 15.36. Found: C, 45.15; H, 6.18; N, 3.25; O, 11.29; Br, 18.78; Zn,
15.35. IR data (KBr pellet, cm−1): γ 742, 827, 854, 912, 964, 1022,
1122, 1268, 1490, 1608, 2956.
Synthesis of [Zn2L2I2] (Zn-3). This was prepared by the same

procedure as that of complex 2 by using anhydrous zinc iodide (2
mmol, 638 mg) as the metal salt. After 2 days, colorless single crystals
appeared from the filtrate when it was kept in room temperature in an
yellow oil. It was washed with cold methanol and ether to obtain
rectangular good crystals of X-ray crystallographic quality. Yield: 421
mg (89%). Elem anal. Calcd for C30H48I2N2O6Zn2: C, 40.65; H, 5.54;
N, 2.96; O, 10.16; I, 26.86; Zn, 13.83. Found: C, 40.64; H, 5.53; N,
2.97; O, 10.19; I, 26.87; Zn, 13.80. IR data (KBr pellet, cm−1): γ 794,
830, 852, 1021, 1116, 1262, 1491, 2959.
X-ray Crystal Structure Analysis. The X-ray single-crystal data of

the three compounds were collected on a Bruker-AXS SMART CCD
diffractometer at 100(2) K. The crystallographic data, conditions
retained for the intensity data collection, and some features of the
structure refinements are listed in Table 1. The intensities were
collected with Mo Kα radiation (λ = 0.71073 Å). Data processing,
Lorentz polarization, and absorption corrections were performed using
the SAINT, SMART, and SADABS computer programs.39 The
structures were solved by direct methods and refined by full-matrix
least-squares methods on F2 using the SHELXTL40 program package.
All non-H atoms were refined anisotropically. The H atoms were
located from difference Fourier maps, assigned with isotropic
displacement factors, and included in the final refinement cycles by
use of the HFIX utility of the SHELXTL program. Molecular plots
were performed with the Mercury program.41

Kinetic Measurements of Hydrolysis of 4-NPP. Disodium (4-
nitrophenyl)phosphate hexahydrate was used as the substrate, and the
solvent chosen for this study was 97.5% DMF.33,38 Solutions of
substrate 4-NPP and zinc complexes in the solvent were freshly
prepared, maintaining the total volume of the reaction mixture at 2
mL. An initial screening of the hydrolytic propensities of all metal
complexes was performed until the formation of 2% p-nitrophenolate
(∼2 h) before collection of the kinetic data. The hydrolysis rate of 4-
NPP in the presence of complexes Zn-1−Zn-3 was measured by an
initial rate method following the absorption increase at 424 nm due to
the released 4-nitrophenolate ion in aqueous DMF (ε, 18500 M−1

cm−1) at 25 °C. All of the spectra were recorded for 2 h from a
solution containing 1 mmol of 4-NPP and 0.05 mmol of the zinc
complex. Kinetic experiments were performed at both excess substrate
and excess zinc complex, keeping the other conditions constant.
Herein we report only the former data. The study comprised five sets
having a catalyst of 0.05 mmol and substrate concentrations of 0.5 (10
equiv), 0.7 (14 equiv), 1.0 (20 equiv), 1.2 (24 equiv), and 1.5 mmol
(30 equiv). The reactions were initiated by injecting 0.04 mL of metal
complex (2.5 × 10−3 M) into 1.96 mL of a 4-NPP solution, and the
spectrum was recorded only after complete mixing at 25 °C. The
visible absorption increase was recorded for a total period of 30 min at
regular intervals of 5 min. All measurements were performed in

triplicate, and the average value was assumed. The final A∞ value for
each set was obtained after 2 days (at 25 °C). Finally, the reactions
were corrected for the degree of ionization of 4-nitrophenol at 25 °C
using the molar extinction coefficients for 4-nitrophenolate at 424
nm.38b

