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ABSTRACT: Three new tetranuclear iron(III) and zinc(II) complexes, [Fe4(cpdp)2(phth)2(OH)2]·8H2O (1),
[Fe4(cpdp)2(terephth)2(OH)2] (2), and [Zn4(Hcpdp)2(suc)]Br2·12H2O (3), have been synthesized as models for the active
site of phosphoester hydrolases by utilizing a polydentate ligand, N,N′-bis[2-carboxybenzomethyl]-N,N′-bis[2-pyridylmethyl]-
1,3-diaminopropan-2-ol (H3cpdp) in combination with exogeneous phthalate (phth), terephthalate (terephth), and succinate
(suc). Single crystal X-ray analyses reveal that the metallic core of complex 1 consists of four distorted octahedral iron(III) ions
with average intraligand Fe---Fe separation of 3.656(2) Å, while the structure 3 represents a tetranuclear metallic core
containing four distorted trigonal bipyramidal zinc(II) ions with average intraligand Zn---Zn separation of 3.472(2) Å. The
molecular structure of complex 2 has been optimized by the DFT method which shows that its core arrangement is similar to
that of 1. Complex 1 has a very interesting centrosymmetric structure that includes two crystallographically equivalent
[Fe2(cpdp)]

3+ dinuclear units, connected together by a pair of syn-syn bridging phthalates and a pair of bridging hydroxides to
generate a “dimer of dimers” structural motif. In complex 3, a succinate group connects two crystallographically equivalent
[Zn2(Hcpdp)]

2+ dinuclear units in a syn-syn bidentate manner forming a “dimer of dimers” structural design. All three
complexes show phosphatase-like activity that has been examined in methanol−water (1:1; v/v) using bis(p-nitrophenyl)
phosphate (BNPP) as model substrate by applying the UV−vis spectrophotometric technique. In each case, the kinetic data
have been analyzed by the Michaelis−Menten approach. The order of catalytic efficiency for the conversion of substrate to
product follows the trend 1 > 2 > 3 with turnover rates (kcat) of (2.73 ± 0.13) × 10−5 for 1, (1.06 ± 0.07) × 10−5 for 2, and
(2.33 ± 0.18) × 10−6 s−1 for 3. These kcat values are comparable to, albeit slightly lower than, the values reported for similar
iron(III)- and zinc(II)-based model complexes in the literature. DFT calculations have been carried out to support the proposed
mechanism for phosphatase-like activity.

■ INTRODUCTION

Multinuclear units of transition metals are often observed to be
the active sites of many enzymatic systems that catalyze the
transformations of small molecules relevant to sustainable
energy and chemical challenges.1,2 One of the key advantages of
multimetallic systems is the cooperativity of the neighboring
metal centers, providing an active binding site for the substrate.
Naturally, there has been a long-standing interest in the
development of structural as well as functional models of
biologically active multimetallo-catalysts, aiming to explore their
mechanistic details and modes of actions.3−7 In this regard,

considerable attention has been directed toward the inves-
tigation of multinuclear iron(III) and zinc(II) complexes to
mimic the active sites that are found in several classes of
metalloenzymes. The di- and tetranuclear iron(III) complexes
with oxo, hydroxo, and carboxylate bridges are of abundant
interest because they can potentially serve as structural and
functional models of the active sites of methane monoox-
ygenase, ribonucleotide reductase, purple acid phosphatase, and
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ferritin.8−14 Again, much of the importance of di- and

tetranuclear zinc(II) complexes derives from their activity of

metallohydrolases that contain the active sites of leucin

aminopeptidase,15 nuclease P1,16 kidney bean purple acid

phosphatase,17 alkaline phosphatase,18 and metallo-β-lacta-
mases.19

However, among these various metalloenzymes, purple acid
phosphatases (PAPs) belonging to the family of dinuclear
metallohydrolases catalyze the hydrolysis of a wide range of

Scheme 1. Synthetic Pathway of the Complexes
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phosphoester and amide substrates.20,21 Generally, PAPs
isolated from both plants and animals appear to exist in two
forms which can be differentiated by their molecular weight, i.e.
a smaller (35 kDa) and a larger (55−60 kDa) form.22,23 These
enzymes have been mostly recognized with two closely spaced
heterovalent FeIII-MII (M = Fe, Zn, Mn) ions forming a
dimetallic core to perform the hydrolytic reactions. Careful
literature studies reveal that PAPs are the most investigated
representatives of metallohydrolases and their characteristic
purple color in the active site is due to the charge transfer
transition between a tyrosine moiety and the iron(III) ion. The
biological functions of PAPs include bone metabolism in
animals and phosphate acquisition and reactive oxygen species
metabolism in plants.24−26 They have been identified as a
beneficial target for the development of original chemo-
therapeutics for the treatment of osteoporosis and related
bone ailments.21,27 Very recently, Schenk and co-workers28 have
solved and elucidated the high-resolution (1.18 Å) crystal
structure of pig PAP which is practically similar to that reported
in their previous investigation on this enzyme comprising two
sandwiched β-sheets flanked by α-helical segments.29 The
analysis of this high-resolution structure provides insight into
the active site and mechanistic features of PAPs. The structure
also displays internal symmetry with iron(III)−iron(II) ions
bound at the interface between the two halves. As confirmed by
the residual electron density map after fitting the oxygen atom,
the metal-ion bridging oxygen is likely to be deprotonated.
Further, it has been supported by this hydrogen atom located
within the hydrogen bond distance of two phosphate oxygen
atoms. This hydrogen bond between the μ-OH group and Pi
supports the substrate and/or product binding as well as the
stabilization of the transition state. The proposed mechanistic
model of the PAP catalyzed reaction reported in the literature
indicates that the substrate originally binds with the enzyme
through the oxygen atom of the phosphate group of the
substrate by either monodentate coordination or bridging
coordination.21 The next step includes the nucleophilic attack by
a terminally bound iron(III)-hydroxide or an outer sphere water
molecule that may be activated.30

The present work originates from our recent interest that has
been focused on the study of various multinuclear complexes of
nickel, copper, and zinc with carboxylate containing polydentate
ligands.31−34 The presence of a number of carboxylate groups
with flexible backbones within these ligand systems may offer
further opportunities toward the formation of interesting
structural frameworks. Very recently, we have explored the
binding properties of two isostructural oxo-anions such as
phosphate and arsenate within tetranuclear copper(II) and
zinc(II) complexes of the ligand H3cpdp.

35 Previously, a similar
amide and carboxylate-based polydentate ligand has been
utilized for the preparation of a self-assembled heptanuclear
zinc(II) complex displaying unusual amide binding modes.36

Hendrickson and co-workers37 have reported the structural and
magnetic properties of a similar tetranuclear iron(III) complex
with oxo, alkoxo, and carbonato bridges. The formation of a
tetranuclear zinc(II) complex and its subsequent conversion
into a heptanuclear complex upon further reaction with a zinc
salt has been demonstrated byMacLachlan and co-workers.38 In
the present article, we report the synthesis, characterization, X-
ray crystal structure, and phosphatase-like activity of three new
tetranuclear complexes of iron(III) and zinc(II) with interesting
coordination chemistry.

■ RESULTS AND DISCUSSION

Synthesis and General Characterization. The ligand,
H3cpdp was synthesized and characterized according to our
previously published method.39 The reaction of FeCl3 with
H3cpdp and phthalic acid in 2:1:1 molar ratio in the presence of
NaHCO3 in methanol−water offered a light brown solution and
the subsequent isolation of well-formed X-ray quality brown
crystals of [Fe4(cpdp)2(phth)2(OH)2]·8H2O (1) in good yield
(∼65%), by slow diffusion of diethyl ether in the filtered
solution. Similarly, the treatment of a mixture of FeCl3, H3cpdp,
and terephthalic acid in 2:1:1 molar ratio in the presence of
NaHCO3 in methanol−water yielded a brown powder complex
[Fe4(cpdp)2(terephth)2(OH)2] (2) in ∼76% yield. Conversely,
the tetranuclear zinc complex [Zn4(Hcpdp)2(suc)]Br2·12H2O
(3) was obtained in good yield (∼73%) by carrying out reaction
of ZnCl2 with H3cpdp and sodium succinate in 2:1:0.5 molar
ratio in the presence of NaOH in methanol−water. Single
crystals of 3 suitable for X-ray analysis were grown by slow
diffusion of diethyl ether into a methanol−water solution of the
complex. The synthetic procedure of the complexes is illustrated
in Scheme 1. The exogeneous phthalate, terephthalate, and
succinate ligands used in the present study act as the spacer-
cum-bridging units between the two stable dinuclear [M2] (M =
FeIII and ZnII) complexes to produce the “dimer-of-dimers” or
tetramers. It is noted that both NaHCO3 and NaOH have a role
of proton acceptor to facilitate deprotonation of both the
alcoholic and carboxylic groups of the ligand. Characterizations
of the complexes have been done using analytical techniques
such as elemental analysis, FTIR, UV−vis, room temperature
magnetic moment measurements, mass spectrometry, and
potentiometric pH titrations. Single crystal X-ray analyses of
complexes 1 and 3 established their molecular structures. The
room temperature magnetic moment values of 5.81 μB/Fe (μtotal
= 11.62 μB/Fe4) and 5.89 μB/Fe (μtotal = 11.78 μB/Fe4) for 1 and
2, respectively, were determined by the Gouy method.40,41

These values are comparable to those reported for similar
iron(III) complexes with μ-OH and bridging acetate
groups42−44 and slightly lower than the spin-only magnetic
moment value of 5.91 μB/Fe (μtotal = 11.82 μB/Fe4) expected for
four uncoupled high-spin iron(III) ions, indicating the
antiferromagnetic interactions among the iron centers.
The temperature dependence of the magnetic property of

complex 1 was investigated on a powdered microcrystalline
sample by variable temperature susceptibility measurements.
The susceptibility data were collected in the temperature range
of 2−300 K using an applied magnetic field of 1 T. Figure S1
(Supporting Information) displays the χMT versus T plot for
complex 1. At room temperature a χMT-value of 4.77 cm3 K
mol−1 was observed, which is significantly lower than the
expected value of 17.51 cm3 K mol−1 for four uncoupled spins
with S1 = S2 = S3 = S4 =

