
Polyhedron 67 (2014) 495–504
Contents lists available at ScienceDirect

Polyhedron

journal homepage: www.elsevier .com/locate /poly
Bis(l-alkoxo) bridged dinuclear CuII
2 and ZnII

2 complexes of an isoindol
functionality based new ligand: Synthesis, structure, spectral
characterization, magnetic properties and catechol oxidase activity
0277-5387/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.poly.2013.09.034

⇑ Corresponding author. Tel.: +91 33 25828282x306; fax: +91 33 25828282.
E-mail address: mbera2009@klyuniv.ac.in (M. Bera).
Ayan Patra a, Gopal C. Giri a, Tamal K. Sen b, Luca Carrella c, Swadhin K. Mandal b, Manindranath Bera a,⇑
a Department of Chemistry, University of Kalyani, Kalyani 741235, West Bengal, India
b Department of Chemical Sciences, Indian Institute of Science Education & Research Kolkata, Mohanpur 741252, West Bengal, India
c Institut fur Anorganische Chemie und Analytische Chemie, Johannes-Gutenberg, Universitat Mainz, Duesbergweg 10-14, D-55128 Mainz, Germany
a r t i c l e i n f o

Article history:
Received 5 July 2013
Accepted 29 September 2013
Available online 14 October 2013

Keywords:
Dinucleating ligand
Isoindol functionality
Copper(II)/zinc(II)
Magnetism
Catecholase activity
DFT calculations
a b s t r a c t

Two new dinuclear copper(II) and zinc(II) complexes of an isoindol functionality based new dinucleating
ligand, H3hdpa (H3hdpa = 2-({[2-hydoxyethyl]-[2-hydroxy-3-(1-oxo-1,3-dihydro-isoindol-2-yl)-propyl]-
amino}-methyl)-benzoic acid) have been synthesized and characterized. In methanol, the reaction of stoi-
chiometric amounts of Cu(OAc)2�H2O and the ligand H3hdpa in the presence of NaOH at ambient temper-
ature afforded a new dinuclear copper(II) complex, [Cu2(Hhdpa)2]�2CH3OH�6H2O (1). Similarly, in
methanol, the reaction of stoichiometric amounts of Zn(OAc)2�2H2O and H3hdpa in the presence of NaOH
yielded a new dinuclear zinc(II) complex, Na4[Zn2(hdpa)2](OAc)2 (2). Characterization of the complexes
has been performed using various analytical techniques, including single crystal X-ray structure determi-
nation. The X-ray crystal structure of complex 1 reveals that two copper(II) centers adopt a five-coordi-
nate square pyramidal geometry with a Cu–Cu separation of 2.910 Å. The DFT optimized structure of
complex 2 shows that two zinc(II) centers are in a distorted trigonal bipyramidal geometry with a Zn–
Zn separation of 3.124 Å. 1H and 13C NMR spectroscopic investigations authenticate the integrity of com-
plex 2 in solution. Further, the mass spectroscopic analyses of complexes 1 and 2 reconfirm their dimeric
nature, even in solution. Variable-temperature (2–300 K) magnetic susceptibility measurements show
the presence of antiferromagnetic interactions (J = �52.20 cm�1) between the two copper(II) centers in
complex 1. The catechol oxidase activity of complexes 1 and 2 has been investigated in methanol medium
by the UV–Vis spectrophotometric technique using 3,5-di-tert-butylcatechol as a model substrate. Both
complexes are active in catalyzing the aerobic oxidation of 3,5-di-tert-butylcatechol (3,5-DTBC) to 3,5-di-
tert-butyl-1,2-benzoquinone (3,5-DTBQ). A DFT calculation has been performed to find the Fukui func-
tions at the metal centers in complexes 1 and 2 to predict the possible metal centers involved in the bind-
ing process with 3,5-DTBC during the catalytic oxidation reactions.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Dimetallic complexes have been recognized at the active sites of
many metalloenzymes [1]. In fact, enzyme models are of practical
importance for the development of efficient molecular catalysts for
organic reactions and of theoretical importance in elucidating the
mechanisms of enzymatic reactions [2]. So, model studies with
simple dinuclear metal complexes are becoming increasingly
important in understanding the biological functions of dimetallic
cores [3]. Very often, in a dimetallic system, one metal ion is
responsible for substrate binding while the other delivers the
activated solvent nucleophile for hydrolysis. Dinuclear Cu2 and
Zn2 complexes, with either one loosely bound apical exogeneous
ligand or coordinatively unsaturated ligand, have the potential
for binding biologically important substrates, thereby providing
new reactivity patterns. In this context, dinuclear copper(II) com-
plexes with two metal ions in close proximity have received con-
siderable attention as structural models for catechol oxidase
(CO), which catalyzes the oxidation of o-diphenol to o-quinone
coupled with a 2e�/2H+ reduction of O2 to H2O [4]. The crystal
structures of CO isolated from sweet potato [5] reveals that the ac-
tive site of the enzyme contains antiferromagnetically coupled EPR
silent Cu2 centers in which the Cu–Cu distance is 2.9 Å, which is a
suitable distance for catechol binding [6]. In isolated CO, each
copper(II) center is coordinated to three histidine nitrogen atoms
and is bridged by an external hydroxo group in a trigonal pyrami-
dal geometry. Thus, oxygen bridged dinuclear copper(II) complexes
have attracted great attention in recent years. As a result, a number
of dinuclear copper(II) complexes are well documented in the
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Fig. 1. Chemical structure of the ligand 2-({[2-hydoxyethyl]-[2-hydroxy-3-(1-oxo-
1,3-dihydro-isoindol-2-yl)-propyl]-amino}-methyl)-benzoic acid, H3hdpa.
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literature for understanding the mode of catechol binding and the
mechanistic role of the active site [7]. In contrast, dinuclear zinc(II)
complexes remain largely unexplored as synthetic models for cat-
echol oxidase activity [8]. However, a few interesting reports on
the interactions of zinc complexes with model substrates like
3,5-di-tert-butylcatechol (3,5-DTBC) or tetrachlorocatechol(TCC)
are reported in the literature [9].