Computational Details. The computational work was performed
using the Gaussian 09 program suite.42 The B3LYP functional43,44 was
utilized for its relatively low computational expense and good data
accuracy. Basis sets 6-31G* for C and H atoms, 6-31+G* for O, N, P,
and Na atoms, and Lanl2dz for Zn atoms were used for geometry
optimization. The single-point energies in the liquid phase were
refined by employing diffusion basis sets 6-311++G** for C, H, O, N,
P, and Na atoms and Stuttgart/Dresden45 with an effective core
potential for Zn atoms. An empirical dispersion D3 correction was also
utilized during the single-point energy refinement in order to well
describe the weak interactions. The solvent effect was taken into
consideration via the employment of supermolecule calculation
(artificially adding several solvent molecules to the reaction
complexes) in combination with the single-point polarizable
continuum model46,47 with Truhlar and co-workers’ SMD radii
(solvent = DMF; Eps = 37.22).48 Frequency analysis was utilized to
distinguish the transition state structures from reaction minima. The
free energies of reaction complexes were refined by zero-point
correction. The free energies of some reaction complexes involving
one or two extra water molecules were corrected by the equation
below, which introduces two factors ( f and f ′, both within 0 to 1) to
estimate the entropic contributions of transitional and rotational
movements, which are actually partially suppressed by the bulk solvent.
The f and f ′ factors in the paper were chosen to be 0.7 in order to be
consistent with the substantial structural changes along the reaction
coordinates due to the intrinsic high flexibilities of the reaction
complexes. This kind of free-energy correction is similar to the method
used by Sakaki, Brown, and co-workers.49 All of the thermodynamic
data were obtained at 298.15 K.

Δ = Δ − Δ + Δ + Δ + ′ΔG H T S S f S f S( )corr elec vib trans rot

■ RESULTS AND DISCUSSION
Syntheses and Characterization of Compounds. The

Mannich-base “end-off” compartmental ligand used in the
present work has been synthesized by the half-Mannich
reaction. In this synthetic route, we can selectively isolate the
monocondensation product, distinct from the conventional
Mannich ligand, which was reported earlier by our group, as the
first case of anamolous Mannich synthesis.33 Likewise, ether
extraction and column chromatographic separation yielded the
ligand in pure form. It is a tetradentate ligand that resulted in
three dinuclear complexes, [Zn2(L)2X2], of 2:2 stoichiometry
with anhydrous zinc(II) halide salts having X = Cl−, Br−, and I−

(Scheme 2), where the X groups are in the trans orientation.
The ligands and complexes have been completely charac-

terized by standard physicochemical techniques, namely,
elemental analysis, Fourier transform infrared (FTIR), 1H
NMR, and UV−vis spectroscopy, and the structure of the ZnII

complexes have been further confirmed by single-crystal X-ray
diffraction. The FTIR spectra of the ligand and three ZnII

complexes show a prominent peak at around 1100 cm−1 for the
C−N bond stretch and benzene skeletal vibration at around
1490 cm−1 (Figures S1−S4 in the Supporting Information, SI).
Their NMR and electronic spectra show that they are quite
stable in solution, even in highly coordinating solvents like
DMF and DMSO (Figures S5−S6 in the SI). Here it may be
worth mentioning that we did not provide NMR spectra of the
ZnII complexes because they did not show much difference
from the ligand NMR because of negligible change in the
magnetic environment for coordination to metal ion. Moreover,
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to investigate their electrolytic behavior in a DMF medium, we
looked at the molar conductance values of the three complexes,
which indicated that they were nonelectrolytes.
The absorption spectra of the ligand in DMF (Figure S7 in

the SI) show a lower intense band at ∼371 nm probably due to
the zwitterionic form of the ligand. Along with it, one higher-
energy band of high intensity is observed around 291 nm,
which is attributed to the intraligand charge transfer of the open
and closed forms of hydrogen-bonded species.33 The ZnII

complexes in its crystalline form display one Soret band at
around 280 nm due to the ligand-to-metal-charge-transfer
transition and another Q band at roughly 365 nm. Now, in a
DMF solution, they exhibit three absorption bands in the
regions 230, 285, and 330 nm, out of which the band around
285 nm is of highest intensity. The origin of the two higher-
energy peaks may be attributed to the intraligand charge-
transfer transition (230−285 nm) and that of the lower-energy
band to the ligand-to-metal charge-transfer transition (330
nm), which is composed of a PhO− → ZnII transition or a
mixture of the former and X− → ZnII.33,50 The electronic
spectra are represented in Figure 1, and all of the UV bands and
their molar extinction coefficients are tabulated in a list in Table
S1 in the SI.
Description of the Crystal Structures of 1−3.