5/2. By lowering the temperature up to 20
K, a gradual decrease in χMT value was observed. Further cooling
results in a sharp decrease reaching to a value of 1.55 cm3 K
mol−1 at 2 K. This reflects the fact that the magnetic behavior of
complex 1 is determined by moderate antiferromagnetic
interactions. But a χMT-value of 4.77 cm3 K mol−1 obtained at
room temperature could not be accomplished by a system with
the topology shown in Figure S1, inset (Supporting
Information) and four S = 5/2. Neither a one J, two J, or four J
model is suitable to obtain a satisfactory simulation of the
magnetic data. A possible reason for this might be the presence
of an underlying coupled paramagnetic impurity. However, by
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applying the isotropic exchange Hamilton operator: Ĥ =
−2JijΣijŜiŜj and including a weakly coupled paramagnetic
impurity, a fitting of the data was obtained with J1 = −25
cm−1 and J2 = −17 cm−1, while J1 represents the interaction via
the μ-hydroxo/μ-phthalato bridges and J2 represents the
interaction via the alkoxo bridges. These values of antiferro-
magnetic coupling constants between the iron(III) ions in
complex 1 are comparable to those found in a similar type of
dinuclear iron(III) complexes containing analogous Fe---Fe
separation and the Fe−O−Fe bridging angle.45−47
FTIR and UV−vis Spectroscopy. The FTIR spectra

(Figures S2, S3, and S4 of the Supporting Information) of
complexes 1, 2, and 3 established the presence of endo- and
exogeneous carboxylate groups (Table S1, Supporting Informa-
tion). The relatively higher differences, Δ (Δ = νas(COO

−) −
νs(COO

−)) of 239, 200, and 207 cm−1 between the asymmetric
and symmetric stretching vibrations for 1, 2, and 3, respectively,
are attributed to the monodentate terminal binding mode of
carboxylate ligation.48 The comparatively lower values of Δ at
∼120, 117, and 125 cm−1 for 1, 2, and 3, respectively, are
indicative of the syn-syn bidentate bridging mode (μ2:η:

1η1) of
exogeneous phthalate, terephthalate, and succinate groups.48

Additionally, a strong band at 1607 (1), 1610 (2), and 1609 (3)
cm−1 is assigned to the ν(CN) stretching vibrations of the
pyridyl functionality of the ligand backbone.
TheUV−vis spectra of 1 (Figure S5, Supporting Information)

in methanol−water (1:1; v/v) solution (pH ∼ 7.5) show a d−d
transition at 508 nm (ε, 590 M−1cm−1), a hydroxo → iron(III)
charge transfer transition at 452 nm (ε, 2180 M−1cm−1), and
iron(III)-bound ligand-based charge transfer transitions at 261
nm (ε, 10900 M−1cm−1), 228 nm (ε, 14030 M−1cm−1), and 206
nm (ε, 33660 M−1cm−1). The UV−vis spectra of 2 (Figure S6,
Supporting Information) are similar to that of 1 with charge
transfer transitions at 449 nm (ε, 3910 M−1cm−1), 262 nm (ε,
7430 M−1cm−1), 238 nm (ε, 11800 M−1cm−1), and 203 nm (ε,
34510 M−1cm−1), and a d−d transition at 504 nm (ε, 930
M−1cm−1). In contrast, the UV−vis spectrum of 3 (Figure S7,
Supporting Information) has zinc(II)-bound ligand-based π →
π* transitions at 260 nm (ε, 20340 M−1 cm−1) and 228 nm (ε,
22550 M−1 cm−1).
Description ofMolecular Structures of the Complexes.

Detailed analyses of molecular structures of the complexes
determined by single crystal X-ray crystallography and DFT
method are described herein. Whereas the complex 1 crystallizes
in a monoclinic system, and the structure was solved in the C2/c
space group, complex 3 crystallizes in the orthorhombic system,
and the structure was solved in the Pnna space group.
Crystallographic parameters of 1 and 3 are summarized in
Table 1. Selected bond distances and angles are given in Table 2.
Despite our several trials, we did not succeed in preparing single
crystals of complex 2 suitable for X-ray diffraction analysis.
Therefore, the structure of 2was optimized by applying the DFT
method to find the bond distances, bond angles, and overall
geometry around the iron centers. Important bond distances and
angles of 2 are summarized in Table 3. In addition, DFT
optimization was performed for 1 and 3 for a meaningful
comparison of their X-ray structural metric parameters and DFT
optimized structures. Significant bond distances and angles
obtained from DFT optimization for 1 and 3 are given in Table
4. The structures were optimized without any symmetry
restriction. The vibrational frequencies were scrutinized to
authenticate the identity of the stationary point, and this was
found to be a minimum (without any negative frequency).

[Fe4(cpdp)2(phth)2(OH)2]·8H2O (1). X-ray Crystal Struc-
ture. A labeled representation of the tetranuclear unit of
complex 1 is shown in Figure 1. The structure comprises a bis(μ-
phthalato/μ-hydroxo)-bridged dimer of [Fe2(cpdp)]

3+ dimers.
Eight lattice waters are cocrystallized with the complex.
Formation of complex 1 is accomplished by a self-assembly
process where two dinuclear [Fe2(cpdp)]

3+ units are brought
together onto the bridging phthalato and hydroxo groups. Each
iron(III) ion exhibits a distorted octahedral geometry with a
N2O4 donor set in which N-donors are provided by one tertiary
amine and one pyridyl amine group and O-donors are supplied
by one bridging alkoxo, one bridging hydroxo, one bridging
phthalato, and one nonbridging benzoate group. Similar
structural features are observed for other tetranuclear iron(III)
complexes reported in the literature.37,49 Two hydroxo groups
act as bridging units between the two dinuclear [Fe2(cpdp)]

3+

components through Fe(1)−O(6)−Fe(2) and Fe(1′)−O(6′)−
Fe(2′) links with an average bond angle of 138.91(3)°. These
bent Fe2Ohydroxo units contain the shorter Fe−O bonds with
average distance of 1.855(4) Å which falls within the range
(1.80−1.93 Å) reported for other hydroxo-bridged dinuclear
Fe(III) complexes.50−52 Small elongations in the Fe(1)−N(1),
Fe(1)−N(2), Fe(2)−N(3), and Fe(2)−N(4) bond distances
are found with an average value of 2.190(7) Å. The Fe−
Ocarboxylate and Fe−Oalkoxo bond distances are in the range of
those previously reported in the literature.53,54 The average Fe---
Fe separation for the μ-alkoxo-bridged dinuclear subunits is
3.656(2) Å, whereas the average Fe---Fe separation across the
bis(μ-phthalato/μ-hydroxo)-bridged dinuclear subunits is
3.482(2) Å. It is fascinating to note that the four iron(III)
ions in the tetranuclear unit are assembled at the corners of a

Table 1. Crystallographic Parameters for
[Fe4(cpdp)2(phth)2(OH)2]·8H2O (1) and
[Zn4(Hcpdp)2(suc)]Br2·12H2O (3)

1 3

Empirical formula C78H84N8O28Fe4 C66H88N8O26Br2Zn4
Formula weight 1804.92 1830.74
Crystal system Monoclinic Orthorhombic
Space group C2/c Pnna
a, Å 33.110(17) 22.4551(9)
b, Å 14.593(2) 19.2605(9)
c, Å 18.5554(18) 21.0113(8)
α, deg 90 90
β, deg 94.023(15) 90
γ, deg 90 90
Volume, Å3 8943(5) 9087.3(6)
Z 8 4
Density, Mg/m3 1.344 1.338
Wavelength, Å 0.71073 1.54184
Temperature, K 293(2) 100(2)
F(000) 3760 3752
Absorption coefficient, mm−1 0.715 2.819
θ range for data collection 1.856° to 28.611° 4.592° to 66.059°
Reflections collected 9972 5500
Independent reflections 4106 4202
R(F obsd data) [I > 2σ(I)]a 0.1270 0.0948
wR(F2 all data)b 0.3247 0.2620
Goodness-of-fit on F2 0.988 1.064
Largest diff. peak and hole, e/Å3 +1.442 to −0.744 +1.359 to −0.716
aR1 = ∑||Fo| − |Fc||/∑|Fo|.

bwR2 = {∑[w(Fo
2 − Fc

2)2]/
∑[w(Fo

2)2]}1/2.
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rectangle forming a concave shaped octagonal core defined by
Fe(1)−O(1)−Fe(2)−O(6)−Fe(1′)−O(1′)−Fe(2′)−O(6′)
(Figure 2). A six-membered chelate ring with the −O−C−O−
group from the phthalato ligand as well as two iron(III) ions and
a μ-hydroxo oxygen atom is formed on either side of the
octagonal core. Interestingly, the nonbonded carboxylate arms
of the bridging phthalato groups are oriented in a trans-fashion
with respect to each other. The two benzoate arms and two
pyridine arms of the cpdp3− ligand within each dinuclear [Fe2]
subunit are oriented in a cis-fashion. The presence of a strong
hydrogen bonding interaction between O(6) and O(6′) of the
μ-hydroxo groups located at a distance of 2.351(7) Å
contributes toward the stabilization of the [Fe4] core.
Furthermore, Figure 3 shows a packing diagram that indicates
the carboxylate and pyridyl amine susceptible extensive
hydrogen bonding interactions throughout the crystal lattice.
These plentiful hydrogen bonding interactions also give the

extra stabilization to the crystal lattice. Additionally, the
moderate intramolecular π···π stacking interactions are detected
between the adjacent benzoate−phthalate and phthalate−
benzoate because of their face-to-face successive arrangement
with the average closest contacts of 3.629 and 3.551 Å,
respectively (Figure S8 of the Supporting Information).