Recently, the coordination behaviors of various dinucleating li-
gands containing alkoxo and carboxylato donor groups have been
reported in the literature [10]. The use of dinucleating carboxylate
ligands as organic linkers which are capable of binding two metal
ions through direct bond formation and promoting magnetic inter-
actions has been studied extensively [11]. We have focused here on
an isoindol ring containing new dinucleating ligand, H3hdpa
(Fig. 1). During N-alkylation of one half of the symmetrical precur-
sor ligand, N,N0-bis(2-carboxybenzomethyl)-1,3-diaminopropan-2-
ol (H3cdp) [12] with 2-iodoethanol in a 1:1 M ratio, the secondary
amine and the benzoate functionality of the other half of the ligand
undergo an intramolecular cyclization reaction to produce a new
unsymmetrical ligand, H3hdpa, consisting of an isoindol function-
ality. The 1-oxo-1,3-dihydroisoindol ring is most likely achieved
via a known mechanism that involves the activation of the second-
ary amine and benozoate backbone in the presence of NaOH [13].
In this paper, we report the synthesis, structure, spectroscopic
characterization, magnetic properties and catechol oxidase activity
of a new dinuclear copper(II) and a new dinuclear zinc(II) complex.

2. Experimental

2.1. Materials

2-Carboxybenzaldehyde, 1,3-diamino-2-propanol, 2-iodoetha-
nol and 3,5-di-tert-butyl catechol were purchased from Sigma–Al-
drich Chemie GmbH, Germany. Zinc acetate dihydrate and copper
acetate monohydrate were purchased from Merck, India. All other
chemicals and solvents were reagent grade materials and were
used as received from commercial sources without further
purification.

2.2. Physical measurements

Microanalyses (C,H,N) were performed using a Perkin–Elmer
2400 CHNS/O Series II elemental analyzer. FTIR spectra were
obtained on a Perkin–Elmer L120-000A spectrometer (200–4000
cm�1). 1H and 13C NMR spectra were obtained in D2O and DMSO-
d6 solutions on a Bruker AC 400 NMR spectrometer using TMS as
the internal standard. Mass spectra were recorded in a MALDI-
TOF MS using a Perseptive Bio System Voyager DE-STR mass spec-
trometer. UV–Vis spectra were recorded on a Shimadzu UV 1800
(190–1100 nm) (1 cm quartz cell) spectrophotometer. The room
temperature magnetic susceptibilities in the solid state were mea-
sured using a home built Gouy balance fitted with a polytronic d.c.
power supply. The variable temperature magnetic susceptibility
data for complex 1 was collected in a temperature range of 2–
300 K under an applied field of 1 Tesla on a powdered microcrys-
talline sample with a SQUID magnetometer (MPMS-7, Quantum De-
sign). Experimental susceptibility data were corrected for the
underlying diamagnetism using Pascal’s constants [14]. The tem-
perature dependent magnetic contribution of the holder was
experimentally determined and subtracted from the measured
susceptibility data. The program julx was used for spin Hamilto-
nian simulations of the data [15].