Perspective views together with the partial atom numbering

schemes for complexes 1−3 are given in Figures 2−4,
respectively. The dinuclear complex Zn-1 of 1 is located on

the general positions, whereas the dinuclear complexes
[Zn2L2X2] with X = Br (for 2) and X = I (for 3) have

Scheme 2. Chemical Drawing of Ligand HL (A) and
Complexes Synthesized in the Present Work (B), Where X =
Cl− (Zn-1), Br− (Zn-2), and I− (Zn-3)

Figure 1. Electronic spectra of the ZnII complexes in (A) the solid state and (B) a DMF solution of concentration 10−4 M.

Figure 2.Molecular structure of dinuclear complex 1. ORTEP drawing
with 50% probability ellipsoids. H atoms are omitted for clarity.
Selected bond lengths [Å] and angles [deg]: Zn1−O2 1.9597(14),
Zn1−O1 2.0601(13), Zn1−N1 2.0880(16), Zn1−O3 2.3499(15),
Zn1−Cl1 2.2141(6), Zn1···Zn2 3.0683(6), Zn2−O1 1.9672(13),
Zn2−O2 2.0506(14), Zn2−N2 2.0947(17), Zn2−O4 2.3083(16),
Zn2−Cl2 2.2205(6); O1−Zn1−O3 161.13(6), N1−Zn1−O2
120.49(6), O1−Zn1−O2 80.45(6), Zn1−O1−Zn2 99.23(6), O1−
Zn2−O2 80.51(6), Zn1−O2−Zn2 99.81(6), O2−Zn2−O4 160.76(6),
N2−Zn2−O1 121.87(6).

Figure 3.Molecular structure of dinuclear complex 2. ORTEP drawing
with 50% probability ellipsoids. H atoms are omitted for clarity.
Selected bond lengths [Å] and angles [deg]: Zn1−O1′ 1.9748(13),
Zn1−O1 2.0570(13), Zn1−N1 2.1022(17), Zn1−O3 2.2634(14),
Zn1−Br1 2.3587(3), Zn1···Zn1′ 3.1010(5); O1−Zn1−O3 161.05(5),
O1′−Zn1−Br1 128.12(4), O1−Zn1−O1′ 79.47(6), Zn1−O1−Zn1′
100.53(6). Symmetry code (prime): 1 − x, −y, −z.
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inversion centers. Each ZnII is five-coordinated by two μO,O-
bridging phenoxo O atoms, one N-donor atom of the amine
group, one O atom of the two methoxy groups of ligand anion
L, and one terminal halide anion. The ZnO3NX chromophores
may be described as distorted trigonal bipyramidal (TBP), and
their Addison parameter τ is 0.68 and 0.65 for 1, 0.55 for 2, and
0.63 for 3, respectively (τ = 1 and 0 for ideal trigonal-
bipyramidal and square-pyramidal environments, respec-
tively).51 The μO,O-bridging phenoxo O atoms are located
alternatively in axial and equatorial sites and act as common
edges within the dinuclear complexes. The second axial site is
occupied by the coordinated methoxo O atom. The axial O−
Zn−O bond angles are in the range from 160.64(8) to
161.13(6)°. The Zn−O bond lengths of the bridging phenoxo
O atoms vary from 1.9597(14) to 2.069(2) Å, the Zn−N bond
distances are in the range from 2.0880(16) to 2.1022(17) Å,
and the Zn−O(methoxo) bonds are in the range from
2.2634(14) to 2.363(2) Å, respectively. The terminal halide
anions are ligated in the equatorial sites and form Zn−X bond
distances of 2.2141(6) and 2.2205(6) Å for 1, 2.3587(3) Å for
2, and 2.5538(6) Å for 3. The Zn···Zn intradimeric separations
are 3.0683(6), 3.1010(5), and 3.0829(7) Å for 1−3,
respectively. The ZnII centers deviate by 0.095−0.130 Å from
their equatorial O−N−X planes.
Phosphatase Activity. To study the phosphatase activity

of the zinc complexes, a disodium salt of (4-nitrophenyl)-
phosphate hexahydrate was chosen as the substrate. Their
hydrolytic tendency was detected spectrophotometrically by
monitoring the time evolution of p-nitrophenolate (λmax = 424
nm) through a wavelength scan from 200 to 800 nm in aqueous
DMF (DMF:water = 97.5:2.5), where the substrate was in 20
equiv of the catalyst, until roughly 2% reaction conversion. The
change in the spectral behavior of complex 2 is shown in Figure
5 as a representative scan, and those for the other two are given
in the SI (Figures S8 and S9).
Kinetic Studies. The kinetic data, after the Michaelis−