DFT Optimized Structure. A depiction of DFT optimized
structure of 1 is displayed in Figure S9 of the Supporting
Information. The DFT optimized structure shows that the
molecular core of 1 is identical to its X-ray crystal structure.
Similar to the X-ray structure, the equatorial coordination
positions of the distorted octahedral geometry around each
iron(III) in 1 are occupied by a tertiary amine nitrogen, a
bridging alkoxo oxygen, a bridging hydroxo oxygen, and a
bridging phthalate oxygen, and the axial coordination positions
are occupied by a pyridyl amine nitrogen and a nonbridging
benzoate oxygen. The average Fe−O bond distance in the bent
Fe2Ohydroxo units is 1.937 Å which is comparable to that found in
the X-ray structure. The Fe−N bond distances for amines and
pyridines are in the range of 2.154−2.220 Å which are slightly
larger than those obtained from X-ray structure. The average
Fe−O bond distances for carboxylates in equatorial and axial
positions are 2.010 and 1.974 Å, respectively, which are
analogous to those seen in the X-ray structure. The Fe(1)−
O(6)−Fe(2) and Fe(1′)−O(6′)−Fe(2′) bond angles formed
by two hydroxo groups between the two dinuclear
[Fe2(cpdp)]

3+ units are 140.785° and 140.796°, respectively,
which are slightly higher than those detected from the X-ray
structure. The average Fe−Oalkoxo bond distances indicate that
these bridges are close to symmetric [Fe(1)−O(1), 2.027 Å;
Fe(2)−O(1), 2.035 Å]. As observed in the X-ray structure, the
comparable average intra- and interdinuclear Fe---Fe separa-
tions at 3.729 and 3.472 Å, respectively, are detected.

[Fe4(cpdp)2(terephth)2(OH)2] (2). DFT Optimized Struc-
ture. A view of the DFT optimized structure of complex 2 is

Table 2. Selected Bond Distances (Å) and Angles (deg) for
[Fe4(cpdp)2(phth)2(OH)2]·8H2O (1) and
[Zn4(Hcpdp)2(suc)]Br2·12H2O (3) Obtained from X-ray
Structural Analyses

Bond distances [Å]

1 3

Fe(1)−O(1) 2.002(5) Zn(1)−O(1) 1.965(7)
Fe(1)−O(2) 1.974(5) Zn(1)−O(2) 2.003(6)
Fe(1)−O(6) 1.854(5) Zn(1)−O(6) 2.043(5)
Fe(1)−O(7) 2.019(6) Zn(1)−N(1) 2.210(6)
Fe(1)−N(1) 2.225(7) Zn(1)−N(2) 2.055(7)
Fe(1)−N(2) 2.175(6) Zn(2)−O(1) 1.937(6)
Fe(2)−O(1) 2.008(5) Zn(2)−O(4) 1.985(5)
Fe(2)−O(4) 1.989(5) Zn(2)−O(7) 2.019(6)
Fe(2)−O(6′) 1.865(5) Zn(2)−N(3) 2.194(8)
Fe(2)−O(8) 2.009(6) Zn(2)−N(4) 2.054(8)
Fe(2)−N(3) 2.198(7)
Fe(2)−N(4) 2.163(6)

Bond angles [deg]

1 3

O(1)−Fe(1)−O(7) 173.2(2) O(1)−Zn(1)−O(2) 113.1(3)
O(1)−Fe(1)−N(1) 82.3(2) O(1)−Zn(1)−O(6) 98.6(2)
O(1)−Fe(1)−N(2) 91.9(2) N(2)−Zn(1)−N(1) 79.4(3)
O(2)−Fe(1)−O(1) 90.9(2) O(1)−Zn(1)−N(1) 80.9(3)
O(2)−Fe(1)−O(7) 92.3(2) O(1)−Zn(1)−N(2) 124.0(3)
O(2)−Fe(1)−N(1) 87.3(2) O(2)−Zn(1)−N(1) 93.3(3)
O(2)−Fe(1)−N(2) 161.0(2) O(2)−Zn(1)−N(2) 119.9(3)
O(6)−Fe(1)−O(1) 92.3(2) O(2)−Zn(1)−O(6) 94.5(2)
O(6)−Fe(1)−O(2) 101.3(2) O(6)−Zn(1)−N(1) 171.7(2)
O(6)−Fe(1)−O(7) 92.9(2) O(6)−Zn(1)−N(2) 94.2(2)
O(6)−Fe(1)−N(1) 169.9(2) N(4)−Zn(2)−N(3) 80.6(3)
O(6)−Fe(1)−N(2) 97.3(2) O(1)−Zn(2)−N(3) 82.5(3)
O(1)−Fe(2)−O(8) 171.5(2) O(1)−Zn(2)−N(4) 124.0(3)
O(1)−Fe(2)−N(3) 82.7(2) O(1)−Zn(2)−O(4) 112.6(2)
O(1)−Fe(2)−N(4) 91.0(2) O(1)−Zn(2)−O(7) 98.1(3)
O(4)−Fe(2)−O(1) 89.4(2) O(4)−Zn(2)−N(3) 92.4(2)
O(4)−Fe(2)−O(8) 94.9(2) O(4)−Zn(2)−N(4) 121.0(3)
O(4)−Fe(2)−N(3) 87.1(2) O(4)−Zn(2)−O(7) 94.4(3)
O(4)−Fe(2)−N(4) 162.8(2) O(7)−Zn(2)−N(3) 172.4(2)
O(6′)−Fe(2)−O(1) 93.5(2) O(7)−Zn(2)−N(4) 92.9(3)
O(6′)−Fe(2)−O(4) 100.9(2)
O(6′)−Fe(2)−O(8) 92.9(2)
O(6′)−Fe(2)−N(3) 171.1(2)
O(6′)−Fe(2)−N(4) 96.2(2)

Table 3. Selected Bond Distances (Å) and Angles (deg) for
[Fe4(cpdp)2(terephth)2(OH)2] (2) Obtained from DFT
Calculations

Bond distances [Å]

Fe(1)−O(8) 1.8400 Fe(2)−O(83) 1.8396
Fe(1)−O(4) 1.9139 Fe(2)−O(6) 1.9132
Fe(1)−O(9) 1.9647 Fe(2)−O(85) 2.0037
Fe(1)−N(12) 2.0088 Fe(2)−N(14) 2.0099
Fe(1)−N(11) 2.0570 Fe(2)−N(13) 2.0647
Fe(1)−O(3) 2.1014 Fe(2)−O(3) 2.1645

Bond angles [deg]

O(8)−Fe(1)−O(4) 95.652 O(83)−Fe(2)−O(6) 96.591
O(8)−Fe(1)−O(9) 89.930 O(83)−Fe(2)−O(85) 86.182
O(8)−Fe(1)−N(12) 95.613 O(83)−Fe(2)−N(14) 94.770
O(8)−Fe(1)−N(11) 173.767 O(83)−Fe(2)−N(13) 174.368
O(8)−Fe(1)−O(3) 89.706 O(83)−Fe(2)−O(3) 93.647
O(4)−Fe(1)−O(9) 91.248 O(6)−Fe(2)−O(85) 91.987
O(4)−Fe(1)−N(12) 168.418 O(6)−Fe(2)−N(14) 168.466
O(4)−Fe(1)−N(11) 89.148 O(6)−Fe(2)−N(13) 88.649
O(4)−Fe(1)−O(3) 88.489 O(6)−Fe(2)−O(3) 87.843
O(9)−Fe(1)−N(12) 86.084 O(85)−Fe(2)−N(14) 86.782
O(9)−Fe(1)−N(11) 93.948 O(85)−Fe(2)−N(13) 95.728
O(9)−Fe(1)−O(3) 179.529 O(85)−Fe(2)−O(3) 179.744
N(12)−Fe(1)−N(11) 79.809 N(14)−Fe(2)−N(13) 80.074
N(12)−Fe(1)−O(3) 94.250 N(14)−Fe(2)−O(3) 93.422
N(11)−Fe(1)−O(3) 86.440 N(13)−Fe(2)−O(3) 84.460
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presented in Figure 4. The DFT optimized structure
demonstrates that the molecular core of complex 2 is
isostructural to that of complex 1. As also occurs in 1, complex
2 can be understood as being self-assembled from two
[Fe2(cpdp)]

3+ dimers linked by bis(μ-terephthalato/μ-hy-
droxo) bridges. All four iron centers are in a distorted N2O4-
octahedral geometry, with N-donors supplied by one tertiary
amine and one pyridyl amine group, and O-donors delivered by
one bridging alkoxo, one bridging hydroxo, one bridging
terephthalato, and one nonbridging benzoate group. As
observed in 1, the Fe2Ohydroxo units are bent with shorter Fe−

O bonds at an average distance of 1.839 Å.50−52 Four iron
centers occupy the corners of a quadrilateral feature making a
concave shaped octagonal core described by Fe(1)−O(3)−
Fe(2)−O(83)−Fe(76)−O(78)−Fe(77)−O(8) (Figure 5). On
either side of the octagonal core is a six-membered chelate ring
consisting of the −O−C−O− group from the terephthalato
ligand as well as two iron(III) ions and a μ-hydroxo oxygen atom
sharing the octagonal core. The average Fe---Fe separations
within the cpdp3− bridged diiron units and the bis(μ-
terephthalato/μ-hydroxo) bridged diiron units are 4.061 and
3.537 Å, respectively. The bridging terephthalato groups are
located in such a way that they maximize the T-shaped
intramolecular π···π stacking interactions among themselves and
the adjacent aromatic rings of the cpdp3− ligands.55−57

[Zn4(Hcpdp)2(suc)]Br2·12H2O (3). X-ray Crystal Struc-
ture. A perspective view of the crystal structure of complex 3 is
depicted in Figure 6. The geometry of the tetranuclear core
highlighting the arrangement of the zinc(II) ions and the
binding modes of succinate is shown in Figure 7. Careful
examination of the crystal structure discloses that the complex
contains a [Zn4(Hcpdp)2(suc)]