2.3. Synthesis of 2-({(2-hydroxy-ethyl)-[2-hydroxy-3-(1-oxo-1,3-
dihydro-isoindol-2-yl)-propyl]-amino}-methyl)-benzoic acid, H3hdpa

A solution of 2-carboxybenzaldehyde (4.643 g, 30.00 mmol) and
NaOH (1.200 g, 30.00 mmol) in 100 ml methanol was added to 1,3-
diamino-propan-2-ol (1.424 g, 15.00 mmol) in 20 ml methanol.
The yellowish mixture obtained was heated to 60 �C while stirring
for � 4 h. The reaction product then was cooled in an ice-bath. Ex-
cess NaBH4 (1.500 g, 39.50 mmol) was added in portions to the
cold solution while stirring. The yellow color was slightly dis-
charged. After 30 min, 2 ml conc. HCl (12 M) was added dropwise
to destroy the excess NaBH4. Acidification of the solution to pH �
5 by addition of more HCl resulted in the precipitation of a crystal-
line white solid. The white solid was filtered out from the mother
liquor and washed with H2O and methanol, and dried at �80 �C.
Yield: 4.95 g (87%). The compound crystallizes with one molecule
of water, as found from the elemental analysis, and was character-
ized as H3cdp�H2O. Anal. Calc. for C19H22N2O5�H2O: C, 60.63; H,
6.43; N, 7.44. Found: C, 60.25; H, 6.28; N, 7.33%. 1H NMR for the so-
dium salt of the compound (400 MHz, D2O, 25 �C, d (ppm)): 7.46–
7.32 (m, 8H), 3.92–3.80 (m, 1H), 2.63 (q, 4H), 2.55 (q, 4H).

A solution of 2-iodoethanol (0.859 g, 5.00 mmol) was added
dropwise to a solution of N,N0-bis(2-carboxybenzomethyl)-1,3-dia-
minopropan-2-ol (H3cdp) (1.790 g, 5.00 mmol) and NaOH (0.400 g,
10.00 mmol) in 25 ml of water and the whole reaction mixture was
refluxed for �4 h. While refluxing, more NaOH (0.200 g,
5.00 mmol) was added in portions to maintain the pH of the solu-
tion at �12. The resulting solution was cooled and acidified with
conc. HCl (12 M) to pH �5. The solution was then rotary evapo-
rated under vacuum to isolate an off white solid product which
was washed with acetone and hexane. The product was confirmed
by elemental analysis, FTIR, 1H and 13C NMR and mass spectros-
copy. Anal. Calc. for C21H24N2O5: C, 65.61; H, 6.29; N, 7.29. Found:
C, 65.44; H, 6.36; N, 7.16%. FTIR (m, cm�1): 3413(b), 2955(b),
1661(s), 1588(vs), 1564(s), 1456(s), 1399(s), 1213(s), 1153(s),
1091(s), 871(s), 740(s). 1H NMR for the sodium salt of the com-
pound (400 MHz, D2O, room temperature, d (ppm)): 7.65 (d, 1H),
7.53 (d, 1H), 7.48 (d, 1H), 7.44 (d, 1H), 7.40 (d, 1H), 7.21 (m, 1H),
7.13 (t, 1H), 6.88 (t, 1H), 4.55 (t, 2H), 4.19–4.30 (m, 1H), 3.98 (s,
2H), 3.64 (d, 2H), 3.50 (d, 2H), 3.28 (s, 2H), 2.87 (t, 2H). 13C NMR
(400 MHz, D2O, room temperature, d (ppm)): 179.07, 171.57,
140.48, 134.72, 131.94, 130.90, 128.68, 128.36, 127.71, 126.70,
123.60, 123.09, 66.35, 62.92, 59.09, 58.45, 57.13, 46.09, 49.54.
Mass spectrum (ESI) m/z: 407 (M+ = {H3hdpa + Na}+).