Menten treatment, prove that the order of catalytic efficiency is
3 > 1 > 2 in terms of the kcat value, under similar experimental
conditions. To elucidate the picturesque, we performed
intensive density functional theory (DFT) calculations (Figure
6).
A systematic theoretical modeling utilizing DFT calculations

was conducted in order to clarify the active catalyst forms,
possible nucleophile, and, more importantly, the plausible
reaction mechanisms.

Theoretical Modeling. The terminal CHMe2 groups were
replaced with H atoms in the calculations in order to keep the
computational works more tractable for our computational
resources. For brevity, L stands for the simplified ligand. The
Cartesian coordinates of optimized structures in the proposed
mechanisms are provided in the SI (Table S2).

a. Active Catalyst Form. The connections between the
symmetrical binuclear μ-phenoxozinc(II) complexes [Zn2L2X2]
are two Zn---O coordination linkages, and these noncovalent
interactions are not very stable and could be cleaved by the
influence of the solvent effects. Therefore, three major active
catalyst forms are taken into consideration: the dimer-cis form
(D-Cis), the dimer-trans form (D-Trans), and the monoform
(M-1 and M-2) (Figure 7). The axial groups in the tetragonal
pyramids of the bimetallic center oriented toward the same side
in the D-Cis form or toward the opposite side in the D-Trans
form. The monoform systems are proven to be less competitive
than their dimer counterparts in our calculations, and this is
provided in the SI (Figure S10).

b. Reaction Models and Corresponding Reaction Mech-
anisms. Because of the high flexibilities of the catalyst
structures, only the catalyst−substrate binding models of
transition states are considered. The hydrolysis mechanism of
phosphate monoester dianion NPP2− is generally believed to be
a SN2-type addition−substitution reaction.52 The nucleophilic
reagent could be the metal-bound hydroxide ions or solvent
water molecules. The coordination linkages between the
substrate NPP2− and the bimetallic centers are various: two
Zn---O coordination bonds from the same phosphoryl O atom
to the bimetallic center (model 1); two Zn---O bonds to the
same ZnII center, with the water molecule acting as the
nucleophile (model 3); two Zn---O linkages from two separate
phosphoryl O atoms to the bimetallic center (models 4 and 5);
three Zn---O coordination linkages between the substrate and
the bimetallic center of the catalyst (model 2); the metal-bound
hydroxide ion could be axially coordinated (model 4) or
bridged (model 5). The proposed reaction models are provided
in Figure 8 accompanied by their corresponding reaction
transition states in both the D-Cis and D-Trans forms. It is
noted that the proposed reaction mechanisms of hydrolysis of

Figure 4.Molecular structure of dinuclear complex 3. ORTEP drawing
with 50% probability ellipsoids. H atoms are omitted for clarity.
Selected bond lengths [Å] and angles [deg]: Zn1−O1′ 1.976(2),
Zn1−O1 2.069(2), Zn1−N1 2.100(2), Zn1−O3 2.363(2), Zn1−I1
2.5538(6), Zn1···Zn1′ 3.0829(7); O1−Zn1−O3 160.64(8), O1′−
Zn1−I1 122.95(6), O1−Zn1−O1′ 80.70(9), Zn1−O1−Zn1′
99.30(9). Symmetry code (prime): −x, 2 − y, 2 − z.