2+ unit, two Br− ions as
counteranions, and 12 lattice waters. Two [Zn2(Hcpdp)]

2+

Table 4. Selected Bond Distances (Å) and Angles (deg) for
[Fe4(cpdp)2(phth)2(OH)2]·8H2O (1) and
[Zn4(Hcpdp)2(suc)]Br2·12H2O (3) Obtained from DFT
Calculations

Bond distances [Å]

1 3

Fe(1)−O(1) 2.027 Zn(1)−O(1) 1.974
Fe(1)−O(2) 1.967 Zn(1)−O(2) 2.011
Fe(1)−O(6) 1.836 Zn(1)−O(6) 2.040
Fe(1)−O(7) 2.016 Zn(1)−N(1) 2.217
Fe(1)−N(1) 2.220 Zn(1)−N(2) 2.056
Fe(1)−N(2) 2.165
Fe(2)−O(1) 2.035 Zn(2)−O(1) 1.953
Fe(2)−O(4) 1.982 Zn(2)−O(4) 1.975
Fe(2)−O(6′) 1.849 Zn(2)−O(7) 2.024
Fe(2)−O(8) 2.005 Zn(2)−N(3) 2.198
Fe(2)−N(3) 2.193 Zn(2)−N(4) 2.059
Fe(2)−N(4) 2.154

Bond angles [deg]

1 3

O(1)−Fe(1)−O(7) 173.7 O(1)−Zn(1)−O(2) 112.69
O(1)−Fe(1)−N(1) 82.464 O(1)−Zn(1)−O(6) 98.4
O(1)−Fe(1)−N(2) 92.1 N(2)−Zn(1)−N(1) 79.7
O(2)−Fe(1)−O(1) 90.6 O(1)−Zn(1)−N(1) 81.0
O(2)−Fe(1)−O(7) 92.3 O(1)−Zn(1)−N(2) 124.5
O(2)−Fe(1)−N(1) 87.2 O(2)−Zn(1)−N(1) 92.7
O(2)−Fe(1)−N(2) 161.4 O(2)−Zn(1)−N(2) 119.7
O(6)−Fe(1)−O(1) 92.3 O(2)−Zn(1)−O(6) 94.5
O(6)−Fe(1)−O(2) 101.0 O(6)−Zn(1)−N(1) 172.2
O(6)−Fe(1)−O(7) 92.4 O(6)−Zn(1)−N(2) 94.2
O(6)−Fe(1)−N(1) 170.3 N(4)−Zn(2)−N(3) 80.5
O(6)−Fe(1)−N(2) 97.2 O(1)−Zn(2)−N(3) 82.7
O(7)−Fe(1)−N(1) 92.1 O(1)−Zn(2)−N(4) 124.3
O(7)−Fe(1)−N(2) 83.2 O(1)−Zn(2)−O(4) 112.3
N(2)−Fe(1)−N(1) 74.9 O(1)−Zn(2)−O(7) 97.9
O(1)−Fe(2)−N(4) 91.3 O(4)−Zn(2)−N(3) 92.2
O(1)−Fe(2)−O(8) 172.2 O(4)−Zn(2)−N(4) 120.9
O(1)−Fe(2)−N(3) 82.7 O(4)−Zn(2)−O(7) 94.3
O(4)−Fe(2)−O(1) 89.1 O(7)−Zn(2)−N(3) 172.5
O(4)−Fe(2)−O(8) 94.8 O(7)−Zn(2)−N(4) 93.0
O(4)−Fe(2)−N(3) 87.2
O(4)−Fe(2)−N(4) 163.3
O(6′)−Fe(2)−O(1) 93.5
O(6′)−Fe(2)−O(4) 100.5
O(6′)−Fe(2)−O(8) 92.2
O(6′)−Fe(2)−N(3) 171.4
O(6′)−Fe(2)−N(4) 96.0
O(8)−Fe(2)−N(3) 90.7
O(8)−Fe(2)−N(4) 82.9
N(4)−Fe(2)−N(3) 76.3

Figure 1. View of the single crystal X-ray structure of complex 1 with
atom numbering scheme. Hydrogen atoms are omitted for clarity.

Figure 2. View of the tetranuclear core framework of complex 1
showing a concave shaped octagonal motif.
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units are linked together by a succinate ligand in a μ4:η
1:η1:η1:η1

fashion, with each carboxylate group coordinated to both the
two zinc(II) ions of one of the dinuclear units in a syn-synmode.
Both the two dimers exhibit similar structural arrangements with
respect to coordination geometries, bond lengths, and bond
angles around the zinc centers. Within each [Zn2(Hcpdp)]

2+

unit, the zinc(II) ions are in a grossly distorted trigonal
bipyramidal geometry, as confirmed by the values of structural
indices (τ = 0.795 for Zn1 and τ = 0.806 for Zn2).58 The trigonal
bipyramidal coordination environment around Zn1 is com-
pleted by a bridging alkoxo oxygen (O1), a monodentate
benzoic acid oxygen (O2), a tertiary amine nitrogen (N1), a
pyridyl nitrogen (N2) of the cpdp3− ligand, and an exogeneous
bridging succinate oxygen (O6). Similarly, the trigonal
bipyramidal coordination environment around Zn2 consists of
a bridging alkoxo oxygen (O1), a monodentate benzoate oxygen
(O4), a tertiary amine nitrogen (N3), a pyridyl nitrogen (N4) of
the cpdp3− ligand, and an exogeneous bridging succinate oxygen
(O7). The longer bond distance of C17−O3 [1.25(1) Å]
compared to that of C31−O5 [1.24(1) Å] suggests that O3 is
protonated. The deviations of the zinc(II) ions from the basal

planes are 0.201 Å (Zn1) and 0.176 Å (Zn2). The Zn−
Obridging alkoxo bond distances [Zn1−O1, 1.965(6) Å; Zn2−O1,

Figure 3. Packing diagram of complex 1 showing hydrogen bonding
interactions.

Figure 4. View of the DFT optimized structure of complex 2 with atom numbering scheme. Hydrogen atoms are omitted for clarity.

Figure 5. View of the tetranuclear core framework of complex 2
showing a concave shaped octagonal motif.

Figure 6. View of the single crystal X-ray structure of complex 3 with
atom numbering scheme. Hydrogen atoms are omitted for clarity.
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1.937(5) Å] are within the range of those reported earlier,35,59

and the values show that the Zn−O alkoxo bridge is asymmetric.
The Zn−Obridging carboxylate bond distances [Zn1−O6, 2.042(5)
Å; Zn2−O7, 2.020(7) Å] specify that the Zn−O succinate
bridge is close to symmetric. The average intradimeric Zn---Zn
separation is 3.472(2) Å, and the interdimeric Zn---Zn
separation is 6.766(2) Å. Nevertheless, the framework integrity
of the tetranuclear core is cleverly maintained by the extensive
hydrogen bonding interactions formed among the lattice waters,
benzoate, and benzoic acid groups throughout the crystal lattice
(Figure S10 of the Supporting Information). It may be
noteworthy to say that the moderate intramolecular π···π
stacking interactions can be considered for complex 3 due to
face-to-face sequential arrangement of benzoate-pyridyl-pyridyl-
benzoate rings (Figure S11 of the Supporting Information).
Such interactions have been observed between the adjacent
benzoate-pyridyl, pyridyl−pyridyl, and pyridyl-benzoate rings,
with average closest contacts of 3.755, 3.955, and 3.755 Å,
respectively.
DFT Optimized Structure.The DFT optimized structure of 3

is shown in Figure S12 of the Supporting Information. As
observed in the X-ray crystal structure, the succinate group acts
as a linker between two [Zn2(Hcpdp)]

2+ units through a
μ4:η

1:η1:η1:η1 bridging coordination mode, with each carbox-
ylate group bridged to two zinc(II) ions of one of the dinuclear
units in a syn-syn fashion. Analogous to the X-ray structure, two
zinc(II) ions within the [Zn2(Hcpdp)]

2+ unit display a five-
coordinate distorted trigonal bipyramidal geometry with
trigonality factor (τ) 0.795 and 0.803.58 The trigonal
bipyramidal geometry around the Zn(1) center is defined by a
pyridyl nitrogen (N2), a bridging alkoxo oxygen (O1), and a
monodentate benzoic acid oxygen (O2) atom at the equatorial
position, and a tertiary amine nitrogen (N1) and a bridging
succinate oxygen (O6) atom at the axial position. Similarly, the
trigonal bipyramidal geometry around the Zn(2) center is
completed by a pyridyl nitrogen (N4), a bridging alkoxo oxygen
(O1), and a monodentate benzoate oxygen (O4) atom at the
equatorial position, and a tertiary amine nitrogen (N3) and a
bridging succinate oxygen (O7) atom at the axial position. The
longer C17−O3 [1.317 Å] versus shorter C31−O5 [1.252 Å]
bond distances are comparable to those observed in the X-ray
crystal structure indicating the O3 is protonated. The average
intra- and interdinuclear Zn---Zn separations are 3.500 and

7.087 Å, respectively, a little larger than those acquired from the
X-ray crystal structure.