2.4. Synthesis of [Cu2(Hhdpa)2]�2CH3OH�6H2O (1)

A methanol solution (10 ml) of Cu(OAc)2�H2O (0.130 g,
0.65 mmol) was slowly added to a magnetically stirred methanol
solution (15 ml) of the ligand H3hdpa (0.250 g, 0.65 mmol) and
NaOH (0.078 g, 1.95 mmol) at ambient temperature over a period
of 15 min. The reaction mixture was stirred for 1 h, resulting in a
green solution. It was then filtered to discard any insoluble precip-
itates. X-ray quality bluish-green block shaped single crystals were
obtained by a slow ether diffusion into the clear filtrate after
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�7 days. Yield: 0.220 g (76%). Anal. Calc. for C42H44Cu2N4O10: C,
56.56; H, 4.97; N, 6.28; Cu, 14.25. Found: C, 56.85; H, 4.81; N,
6.34; Cu, 14.19%. FTIR (KBr, m, cm�1): 3400(b), 1656(s), 1587(s),
1474(s), 1382(s), 1211(s), 1102(s), 1087(s), 958(s), 898(s), 809(s),
740(s). UV–Vis (MeOH) kmax (e, L mol�1 cm�1): 728 (181), 292
(1355)sh, 221 (31434). Mass spectrum (ESI) m/z: 914 (M+ = {[Cu2(-
Hhdpa)2]+Na}+). leff (tot.): 2.42 lB; leff/Cu: 1.71 lB.
2.5. Synthesis of Na4[Zn2(hdpa)2](OAc)2 (2)

A methanol solution (10 ml) of Zn(OAc)2�2H2O (0.143 g,
0.65 mmol) was slowly added to a magnetically stirred methanol
solution (15 ml) of the ligand H3hdpa (0.250 g, 0.65 mmol) and
NaOH (0.078 g, 1.95 mmol) at ambient temperature over a period
of 10 min. The reaction was stirred at room temperature for 2 h.
It was then filtered to discard any insoluble precipitates. The clear
filtrate was then rotary evaporated under vacuum to obtain a col-
orless solid product which was washed thoroughly with acetone
and water. The product was dried and finally confirmed by elemen-
tal analysis, FTIR, 1H and 13C NMR and mass spectroscopy. Yield:
0.233 g (65%). Anal. Calc. for C46H48N4O14Na4Zn2: C, 50.06; H,
4.38; N, 5.08; Zn, 11.85. Found: C, 50.39; H, 4.45; N, 5.19; Zn,
12.16%. FTIR (KBr, m, cm�1): 3437(b), 1656(s), 1591(s), 1567(s),
1399(s), 1340(s), 1213(s), 1154(s), 1022(s), 933(s), 866(s), 758(s),
738(s), 673(s). 1H NMR (DMSO-d6, d (ppm)): 1.80 (s, 6H, methyl),
2.88 (s, 4H, methylenic), 3.47–4.71 (m, 18H, ethylenic), 4.59 (s,
4H), 7.48–7.94 (m, 16H, aromatic). 13C NMR (DMSO-d6, d (ppm)):
23.17 (2C, CH3), 30.84 (2C, CH2), 35.88 (2C, CH2), 46.39 (4C, CH2),
51.12 (2C, CH2), 62.79 (2C, CH2), 68.10 (2C, CH), 122.71 (2C, aro-
matic CH), 123.33 (2C, aromatic CH), 127.67 (2C, aromatic CH),
127.78 (2C, aromatic CH), 127.92 (2C, aromatic CH), 128.45 (2C,
aromatic CH), 129.15 (2C, aromatic CH), 131.28 (2C, aromatic
CH), 132.00 (2C, aromatic CH), 132.32 (2C, aromatic CH), 132.43
(2C, aromatic CH), 142.25 (2C, aromatic CH), 162.40 (2C, isoindol
carbonyl group), 167.68 (2C, aliphatic carboxylate), 177.17 (2C,
aromatic carboxylate). Mass spectrum (ESI) m/z: 1014
(M� = {[Zn2(hdpa)2](OAc)2+3H}�).
Table 1
Crystal data and structure refinement for complex 1.