Figure 5. Wavelength scan for hydrolysis of 4-NPP in the absence and
presence of complex Zn-2 (substrate:catalyst = 20:1) in 97.5% DMF
recorded at 25 °C at intervals of 5 min. [4-NPP] = 1 × 10−3 M;
[complex] = 0.05 × 10−3 M. The arrow shows the change in
absorbance with the reaction time.
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the phosphate monoester dianion NPP2− catalyzed by the
dinuclear D-Cis and D-Trans active zinc-containing catalysts
are all concerted, which could account for the fact that the
planar metaphosphate [PO3]

⧧ at the equatorial plane of the
trigonal-bipyramidal phosphorane in each loose transition state
complex is relatively stable and the good leaving group (4-
nitrophenyl) at the elongated axis position can be easily

dissociated.52 Besides, potent hydrogen-bonding sites (N−H
and O−H sources, etc.) on the second coordination sphere of
the bimetallic center are very limited in each active catalyst
form, which further enforces the less favorable C−H sites as
hydrogen-bond resources to stabilize transition states and
possible intermediates (not located). In conclusion, the
relatively stable [PO3]

⧧ plane in each loose transition state in
combination with the limited binding sites of the second
coordination spheres together result in concerted reaction
pathways.
The relative free energies of the above-mentioned transition

states are denoted in Figure 9, and by inspection, it could be
concluded that the D-Cis form is slightly more catalytically
favorable than the D-Trans form. This kind of behavior could
be interpreted by the fact that the catalyst−substrate binding
complexes are relatively more stable in the D-Cis form, where

Figure 6. Overlay of the phosphatase activity kinetic plots of the three zinc complexes: (A) enzymatic kinetic plot; (B) Lineweaver−Burk plot.

Table 2. First-Order Rate Parameters for Phosphatase
Activity As Obtained by the Michaelis−Menten Treatment
of Complexes Zn-1−Zn-3

complex Vmax (M s−1) Km (M) kcat (s
−1)

1 0.0005 9.01 × 10−4 9.97
2 0.00047 1.03 × 10−3 9.47
3 0.00058 4.59 × 10−4 11.62

Figure 7. Depicted are the proposed major active catalyst forms.

Inorganic Chemistry Article

DOI: 10.1021/ic502937a
Inorg. Chem. 2015, 54, 2315−2324

2320

http://dx.doi.org/10.1021/ic502937a


the initially cis-oriented axial coordination sites in the
tetragonal pyramids of the bimetallic center could more easily
participate in the collaborative stabilization and cleavage of the
phosphate monoester substrate. As mentioned above, all of the
proposed mechanisms are concerted, and thereby only the PES
profiles of the transition state D-Cis-5-TS-involved mechanism
are provided (Figure 10).

c. Supermolecule Calculations of the Solvent Effects.
Inspection of Figure 9 shows that models 1 and 3 are relatively
more catalytically competitive, and, herein, supermolecule
calculations operated on the transition states in D-Cis forms
in models 1 and 5 were conducted in order to figure out the
participation of solvent water molecules and their correspond-
ing effects (as seen in Figure 11).
Inspection of Figure 11 shows that the added water

molecules play great roles in the reaction processes: acting as
the nucleophile and/or stabilizing the leaving group. The
relative free energies of D-Cis-1-TSWat.‑LGand D-Cis-1-TS2Wat.‑LG
are higher than that of D-Cis-1-TSWat.‑Nu., which indicates that
the added solvent water molecule(s) is more preferred to act as
a nucleophilic reagent than to stabilize the leaving group in
model 1. In D-Cis-1-TS, the nucleophile OH-bound ZnII center

Figure 8. Depicted are the proposed reaction models and their corresponding transition states in both the D-Cis and D-Trans forms. D-Trans-n-TS-
1 and D-Trans-n-TS-2 refer to the transition states in which the axially coordinated OH reagent and its neighboring uncoordinated methoxyethyl
side group orient toward the same side or toward opposite sides, respectively. D-Cis-2-RC is the lowest reactant complex. B1 and B2 refer to the
bond lengths (in angstroms) of P---O(Nu) and P---O(LG), and A refers to the bond angle (in degrees) of O(Nu)---P---O(LG).