Mass Spectrometry. Furthermore, the ESI-MS of 1, 2, and
3were recorded and analyzed in amethanol−water mixture (pH
∼ 7.5) after dissolving the complexes to gain insight into their
structural behavior in solution. The positive ion mode ESI-MS
of the complexes are given in Figures S13, S14, and S15 of the
Supporting Information. The mass spectrum of 1 (Figure
S13(a)) contains three signals at m/z = 1661 (100%), 739
(63%), and 665 (28%) corresponding to the [Fe4(cpdp)2-
(phth)2(OH)2+H]

+, [Fe4(cpdp)2(OH)4(CH3OH)3(H2O)]
2+,

and [Fe4(cpdp)2(O)2]
2+ species, respectively. For the molecular

ion at m/z = 1661, the experimentally obtained and simulated
isotope distribution patterns are displayed in Figure S13(b). The
examination of the distribution patterns for the experimentally
obtained and the simulated data indicates an excellent
agreement with one another. Similarly, the mass spectrum of 2
(Figure S14(a)) obtained under same experimental conditions
consists of two signals corresponding to the [Fe4(cpdp)2-
(terephth)2(OH)2+H]

+ and [Fe4(cpdp)2(O)2]
2+ species atm/z

= 1661 (8%) and 665 (100%), respectively. The experimentally
obtained and simulated isotope distribution patterns for the
molecular ion peak at m/z = 1661 are shown in Figure S14(b).
Similarly, under identical experimental conditions, the ESI-MS
recorded for 3 contains signals matching to the [Zn4(cpdp)2-
(suc)(H2O)2+H]

+, [Zn2(cpdp)(H2O)(CH3OH)4]
+, and [Zn2-

(cpdp)(H2O)3(CH3OH)]
+ species at m/z = 1483 (4%), 811

(100%), and 751 (60%), respectively (Figure S15(a)). As
displayed in the representative Figure S15(b), the experimen-
tally found and the simulated isotope distribution patterns for
[Zn2(cpdp)(H2O)(CH3OH)4]

+ at m/z = 811 are in good
agreement with one another. Hence, the ESI-MS results of the
metal complexes clearly establish that the cpdp3− ligands remain
firmly coordinated to the metal centers with tetranuclear
identity of 1 and 2 and dinuclear identity of 3 in solution.

Potentiometric pH Titration and Species Distribution.
The pH dependence of the species distribution is crucial for
understanding any hydrolytic mechanism in solution. Therefore,
potentiometric pH titrations were conducted to evaluate the pKa
values of the coordinated water molecules in 1, 2, and 3 in
methanol−water (1:1; v/v) solution, with the ionic strength
maintained at I = 0.1 M NaNO3. The pH-dependent
potentiometric titration curves for 1, 2, and 3 are illustrated in
Figures 8, S16, and S17, respectively. The results obtained for
the complexes show that the neutralization takes place with 2
mol of NaOH per mol of each complex in the pH range of 3−11.
The two deprotonation steps are likely to happen at the two
coordinated water molecules. Consequently, we have calculated
two deprotonation constants by considering the potentiometric
pH titration data. The observed pKa values of the coordinated
water molecules are 8.37 ± 0.33 and 9.22 ± 0.36 for 1, 8.58 ±
0.51 and 9.72± 0.58 for 2, and 7.74± 0.54 and 9.65± 0.67 for 3
(Table 5). When compared with the pKa values of model di- and
tetranuclear iron(III) complexes reported in the literature,
slightly higher pKa values for 1 and 2 have been determined.60,61

On the other hand, the pKa values for 3 show the expected trends
are fairly close in magnitude when compared with the pKa values
of the previously published model di- and tetranuclear zinc(II)
complexes.62,63 Determination of these pKa values indicates that
the deprotonation of metal-bound water molecules occurs at
alkaline pH with the simultaneous formation of metal-bound
hydroxo species. Therefore, based on the potentiometric pH
titration data, we are inclined to consider that the two pKa values

Figure 7. View of the tetranuclear core framework of complex 3.
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for complexes 1 and 2 are owing to the conversion of
“FeIII2(H2O)2-Fe

III
2(H2O)2” to “FeIII2(H2O)2-Fe

III
2(H2O)-

(OH)” species (pKa1) and “FeIII2(H2O)2-Fe
III
2(H2O)(OH)”

to “FeIII2(H2O)(OH)-Fe
III
2(H2O)(OH)” species (pKa2), and

those for complex 3 are due to the conversion of “ZnII(H2O)-
ZnII(H2O)” to “ZnII(H2O)-Zn

II(OH)” species (pKa1) and
“ZnII(H2O)-ZnII(OH)” to “ZnII(OH)-ZnII(OH)” species
(pKa2) (Scheme 2). In addition, the titration curves allowed
the calculation of the stability constants of 1, 2, and 3 over the
entire pH range of 3−11 and the values are given in Table 5.
Again, as seen in the species distribution diagrams in Figures 9
and S18, both complexes 1 and 2 are present in solution,
predominantly in their corresponding tetrameric forms, in the
pH range of 5−11. On the other hand, complex 3 exists mostly in
its corresponding dimeric form in solution, in the pH range of
5−11 (Figure 10). For all three complexes, the potentiometric
titrations were restricted to a pH ∼ 11, as the substantial
precipitation of ferric hydroxide and zinc hydroxide was
observed above pH ∼ 11. Hence, basically the formation of
tetrameric “FeIII2(H2O)(OH)-Fe

III
2(H2O)(OH)” for 1 and 2

and dimeric “ZnII(OH)-ZnII(OH)” for 3 has been proposed as
the active species in solution during phosphoester hydrolysis.
Phosphatase-like Activity. The phosphatase-like activ-

ity64−66 of complexes 1, 2, and 3 was investigated in methanol−
water (1:1; v/v) at pH∼ 9.5 using bis(p-nitrophenyl) phosphate
(BNPP). The initial rate was measured by spectrophotometri-
cally following the increase in absorbance of the liberated p-
nitrophenolate anion at 400 nm under the pseudo-first-order

reaction conditions. The pH dependence of the reactivity of the
complexes is displayed in Figure 11. For all three complexes, the
initial rate shows a sigmoidal dependence on the pH,
characteristic of a kinetic process controlled by an acid−base
equilibrium. The rate versus pH plots reveal that the rate is
strongly influenced by the pH of the reaction mixture, reaching a
modest maximum rate at pH ∼ 9.5. The data of pH dependence
of the rate for 1, 2, and 3 has been fitted separately to estimate
the kinetic pKa values using the following equation derived for
diprotic systems.61 Here, v0 is the
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initial reaction rate and vmax is the maximum reaction rate. The
factor γ is the ratio of limiting rate at high pH and the rate at
optimum pH. The values of Ka obtained are the protonation
equilibrium constants between the two relevant active species.
Two pKa values obtained for each complex (pKa1 = 8.48 ± 0.42
and pKa2 = 9.48± 0.47 for 1; pKa1 = 8.49± 0.25 and pKa2 = 9.52
± 0.28 for 2; pKa1 = 8.49± 0.33 and pKa2 = 9.49± 0.75 for 3) are
in good agreement with the pKa values determined by
potentiometric titrations (pKa1 = 8.37 ± 0.33 and pKa2 = 9.22
± 0.36 for 1; pKa1 = 8.58 ± 0.51 and pKa2 = 9.72 ± 0.58 for 2;
pKa1 = 7.74 ± 0.54 and pKa2 = 9.65 ± 0.67 for 3). The excellent
agreement between the potentiometric and kinetic pKa values
supports the proposal that the deprotonation of coordinated
water molecules is required to produce the catalytically active
FeIII- and ZnII-coordinated hydroxo species “FeIII2(H2O)(OH)-
FeIII2(H2O)(OH)” and “ZnII(OH)-ZnII(OH)”, respectively
(Scheme 2).
The dependence of the initial rate on complex and substrate

concentrations was examined to explain the reactivity. For all
three complexes, the rate of hydrolysis is linearly dependent on
the complex concentrations at pH ∼ 9.5 as revealed by the
kinetics data (Figure 12). The determination of the initial rates
as a function of substrate concentrations shows saturation
kinetics with Michaelis−Menten-like behavior. A first-order
dependence on the substrate concentrations was established at
lower concentration of substrate, and the saturation kinetics
were observed at higher concentration of substrate. We have
obtained the Lineweaver−Burk (double reciprocal) plots and
the values of various kinetic parameters kcat, Km, Vmax, kcat/Km,
and kcat/kuncat by applying the Michaelis−Menten approach of
enzyme kinetics and using the equation 1/V = (Km/Vmax)(1/
[S]) + 1/Vmax. The rate versus substrate concentration plots and
the Lineweaver−Burk plots for the complexes are shown in
Figures 13, S19, and S20. The kinetic parameters obtained under
the specified experimental conditions from these plots are
summarized in Table 6. The turnover rates (kcat) for complexes
1, 2, and 3 are calculated to be (2.73 ± 0.13) × 10−5, (1.06 ±
0.07) × 10−5, and (3.05 ± 0.18) × 10−6 s−1, respectively. Under
similar experimental conditions but in the absence of any
catalyst, the hydrolytic cleavage of BNPP in methanol−water
(1:1; v/v) has been performed. Compared to the uncatalyzed
reaction, complexes 1, 2, and 3 accelerate the turnover rates of
2.93× 102, 1.13× 102, and 3.28× 101 fold, respectively, at pH∼
9.5 over the background reaction.
Comparing these kcat values of 1−3 with the values reported

for some dimetallic iron(III),60,67 iron(III)−zinc(II),68 and
zinc(II)69,70 model complexes, one can say that the analogous
catalytic rates and efficiency are observed for the present

Figure 8. Plot for the potentiometric pH titration achieved by titrating
complex 1 with 0.01 M NaOH. The experimental points (black
squares) are in good agreement with the theoretical curve (red line).