Empirical formula C44H64Cu2N4O18

Formula weight 1064.09
Crystal system monoclinic
Space group P2/c
a (Å) 22.313(2)
b (Å) 11.6376(11)
c (Å) 18.5397(17)
a (�) 90.00
b (�) 92.194(2)
c (�) 90.00
V 4810.7(8)
Z 4
Dcalc (Mg/m3) 1.469
Wavelength (Å) 0.71073
T (K) 100
F(000) 2232
Absorption coefficient (mm�1) 0.962
h (�) 1.75–28.48
Reflections collected 12013
Independent reflections 9902
R(F obsd data) [I > 2r(I)] 0.0359
wR(F2 all data) 0.0920
Goodness-of-fit (GOF) on F2 1.041
Largest difference in peak and hole (e/Å3) +0.796 and �0.944

wR2 = {
P

[w(Fo
2 � Fc

2)2]/
P

[w(Fo
2)2] }1/2.

R1 =
P

||Fo| � |Fc||/
P

|Fo|.
2.6. X-ray diffraction study

Crystal data and refinement parameters for complex 1 are sum-
marized in Table 1. Selected bond distances and bond angles are gi-
ven in Table 2. A clear bluish-green block shaped single crystal of
complex 1 with approximate dimensions of
0.197 � 0.156 � 0.113 mm was selected for structural analysis.
The intensity data for this compound were collected using a diffrac-
tometer with a Bruker SMART CCD area detector [16] and graphite-
monochromated Mo Ka radiation (k = 0.71073 Å). The monoclinic
space group P2/c was determined by statistical tests and verified
by subsequent refinement. Data were collected at 100 K. For com-
plex 1, a total of 12013 data were measured with Miller indices
hmin = �29, hmax = 29, kmin = �15, kmax = 14, lmin = �24, lmax = 24, in
the range 1.75 < h < 28.48� using x oscillation frames. The data
were corrected for absorption by the multi-scan method [17] giving
minimum and maximum transmission factors. The data were
merged to form a set of 9902 independent reflections with
R = 0.0359. The structure was solved by direct methods and refined
by full-matrix least-squares methods on F2 [18]. The hydrogen atom
positions were initially determined by geometry and refined by a
riding model. Non-hydrogen atoms were refined with anisotropic
displacement parameters. All hydrogen atoms were generated in
ideal positions (C–H, 0.96 Å), and fixed with isotropic thermal
parameters. Actually, the structure contains two methanol mole-
cules, with one disordered over two positions, and six water mole-
cules which are connected together via hydrogen bridges.
2.7. Catechol oxidase activity studies

In order to study the catecholase activity of the complexes,
solutions of 1 and 2 in unbuffered methanol solution
(0.5 � 10�4 M) were treated separately with 100 equivalents of
3,5-di-tert-butylcatechol (3,5-DTBC) under aerobic conditions at
room temperature. Absorbance vs wavelength plots were recorded
for these solutions at a regular time interval of 5 min in the range
300–500 nm. The dependence of rate on the substrate concentra-
tion and various kinetic parameters were determined by treating
a 0.5 � 10�4 M solution of complexes 1 and 2 with different con-
centrations of 3,5-DTBC to maintain the pseudo first order reaction
conditions. The reactions were followed spectrophotometrically by
monitoring the increase in the absorbance band of 3,5-di-tert-bu-
tyl-1,2-benzoquinone (3,5-DTBQ) at 400 nm (e = 1900 M�1 cm�1)
as a function of time.
Table 2
Selected bond lengths (Å) and angles (deg) in complex 1.

Bond lengths (Å)

Cu(1)–O(2) 1.9300(13)
Cu(1)–O(2*) 1.9471(13)
Cu(1)–O(4) 1.9549(13)
Cu(1)–N(2) 2.0239(16)
Cu(1)–O(3) 2.2884(14)

Bond angles (�)
O(2)–Cu(1)–O(2*) 78.85(6)
O(2*)–Cu(1)–O(4) 162.00(6)
O(2)–Cu(1)–O(4) 99.32(6)
O(2*)–Cu(1)–N(2) 85.39(6)
O(2)–Cu(1)–N(2) 163.79(6)
O(4)–Cu(1)–N(2) 96.84(6)
O(2*)–Cu(1)–O(3) 111.92(6)
O(2)–Cu(1)–O(3) 99.44(5)
O(4)–Cu(1)–O(3) 86.07(6)
N(2)–Cu(1)–O(3) 82.83(6)