Figure 9. Depicted are the reaction free-energy barriers in the
proposed reaction mechanisms utilizing the D-Cis and D-Trans active
catalyst forms. The relative free energy of the most stable reactant
complex D-Cis-2-RC is set to zero as a reference.
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is six-coordinated, which was proven to be less stable in our
previously reported works.53 One Zn−O coordination linkage
between the two compartmental mononuclear complexes is
disconnected when a solvent water molecule is added, and
thereby the OH-bound ZnII center is five-coordinated in either
D-Cis-1-TSWat.‑Nu. or D-Cis-1-TSWat.‑LG, which is commonly
believed to be more stable. In model 5, the relative free energy
of D-Cis-5-TSWat.‑LG is the lowest among the four transition
structures, which is indicative of the fact that the added water

molecule is more preferable to stabilize the leaving group than
to act as a nucleophile. The mechanistic preferences in models
1 and 5 are different but not contradictory. The space in the
compartment nucleophilic attack process is more compact in
model 5 than in model 1, which then accounts for the different
mechanistic preferences. The bimetallic ZnII centers in model 5
are both five-coordinated, which results in more stable
transition states than their counterparts in model 1. In
conclusion, model 5, in which the bridged OH acts as the
nucleophile, is the most favorable reaction mechanism in both
the D-Cis and D-Trans systems. The relative free energy of the
most stable transition state D-Cis-5-TSWat.‑LG is estimated to be
in the range of 13.2 kcal mol−1 ( f = f ′ = 0.7, where f and f ′ are
transitional and rotational entropy contribution factors) to 17.3
kcal mol−1 ( f = f ′ = 1), which is in good agreement with the
experimental results (16.1 or 16.0 kcal mol−1, calculated from
the observed kcat rate constants reported for the reaction of 9.97
or 11.62 s−1).

d. Catalyst Design. A rational catalyst design study has been
conducted by theoretical calculations, as depicted in the SI
(Figure S11). The experimental verification of this part has not
yet been feasible.

Figure 10. Depicted are the PES profiles of the D-Cis-2-TS-involved
reaction mechanism. The relative free energy of D-Cis-2-RC is set to
zero as a reference.

Figure 11. Depicted are the proposed reaction models of the favored models 1 and 5 in combination with the participation of solvent water
molecules. The relative free energy of each reaction complex is denoted in italics after the name of corresponding transition structure. B1 and B2
refer to the bond lengths (in angstroms) of P---O(Nu) and P---O(LG), and A refers to the bond angle (in degrees) of O(Nu)---P---O(LG).
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■ CONCLUSIONS

Three synthetic analogues of phosphatase with two zinc centers
have been synthesized and characterized. X-ray crystallographic
analysis shows that Zn2L contains a μ-phenoxodizinc(II) core
comprised of two quasi-trigonal-bipyramidal zinc complexes
that are 3.1 Å apart from each other, being close to the dizinc
distance in related natural metalloenzymes. By theoretical
modeling, three different kinds of active catalyst forms are
discussed, and the D-Cis form, in which the axial coordination
sites of the bimetallic center orient toward the same side, is
estimated to be catalytically more preferable. Out of five
reaction models proposed and optimized, model 5, wherein the
bridged OH acts as a nucleophile and two Zn−O coordination
linkages are present between the bimetallic center along with
two respective terminal phosphoryl O atoms in the transition
state, is proven to be the most favorable. The most
conventional models 1 and 2 are proven to be less competitive,
which might account for the high flexibility of the coordination
spheres of the binuclear center. The supermolecule calculation
method is utilized to demonstrate participation of the solvent
water molecules during the reaction process, and the results
show that the added water molecules tend to act as a
nucleophile or to stabilize the leaving group. The relative free-
energy barrier of the most favorable reaction pathway is in good
agreement with the experimental observation. Unfortunately,
the influence of a coordinated halide group cannot be
theoretically clarified because, first, participation of the halide
group during the hydrolysis chemical process of phosphate
esters is not reported yet, either in experimental works or
through DFT calculations and, second, the difference in the
kinetic constants (kcat) in our experimental works is so subtle
that it is expediently within the scope of possible experimental
errors. Therefore, it seems that participation of the halide group
merely happened in a nonchemical phenomenon correspond-
ing to the ligand-exchange processes during the formation of a
catalyst−substrate intermediate. It is necessary to mention
hereby that the experimental verification of our simulated
catalyst design, wherein a benzyl group is utilized to stabilize
the leaving group via π−π stacking interaction, is being dealt
with for complete rationalization and extension of this work.
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