Table 5. Stability Constants and pKa Values for the Complex
Species

Species log β pKa

[Fe4(cpdp)2(phth)2(OH)2] (1) 29.72
[Fe4(cpdp)2(H2O)4(OH)2]

4+ (4) 24.74
[Fe4(cpdp)2(H2O)3(OH)3]

3+ (5) 17.59 8.37 ± 0.33
[Fe4(cpdp)2(H2O)2(OH)4]

2+ (6) 9.22 9.22 ± 0.36
[Fe4(cpdp)2(terephth)2(OH)2] (2) 31.29
[Fe4(cpdp)2(H2O)4(OH)2]

4+ (4) 25.64
[Fe4(cpdp)2(H2O)3(OH)3]

3+ (5) 18.30 8.58 ± 0.51
[Fe4(cpdp)2(H2O)2(OH)4]

2+ (6) 9.72 9.72 ± 0.58
[Zn2(cpdp)(H2O)2]

2+ (7) 22.83
[Zn2(cpdp)(H2O)(OH)] (8) 17.39 7.74 ± 0.54
[Zn2(cpdp)(HO)(OH)]

− (9) 9.65 9.65 ± 0.67
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complexes. On the other hand, there are several literature
reports on similar iron(III) and zinc(II)-based model

complexes61−63,71−73 that catalyze the phosphoester hydrolysis
reactions at substantially high rates with better catalytic

Scheme 2. Conversion of Complexes (a) 1 and 2 and (b) 3, in Solution
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efficiency compared to the present complexes described in this
study. In this line, the values of various kinetic parameters for
some reported iron(III) and zinc(II)-based model complexes
have been summarized in Table 7. The lower catalytic rates for
1−3 compared to the literature reports could be most possibly
due to the presence of terminally coordinated ligand benzoates
that have the tendency to decrease the nucleophilic attack by
iron(III)- or zinc(II)-bound hydroxide. Careful literature search
reveals that only one of the previous studies reported by Dalle et

al.74 shows zinc(II)-coordinated carboxylates in the complexes
during hydrolysis. However, to the best of our knowledge, very
few investigations on phosphoester hydrolysis reactions
catalyzed by multinuclear iron(III) and zinc(II) complexes in
solution are reported in the literature.75,76

The potentiometric pH titration results and the correspond-
ing species distribution diagrams reveal that the species that are
largely present and stable in solution in the pH range of 9.5−
11.0 are [Fe4(cpdp)2(H2O)2(OH)2]

4+ for 1 and 2, and
[Zn2(cpdp)(OH)2]

− for 3. Consequently, the possible active
species responsible for the catalytic hydrolysis are
[Fe4(cpdp)2(H2O)2(OH)2]

4+ for 1 and 2 and [Zn2(cpdp)-
(OH)2]

− for 3. For all three complexes, the metal-bound
hydroxide plays a vital role in this catalysis reaction under the
specified experimental conditions. Therefore, we have proposed
a mechanism for the hydrolysis of BNPP by complexes 1, 2, and
3 in Scheme 3. In the proposed mechanism for 1 and 2 (Scheme
3(a)), BNPP preferably binds with one iron(III) ion of an
intradinuclear [FeIII2] subunit in the active species
[Fe4(cpdp)2(H2O)2(OH)2]

4+ possessing a labile site that
permits the monodentate binding of the substrate to the
iron(III) center upon replacement of an iron(III)-bound water

Figure 9. Species distribution diagram for complex 1 as a function of
pH.

Figure 10. Species distribution diagram for complex 3 as a function of
pH.

Figure 11. Plot of rate versus pH for the hydrolysis of BNPP in the
absence of complex (white circles) and in the presence of complexes 1
(pink circles), 2 (blue squares), and 3 (red triangles). [Complex] = 6.30
× 10−5 M; [BNPP] = 6.25× 10−3 M; [Buffer] = 20× 10−3 M; I = 0.1 M
(NaNO3) in MeOH-H2O (1:1; v/v) at 30 °C.

Figure 12. Rate versus complex concentration plot for 1 (pink circles),
2 (blue squares), and 3 (red triangles) for the hydrolysis of BNPP.
[BNPP] = 6.25 × 10−3 M; [Buffer] = 20 × 10−3 M; pH∼ 9.5; I = 0.1 M
(NaNO3) in MeOH-H2O (1:1; v/v) at 30 °C.

Figure 13. Plot of rate versus concentration of substrate (BNPP) for
complex 1. Inset shows Lineweaver−Burk plot. [Complex] = 6.30 ×
10−5 M; [Buffer] = 20 × 10−3 M; pH ∼ 9.5; I = 0.1 M (NaNO3) in
MeOH-H2O (1:1; v/v) at 30 °C.
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molecule. Next, an intramolecular nucleophilic attack by the
iron(III)-bound hydroxide of the same intradinuclear [FeIII2]
subunit to the phosphorus atom leads to the formation of free
phosphate and p-nitrophenolate in solution. It is worth
mentioning that the direct coordination of BNPP to the
iron(III) ion activates the P−Obond for the nucleophilic attack.
This hypothesis is strongly supported by DFT calculations
which indicate that the substrate BNPP does not interact
through bridging binding, instead it interacts through
monodentate binding. Preliminary DFT calculations reveal
that the energies (ΔG‡) for monodentate (TSA) and bridging
(TSB) binding of the substrate with an intradinuclear [FeIII2]
subunit are calculated to be −6065.01 au and −6064.41 au
(Figures 14(A) and 14(B)), respectively. The different energy
values for monodentate and bridging binding indicate that the
dinuclear [FeIII2] subunit undergoes different degrees of
structural reorganization during forming the respective tran-
sition states. The relatively lower energy value for TSA by−0.60
au (−1569.52 kJ/mol) confirms a preference for monodentate
binding of the substrate. On the other hand, in the proposed
mechanism for 3 (Scheme 3(b)), the first step involves the
activation of BNPP by complex 3 that happens via the bridging
coordination of phosphate which has also been strongly
supported by DFT calculations. Then in the second step, the
deprotonation of solvent water molecule occurs by a zinc(II)-
bound hydroxide which acts as a general base-catalyst, followed
by the nucleophilic attack of this free hydroxide to the
phosphorus atom of the substrate. In fact, this would require
the concerted action of the Lewis acid activation and the
intramolecular general base catalysis by a zinc(II)-bound
hydroxide ion. As can be seen, the DFT calculations show that
the energies (ΔG‡) for monodentate (TSA′) and bridging
(TSB′) binding of the substrate with an intradinuclear [ZnII2]
subunit are evaluated to be −7096.35 au and −7098.05 au
(Figures 14(C) and 14(D)), respectively. The significantly
higher energy value for TSA′ indicates that its formation is
unfavorable during hydrolysis reaction. Therefore, the substrate
interacts with an intradinuclear [ZnII2] subunit of 3 via the
bridging coordination of phosphate. Generally, if the substrate
binds monodentately to one metal ion, a terminally bound

hydroxide or second coordination sphere hydroxide is the more
likely candidate to act as a nucleophile.30 Again, if the substrate
binds to two metal ions in the μ-1,3 bidentate bridging
coordination mode, the metal ion bridging hydroxide or an
outer sphere water molecule that may be activated becomes the
nucleophile.30 In this regard, Gahan and co-workers have
studied the role of zinc coordinated deprotonated alcohol and
hydroxide as potential nucleophilic species in the reactions of
dinuclear phosphatase mimetics.77 However, an unambiguous
identification of the appropriate nucleophile in phosphoester
hydrolysis reactions is quite difficult.69,78,79

We have compared the phosphatase-like activity of complexes
1, 2, and 3 by rationalizing their kcat values and found that the
order of catalytic activity is given as 1 > 2 > 3. As expected, for
any complex to act as an competent catalyst for substrate
hydrolysis, first the arriving substrate should be bounded
effectively to the catalyst, which is generally controlled by the
geometrical and electronic factors of the metal−ligand
interactions. In the present study, the different catalytic activities
of complexes 1 and 2 to hydrolyze BNPP could be most possibly
due to the difference in effective concentrations of the active
tetrairon(III) species [Fe4(cpdp)2(H2O)2(OH)2]

4+ in solution
at pH ∼ 9.5, as shown by the species distribution curves. The
higher catalytic activity of 1 compared to that of 2 could be
attributed to the higher effective concentration of the active
species of 1 than that of 2 in solution. Again, the significantly
lower catalytic activity of 3 compared to that of 1 and 2 toward
BNPP hydrolysis is most likely due to the following reasons.
First, there are zinc(II) ions present in complex 3 instead of
iron(III) ions. Second, the coordination geometry around the
metal centers in 3 is different compared to that in 1 and 2. The
octahedral coordination geometry around the iron(III) centers
with loosely bound aqua ligand in the active species of 1 and 2
facilitates the formation of the complex-substrate intermediates
during the interaction with BNPP compared to that in the case
of the trigonal bipyramidal geometry around the zinc(II) centers
in the active species of 3. Third, the effective concentration of
the active species of 3 is lower than that of 1 and 2, in solution.
Finally, during hydrolysis, whereas the activation of substrate by
complexes 1 and 2 occurs via the monodentate coordination of

Table 6. Kinetic Parameters for Complexes 1, 2, and 3 for the Hydrolysis of BNPP

Complex kcat (s
−1) Km (M) Vmax (M s1−) kcat/Km (M−1 s−1) kcat/kuncat

1 (2.73 ± 0.13) × 10−5 (4.80 ± 0.24) × 10−3 (6.83 ± 0.34) × 10−9 (5.68 ± 0.28) × 10−3 (2.93 ± 0.14) × 102

2 (1.06 ± 0.07) × 10−5 (4.08 ± 0.29) × 10−3 (2.66 ± 0.18) × 10−9 (2.59 ± 0.18) × 10−3 (1.13 ± 0.07) × 102

3 (3.05 ± 0.18) × 10−6 (7.60 ± 0.46) × 10−3 (7.64 ± 0.34) × 10−10 (4.02 ± 0.20) × 10−4 (3.28 ± 0.15)× 101

Table 7. pKa’s and Kinetic Parameters of Reported Di- and Tetranuclear Iron and Zinc Model Complexes for Phosphoester
Hydrolysis

Complex Substrate pKa1 pKa2 kcat (s
−1) KM (mM) kcat/KM (s−1 M−1) ref

[FeII2LCl3]·3H2O BNPP 5.3 8.5 (5.1 ± 0.2)× 10‑5 (3.1 ± 0.2)×10‑3 (1.7 ± 0.1)× 10‑2 60
[FeIII2(L

3)(OH)(OH2)2]
4+ BDNPP 5.3 ± 0.03 9.3 ± 0.10 (6.48 ± 0.34)×10−4 (7.38 ± 0.69) (8.79 ± 0.12)×10−2 67

[FeII2(H2L
4)(OAc)2]

+ BDNPP (2.37 ± 0.29)× 10‑3 3.53 ± 0.68 0.67 71
{[(Fe2

III(μ-OAc))]L}+ BDNPP 6.7 8.70 2.94 × 10−3 0.78 3.72 × 10−4 72
[FeIII4(HPBA)2(μ-OAc)2(μ-O)-(μ-
OH)(OH2)2]