Symmetry code: ‘�x, y, �z + 1/2’.
* To indicate the equivalent oxygen atoms.
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2.8. DFT calculations

DFT calculations regarding the structure optimization of com-
plex 2 and the Fukui functions (fk

+) of the metal sites of complexes
1 and 2 were carried out with the Gaussian 03 software [19]. The
functions (fk

+) were evaluated from single point calculations using
the UB3LYP and B3LYP methods [20] and the LanL2DZ [21] basis
set at the optimized geometry, performed for N and (N + 1) elec-
tron systems, where N is the total number of electrons in the sys-
tem. In a finite difference approximation, fk

+ of atom k, in molecule
with N electrons, is expressed by the equation fk

+ = [qk(N) � qk(-
N + 1)], where qk is the charge of atom k [22]. The qk values were
calculated by Mulliken population analysis (MPA).

3. Results and discussion

3.1. Syntheses and characterizations

The unsymmetrical dinucleating ligand H3hdpa has been syn-
thesized in a two step reaction as shown in Scheme 1. The synthe-
sis of the precursor reduced Schiff base, H3cdp, has been
accomplished by the condensation of stoichiometric amounts of
2-carboxybenzaldehyde and 1,3-diamino-propan-2-ol in the
presence of NaOH in methanol under refluxing conditions for 4 h,
followed by the subsequent reduction using NaBH4 [12]. Acidificat-
ion of the resulting solution by addition of HCl to pH � 5 yielded a
white solid product. The product has been characterized to be the
reduced Schiff base H3cdp�H2O by different analytical techniques,
such as elemental analysis, FTIR and NMR spectroscopy. Alkylation
O
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Scheme 1. Synthesis of the ligand H3hdpa.
of the secondary amine of one half of H3cdp with 2-iodoethanol in
a 1:1 M ratio and intramolecular cyclization between the second-
ary amine and the benzoate functionality of the other half pro-
duced the dinucleating ligand H3hdpa in good yield. The ligand
H3hdpa was fully characterized using elemental analysis, FTIR,
NMR (Figs. S1 and S2 in the SI) and mass (Fig. S3 in the SI) spectro-
scopic techniques.

The reaction of Cu(OAc)2�H2O with the ligand H3hdpa in a 1:1 M
ratio in the presence of a strong base, NaOH, at pH � 9 in methanol
afforded a green dinuclear complex, [Cu2(Hhdpa)2]�2CH3OH�6H2O
(1) (Scheme 2). However, the reaction of Zn(OAc)2�2H2O with H3-

hdpa in a 1:1 M ratio in the presence of NaOH at pH � 9 in
methanol yielded an off-white dinuclear complex, Na4[Zn2(-
hdpa)2](OAc)2 (2) (Scheme 2). Complexes 1 and 2 were fully char-
acterized using techniques such as elemental analysis, FTIR, UV–
Vis, 1H and 13C NMR spectral analyses and room temperature mag-
netic moment measurements. The room temperature magnetic
moment per Cu for complex 1 is 1.71 lB, indicating the presence
of one unpaired electron for each copper ion.