2+
BDNPP 5.4 8.4 (1.6 ± 0.2) × 10−3 7.4 ± 0.6 2.16 × 10−4 61

[FeIIIZnII(L-CH3)(μOH)(H2O)]
+2 BDNPP 4.8 8.4 9.20 × 10−4 (3.05 ± 0.10) 2.16 × 10−2 73

[FeIIIZnIIL2] BDNPP 5.9 ± 0.05 7.7 ± 0.09 (32.1 ± 3.31) × 10‑5 (34.0 ± 5.70) 0.09 68
[ZnII2(L‑2H)(AcO)(H2O)][Zn

II
2L′] BNPP 7.2 8.1 4.6 × 10−6 6.15 × 10−2 4.49 × 10−5 69

[ZnII2(HL
1)(CH3COO)]

+ BNPP (1.26 ± 0.06) × 10−6 (1.96 ± 0.25) × 10−3 0. 64 × 10−3 70
[ZnII2(H2L

2)(OAc)2]
+ BDNPP 7.7 9.5 (3.20 ± 0.21) × 10−3 (9 ± 1) 0.34× 10−3 62

[ZnII4(TPPNOL)2(OAc)3]
3+ BDNPP 7.7 9.5 1.28 × 10−4 4.4 ± 1 2.90× 10−3 63
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phosphate of BNPP, the activation of substrate by complex 3
happens via the bridging coordination of phosphate which has
been further supported by DFT calculation.
To examine the effect of phthalate, terephthalte, and succinate

ions on the rate of hydrolysis of BNPP by complexes 1−3, the
hydrolysis reaction was performed as a function of their

concentration. The representative Figures S21 and S22 of the
Supporting Information indicate the percentage of inhibition on
the hydrolysis with increasing concentrations of exogeneous
dicarboxylates such as phthalate and succinate ions which
significantly inhibit the hydrolysis reaction. When the individual
phthalate, terephthalte, and succinate ion concentration equals

Scheme 3. ProposedMechanism for theHydrolysis of BNPP by the Complexes (a) 1 and 2 (half part of each complex is shown for
clarity) and (b) 3
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the BNPP concentration, a reduction of the rate by 48%, 55%,
and 50% is observed for 1, 2, and 3, respectively. From these
results it is clearly evident that phthalate, terephthalte, and
succinate ions are released from 1, 2, and 3, respectively, to yield
their corresponding active species during hydrolysis experi-
ments.

■ CONCLUSION
In conclusion, we have successfully prepared and characterized
phthalate, terephthalate, and succinate incorporated, three new
tetranuclear complexes of iron(III) and zinc(II) by utilizing a
carboxylate- and pyridine-based polydentate ligand. Structural
analyses reveal that complexes 1 and 2 are the bis(μ-phthalato/
μ-hydroxo)- or bis(μ-terephthalato/μ-hydroxo)-bridged dimers
of dimers and complex 3 is a μ4-succinate-bridged dimer of
dimers. Accordingly, the dicarboxylates, such as phthalate,
terephthalate, and succinate, bridge two dinuclear
[Fe2(cpdp)]

3+ or [Zn2(Hcpdp)]
2+ units to yield tetranuclear

complexes, showing that the flexibility of the carboxylate
backbone plays an important role in the shape of the molecular
polyhedra. In addition to the bis(μ-phthalato/μ-hydroxo),
bis(μ-terephthalato/μ-hydroxo), or μ4-succinate bridges, the

occurrence of hydrogen bonding interactions and moderate
intramolecular π···π stacking interactions appears to provide the
stabilizing factors to the Fe4 and Zn4 crystal lattices. It is worth
mentioning that four iron centers in the tetranuclear unit are
located at the corners of a rectangle/quadrilateral feature
forming a concave shaped octagonal core in 1 and 2. It is also
interesting that the succinate ligand in complex 3 exhibits a
μ4:η

1:η1:η1:η1 bridging coordination mode connecting four zinc
centers. Our investigation into the phosphatse-like activity
shows that all three complexes are capable of cleaving the
phosphoester bond in bis(p-nitrophenyl) phosphate (BNPP)
with an average acceleration of hydrolysis up to 1.46 × 102 fold
at pH ∼ 9.5 over the background reaction. All three complexes
are found to reveal comparable pKa values of the coordinated
water molecules indicating the metal ion bound hydroxide or an
outer sphere water molecule that may be activated acts as the
nucleophile. In an attempt to support the proposed mechanistic
pathways for the present systems, computational methods have
been performed. DFT calculations show that, for 1 and 2, the
substrate preferably binds with one iron(III) ion of an
intradinuclear [FeIII2] subunit containing a labile site that allows
themonodentate binding of the substrate to the iron(III) center.

Figure 14. Calculated structures and energies for monodentate and bridging binding of BNPP; (A) monodentate and (B) bridging binding of BNPP
with an intradinuclear [FeIII2] subunit of 1 and 2; (C) monodentate and (D) bridging binding of BNPP with an intradinuclear [ZnII2] subunit of 3.
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On the other hand, DFT calculations suggest that the substrate
binds with two zinc(II) ions of an intradinuclear [ZnII2] complex
of 3 through bridging coordination of the phosphate group. The
comparison of turnover rates indicates that complexes 1 and 2
are better catalysts among the three complexes toward the
hydrolysis of BNPP in alkaline aqueous-methanol solution.

■ EXPERIMENTAL SECTION
Synthesis of N,N′-Bis[2-carboxybenzomethyl]-N,N′-bis[2-

pyridylmethyl]-1,3-diaminopropan-2-ol, H3cpdp. The ligand
H3cpdp was synthesized according to our previously published
procedure.39 The composition of the ligand was established as
H3cpdp·LiCl·3LiBr·14H2O by elemental and thermogravimetric
analyses. Yield: 4.018 g (77%). Anal. Calcd. for C31H32N4O5·LiCl·
3LiBr·14H2O: C, 33.98%; H, 5.51%; N, 5.11%; Cl, 3.24%; Br, 21.88%.
Found: C, 33.88%; H, 5.54%; N, 5.27%; Cl, 2.91%; Br, 21.49%. FTIR
(cm−1): ν = 3389(b), 2084(b), 1634(s), 1567(vs), 1441(s), 1399(s),
1298(s), 1154(s), 1094(s), 972(s), 761(s). 1H NMR (400 MHz, D2O,
room temperature, δ): 8.47 (d, 2H), 7.81 (t, 2H), 7.64 (d, 2H), 7.39−
7.51 (m, 8H), 7.27 (d, 2H), 4.47 (d, 8H), 4.01−4.20 (m, 1H), 3.38 (d,
2H), 3.13 (t, 2H). 13C NMR (100 MHz, D2O, room temperature, δ):
174.65, 149.32, 148.91, 143.99, 141.31, 138.87, 137.23, 133.20, 130.88,
130.44, 125.01, 124.68, 60.47, 60.25, 57.50, 57.11. Mass spectrum
(ESI): m/z 565 (100%) (M + = {H3cpdp·H2O+Li}

+), 559 (81%) (M +

= {H3cpdp·H2O+H}
+). TGA analysis: loss of H2O {136 °C - 273 °C:

23.00% (Calcd.); 23.35% (Found)}; loss of CO2 {290 °C − 367 °C:
8.03% (Calcd.); 8.39% (Found).
Synthesis of [Fe4(cpdp)2(phth)2(OH)2]·8H2O (1). A solution of

FeCl3 (0.150 g, 0.92 mmol) in methanol (10 mL) was added to a
solution of H3cpdp (0.511 g, 0.46 mmol) and NaHCO3 (0.116 g, 1.38
mmol) in methanol (10 mL). The reaction mixture was stirred for 1 h
resulting in a brown solution. Then, to this brown solution, phthalic
acid (0.076 g, 0.46 mmol) in water (5 mL) was slowly added and the
stirring was continued for another 2 h. Finally, the solution became
greenish brown and it was filtered to remove any insoluble precipitate.
Slow diethyl ether diffusion into the clear filtrate diluted by 5 mL
acetonitrile produced brown plate-shaped single crystals suitable for X-
ray diffraction after 5−7 days. Yield: 0.275 g (65%). Anal. Calcd. for
C78H84N8O28Fe4: C, 51.90%; H, 4.69%; N, 6.21%; Fe, 12.38%. Found:
C, 51.78%; H, 4.61%; N, 6.32%; Fe, 12.51%. FTIR (cm−1): ν =
3397(b), 1722(s), 1607(s), 1599(s), 1574(s), 1531(s) 1488(s),
1449(s), 1411(s), 1360(s), 1249(s), 1152(s), 1024(s), 981(s),
870(s), 760(s), 727(s), 671(s). UV−vis (MeOH/H2O): λmax (ε,
M−1cm−1) = 508 (590), 452 (2180), 261 (10900), 228 (14030), 206
(33660). Magnetic moment, μeff (tot.): 11.62 μB; μeff/Fe: 5.81 μB. Mass
s p e c t r u m ( E S I ) : m / z 1 6 6 1 ( 7 7 % ) (M + =
{[Fe4(cpdp)2(phth)2(OH)2]+H}+), 739 (100%) (M + =
[Fe4(cpdp)2(OH)4(CH3OH)3(H2O)]2+), 665 (83%) (M + =
[Fe4(cpdp)2(O)2]

2+).
Synthesis of [Fe4(cpdp)2(terephth)2(OH)2] (2). This compound was

prepared as microcrystalline powder by carrying out reaction of H3cpdp
with FeCl3, NaHCO3, and terephthalic acid following the above
procedure. Yield: 0.295 g (76%). Anal. Calcd. for C78H68N8O20Fe4: C,
56.41%; H, 4.13%; N, 6.75%; Fe, 13.45%. Found: C, 56.59%; H, 4.24%;
N, 6.69%; Fe, 13.29%. FTIR (KBr, cm−1): ν = 3445(b), 1631(s),
1610(s), 1585(s), 1566(s), 1527(s), 1449(s), 1385(s), 1242(s),
1187(s), 1061(s), 1051(s), 872(s), 772(s), 616(s). UV−vis (MeOH/
H2O): λmax (ε, M