3.2. Description of the X-ray crystal structure of
[Cu2(Hhdpa)2]�2CH3OH�6H2O (1)

The single crystal X-ray structure of complex 1 contains two
half molecules in the asymmetric unit and the dinuclear complex
is formed through a twofold axis in the space group P2/c with
equivalent structures of the formula [Cu2(Hhdpa)2]�2CH3OH�6H2O.
Each independent dinuclear species then displays crystallographic
C2 symmetry with the 2-fold axis passing through the [Cu2O2] ring
of each dimer. A structural view of one of these dinuclear copper(II)
molecules is depicted in Fig. 2. The cystal structure of each dimer of
complex 1 consists of a neutral species, [Cu2(Hhdpa)2], along with
two methanol and six water molecules of crystallization. In the
neutral species [Cu2(Hhdpa)2], two equivalent copper(II) ions are
bridged by the central alkoxo oxygen atoms of the two ligands,
forming a Cu2(OR)2 central core. Both copper(II) ions adopt a
five-coordinate distorted square pyramidal geometry, each pro-
vided by the two bridging alkoxo oxygens, one terminal alcohol
oxygen, one tertiary amine nitrogen and one benzoate oxygen
atom of the ligand. The square pyramidal geometry around each
copper center is defined by the O(2), O(2⁄), O(4) and N(2) atoms
at the equatorial position and O(3) at the axial position. The devi-
ations of the four donor atoms O(2), O(2⁄), O(4) and N(2) describing
the basal plane of Cu(1) from the least-squares mean plane
through them are 0.170, 0.187, 0.138 and 0.155 Å, respectively.
The Cu(1) atom is displaced by 0.168 Å from the same plane to-
wards the axially coordinated O(3) atom. The equatorial bond
lengths around the Cu(1) atom are in the range 1.9300(13)–
2.0239(16) Å. The Cu(1)–O(3) axial bond distance is significantly
longer than the other equatorial bond distances [2.2884(14) versus
2.0239(16) Å]. The longer Cu(1)–O(3) axial bond distance is in
agreement with the reported values in the literature [23,24]. The
Cu–Cu separation in the dinuclear unit is 2.9109(5) Å, which is
consistent with values reported in the literature [25,26]. More
interestingly, the solid state X-ray crystal structure of complex 1
shows that the isoindol functionality at the half end of the ligand
hdpa3� remains uncoordinated to any of the copper(II) centers.
Two coordinated benzoate and two uncoordinated isoindol func-
tionalities are significantly tilted in the same direction from the
Cu(1)–O(2)–Cu(1⁄)–O(2⁄) plane.

3.3. DFT optimized structure of Na4[Zn2(hdpa)2](OAc)2 (2)

Since we failed in our attempts to isolate single crystals of com-
plex 2 suitable for X-ray diffraction analysis, the structure of 2 was
optimized by DFT methods. Full optimization was carried out for



N

OH
OH

O

HO

N

O

NaOH
MeOH, H2O

Cu(OAc)2. H2O

N

O

OH

N

O

N

O

HO

N

O
Cu Cu

N

O

O

N

O

N

O

O

N

O
Zn Zn

2 -

Zn(OAc)2. 2H2O NaOH
MeOH, H2O

H3hdpa

[Cu2(Hhdpa)2] [Zn2(hdpa)2]2-

O

O O

O

O

O

O

O

Scheme 2. Synthesis of complexes 1 and 2.

Fig. 2. Thermal ellipsoid (35%) drawing of the molecular structure of the complex
[Cu2(Hhdpa)2]�2CH3OH�6H2O (1) with the atom numbering scheme. Hydrogen
atoms are omitted for clarity.
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all possible isomers of the complex without any symmetry restric-
tions. The lowest energy isomer is reported here. The vibrational
frequencies were analyzed to confirm the identity of the stationary
point and it was found to be a minimum (without any negative fre-
quency). A view of the optimized structure is shown in Fig. 3. Se-
lected bond distances and bond angles are given in Table 3. The
dianionic species [Zn2(hdpa)2]2� consists of two equivalent zinc(II)
ions bridged by the central alkoxo oxygen atoms of the two li-
gands, forming a Zn2(OR)2 central core. According to the calculated
optimized structure, each zinc center is pentacoordinated with two
bridging alkoxo oxygens, one terminal alkoxo oxygen, one tertiary
amine nitrogen and one benzoate oxygen atom of the ligand. The
coordination geometry around the zinc centre is distorted trigonal
bipyramid. The trigonality factor (s) is 0.52; s = 0 for an ideal
square pyramid and s = 1 for an ideal trigonal bipyramid [27].
The trigonal bipyramidal geometry around Zn(100) is defined by
the O(75), O(79) and O(80) atoms at equatorial positions, and
O(30) and N(92) atoms at axial positions. The equatorial bond
lengths around the Zn(100) atom are in the range 1.981–2.074 Å.
The Zn(100)–O(30) and Zn(100)–N(92) axial bond distances are
2.049 and 2.378 Å, respectively. The Zn(100)–N(92) axial bond dis-
tance is significantly longer, which is in agreement with the values
reported in the literature [28]. The Zn–Zn separation in the dinu-
clear unit is 3.124 Å, which is comparable to those reported in
the literature [29]. As observed in the single crystal X-ray structure
of complex 1, the DFT optimized structure of complex 2 also exhib-
its that the isoindol functionality at the half end of the ligand
hdpa3� remains uncoordinated to any of the zinc(II) centers.