−1cm−1) = 504 (930), 449 (3910), 262 (7430), 238
(11800), 203 (34510). Magnetic moment, μeff (tot.): 11.78 μB; μeff/Fe:
5.89 μB. Mass spectrum (ESI): m/z 1661 (8%) (M + =
{[Fe4(cpdp)2(terephth)2(OH)2]+H}+), 665 (100%) (M + =
[Fe4(cpdp)2(O)2]

2+).
Synthesis of [Zn4(Hcpdp)2(suc)]Br2·12H2O (3). A solution of ZnCl2

(0.125 g, 0.92 mmol) in methanol (10 mL) was added to a solution of
H3cpdp (0.511 g, 0.46 mmol) and NaOH (0.055g, 1.38 mmol) in
methanol (10 mL). The reaction mixture was stirred for 1 h resulting in
a light yellow solution. Then, an aqueous solution (5 mL) of sodium
succinate (0.124 g, 0.46 mmol) was added to this solution and the
stirring was continued for another 1 h. To remove any insoluble

precipitate, the solution was filtered. Light yellow needle-shaped single
crystals suitable for X-ray diffraction study were obtained after 7−10
days by slow diethyl ether diffusion into the clear filtrate. Yield: 0.321 g
(73%). Anal. Calcd. for C66H88N8O26Br2Zn4: C, 43.30%; H, 4.84%; N,
6.12%; Zn, 14.29%. Found: C, 43.23%; H, 4.63%; N, 6.29%; Zn,
14.51%. FTIR (cm−1): ν = 3415(b), 1609(s), 1583(s), 1562(s),
1486(s), 1437(s), 1376(s), 1307(s), 1157(s), 1124(s), 1054(s),
1029(s), 988(s), 913(s), 866(s), 764(s), 721(s), 685(s). 1H NMR
(400 MHz, DMSO-d6, room temperature): δ (ppm) = 2.81 (t, 4H,
succinate), 3.23−4.12 (m, 26H, aliphatic), 6.85−7.56 (m, 32H,
aromatic). 13C NMR (100 MHz, DMSO-d6, room temperature): δ
(ppm) = 34.47 (2C, CH2, succinate), 54.83 (2C, CH2, aliphatic), 61.67
(2C, CH2, aliphatic), 62.22 (2C, CH2, aliphatic), 63.80 (1C, CH,
aliphatic), 122.34 (2C, CH, aromatic), 123.32 (2C, CH, aromatic),
128.20 (2C, CH, aromatic), 128.97 (2C, CH, aromatic), 129.81 (2C,
CH, aromatic), 131.25 (2C, CH, aromatic), 131.82 (2C, CH,
aromatic), 138.87 (2C, CH, aromatic), 139.95 (2C, CH, aromatic),
146.46 (2C, CH, aromatic), 156.88 (2C, CH, aromatic), 176.88 (2C,
bidentate bridging carboxylate, succinate), 181.68 (2C, monodentate
terminal carboxylate, aromatic). UV−vis (MeOH/H2O): λmax (ε,
M−1cm−1) = 260 (20340), 228 (22550). Mass spectrum (ESI): m/z
1483 (4%) (M + = {[Zn4(cpdp)2(suc)(H2O)2]+H}

+), 811 (100%) (M
+ = [Zn2(cpdp)(H2O)(CH3OH)4]

+), 751 (60%) (M + = [Zn2(cpdp)-
(H2O)3(CH3OH)]

+).
Reagents and Solvents. 2-Carboxybenzaldehyde, 2-picolylchlor-

ide hydrochloride, 1,3-diamino-2-propanol and lithium hydroxide were
purchased from Sigma-Aldrich Chemie GmbH, Germany. Ferric
chloride, zinc chloride, sodium succinate, phthalic acid, terephthalic
acid, sodium hydroxide, sodium bicarbonate, and sodium borohydride
were purchased from Merck, India. CAPS buffer was purchased from
SRL, India. All other chemicals and solvents were reagent grade
materials and were used as received without further purification.

Instrumentation and Physical Measurements. Microanalyses
(C,H,N) were performed with a PerkinElmer 2400 CHNS/O Series II
elemental analyzer. The chloride and bromide contents in the ligand
H3cpdp were measured by potentiometric titration using AgNO3 in
aqueous solution with a Mettler Toledo Seven Compact S220 digital
Ion/pH meter.39 Quantitative analysis of iron content in complexes 1
and 2was carried out by volumetric titration in aqueous-acidic medium
using K2Cr2O7 solution. The zinc content in complex 3 was measured
by carrying out complexometric titration in aqueous medium using
Na2H2EDTA solution. FTIR spectra were recorded on a PerkinElmer
L120−000A spectrometer using KBr pellet in the range of 450−4000
cm−1. UV−vis spectra were run on a Shimadzu UV 1800 (200−900
nm) (1 cm quartz cell) spectrophotometer. 1H and 13C NMR spectra
were obtained on a Bruker AC 400 NMR spectrometer. Mass
spectrometric experiments of the ligand and complexes were performed
using a Micromass Q-Tof Micro (Waters) mass spectrometer. The
room temperature magnetic susceptibilities were measured by using a
home-built Gouy balance fitted with a polytronic DC power supply.
Diamagnetic corrections for ligand susceptibilities were made using
Pascal’s constant. Variable temperature magnetic susceptibility of
powdered microcrystalline sample was measured between 2 and 300 K
with a SQUID magnetometer (MPMS-7, Quantum Design) in an
external magnetic field of 1 T. Thermogravimetric analysis of the ligand
was completed by a NETZSCH STA 449F3 thermal analyzer.

Potentiometric pH Titrations. The potentiometric pH titrations
of the complexes were performed by a Mettler Toledo Seven Compact
S220 digital Ion/pH meter in MeOH-H2O (1:1; v/v) solution with I =
0.1 M of NaNO3 at 30 °C. A correction of pH value of ∼0.051 units
were deducted from the measured pH readings to balance the normal
liquid junction potential of the methanol−water solvent mixture.80

Applying the HYPERQUAD 2000 and HySS programs, all
computations and species distribution diagrams were completed.81 A
typical pH-metric titration was conducted by titrating 1 mM MeOH−
H2O (1:1; v/v) solution of each complex with 0.01 M solution of
NaOH. Using these pH-metric titration data, the pKa values of the
coordinated water molecules in 1, 2, and 3 in solution were evaluated.

Phosphatase-like Activity and Kinetic Measurements. Com-
plexes 1, 2, and 3 were examined for phosphatase-like activity through
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the hydrolysis of model substrate, bis(p-nitrophenyl) phosphate
(BNPP) under pseudo-first-order reaction conditions. We have run
the kinetic experiments in 3 mL UV cells in MeOH-H2O (1:1; v/v)
solution in 20 mM CAPS buffer (pH ∼ 9.5). The ionic strength was
adjusted to I = 0.1 M NaNO3. A requisite amount of 1 mM stock
solution of each complex was added separately to maintain the
concentration of each complex at 0.06 mM in the cuvette, and a
requisite amount of 50 mM BNPP stock solution was added to vary the
concentrations from 1.25 mM to 6.25 mM in the cuvette. To complete
the final volume in the cuvette, a requisite amount of buffer solution was
added. Using a thermostatic cell (30 °C), all the ingredients were mixed
properly, and the spectra were recorded at 400 nm, where the molar
extinction coefficient for the hydrolysis product p-nitrophenolate is
18500 M−1 cm−1.82 The total amount of p-nitrophenol/phenolate was
calculated by means of its pKa (7.15).

82 All the measurements were
performed in triplicate, and the average values with standard deviations
were accepted.
X-ray Crystallography and Data Analysis. X-ray crystal data for

1 were collected at 293 K using a diffractometer with SuperNova, Dual,
Cu at zero, EOS area detector using graphite monochromated Mo Kα
radiation (λ = 0.71073 Å). Similarly, X-ray crystal data for 3 were
recorded at 100 K on a diffractometer with SuperNova, Dual, Cu at
zero, Eos area detector, and graphite-monochromated Cu Kα radiation
(λ = 1.54184 Å). The statistical tests were used to determine the
monoclinic space groupC2/c for 1 and orthorhombic space group pnna
for 3. A total of 9972 data were obtained for complex 1 with Miller
indices hmin =−43, hmax = 29, kmin =−6, kmax = 18, lmin =−24, and lmax =
19, in the range of 1.856 < θ < 28.611° using ω oscillation frames.
Similarly, a total of 5500 data were recorded for complex 3 with Miller
indices hmin =−26, hmax = 26, kmin =−22, kmax = 17, lmin =−22, and lmax =
21, in the range of 4.592 < θ < 66.059° using ω oscillation frames.
Employing the multiscan method,83 absorption correction of the data
was achieved giving minimum andmaximum transmission factors. Both
the two structures were solved by direct methods using the program
SIR-9784 and refined by full-matrix least-squares methods on F2 with
SHELX85,86 and Olex2.87 While part of one phthalate group was
modeled over two positions, the Fe3+, cpdp3− ligand, and other
phthalate were not. These disorders over two positions affect the quality
of the single crystal X-ray data and the refining model of structure 1.
The difference Fourier map was used to locate the hydrogen atoms.
Hydrogen atoms of the complexes were included in idealized positions
(C−H, 0.96 Å) and refined as riding models. Hydrogen atoms of the
solvent water molecules of 1 cannot be located precisely and were
omitted.
Theoretical Calculation. Theoretical calculation88 concerning the

structure optimization of complexes 1, 2, and 3 was carried out using
the B3LYP method89−91 and 6-311G basis set.92,93 In order to
substantiate the proposed mechanism, DFT calculation (structure
optimization and energy calculation) was also performed on the
transition states using the same method and basis set.
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