Fig. 3. DFT optimized molecular structure of the complex Na4[Zn2(hdpa)2](OAc)2

(2) with the atom numbering scheme. Hydrogen atoms are omitted for clarity.
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3.4. Description of the NMR spectra of Na4[Zn2(hdpa)2](OAc)2 (2)

A combined approach of 1H and 13C NMR spectroscopic tech-
niques also authenticated the identity of the dinuclear zinc(II)
complex 2. The 1H NMR spectrum of complex 2 shows two sharp
singlets at 2.88 and 4.59 ppm that correspond to a set of benzylic
protons and a set of ethylenic protons of the isoindol ring, respec-
tively. The spectrum also displays broad multiplets in the range
3.47–4.71 ppm, corresponding to the remaining ethylenic and pro-
pylenic protons, which suggest exchange on the NMR timescale
with the water protons in the solvent. The spectrum contains a
sharp singlet resonance peak at 1.80 ppm which can be assigned
to the methyl protons of the uncoordinated acetate group. In addi-
tion, broad multiplets are observed in the range 7.48–7.94 ppm,
indicating the presence of sixteen aromatic protons. The 13C NMR
spectrum of the complex 2 (Fig. S4 in the SI) displays a chemical
shift at 177.17 ppm that corresponds to the benzoate carbon atom.
The characteristic 13C NMR signal at 167.68 ppm also confirms the
presence of an uncoordinated acetate group in the complex. The
methylene carbon and carbonyl carbon for the isoindol functional-
Table 3
Selected bond lengths [Å] and angles [deg] in complex 2 calculated
by DFT methods.

Bond lengths (Å)

Zn(100)–O(80) 1.9805
Zn(100)–O(75) 2.0415
Zn(100)–O(30) 2.0493
Zn(100)–O(79) 2.0736
Zn(100)–N(92) 2.3782

Bond angles (�)
O(80)–Zn(100)–O(75) 108.430
O(80)–Zn(100)–O(30) 105.890
O(80)–Zn(100)–O(79) 127.187
O(80)–Zn(100)–N(92) 82.949
O(75)–Zn(100)–O(30) 106.879
O(75)–Zn(100)–O(79) 119.467
O(75)–Zn(100)–N(92) 88.029
O(30)–Zn(100)–O(79) 81.217
O(30)–Zn(100)–N(92) 158.576
O(79)–Zn(100)–N(92) 78.005
ity are observed at 51.12 and 162.40 ppm, respectively. The aro-
matic carbons appear in the range 122.71–142.25 ppm. The
carbon bearing the alkoxo oxygen appears at 68.10 ppm, whereas
for the free H3hdpa ligand it appears at 66.35 ppm.

3.5. FTIR and mass spectroscopic studies

We have examined the FTIR spectra of complexes 1 and 2 in or-
der to draw useful conclusions for the correlations between the
carboxylate stretching frequencies and their geometries [10d,30].
In the FTIR spectrum of complex 1, two strong bands at 1587
and 1382 cm�1 are due to the asymmetric and symmetric stretch-
ing vibrations of the terminal benzoate group of the ligand, respec-
tively. The difference of �205 cm�1 between the asymmetric and
symmetric stretching vibrations is attributed to terminal
monodentate binding of the benzoate group. Similarly, in the FTIR
spectrum of complex 2 (Fig. S5 in the SI), two strong bands at 1591
and 1340 cm�1 correspond to the asymmetric and symmetric
stretching vibrations of the terminal benzoate functionality of
the ligand, respectively. The difference of �251 cm�1 between
the asymmetric and symmetric stretching vibrations indicates a
terminal monodentate binding of the benzoate functionality. The
significantly high values of D (D = mas(COO�) � ms(COO�)) for the ter-
minal monodentate coordination has been observed in the litera-
ture [31,32]. Additionally, the FTIR spectrum of complex 2
displays asymmetric and symmetric carboxylate stretches at
1567 and 1399 cm�1 respectively, (D = 168 cm�1) suggesting the
presence of an ionic acetate group outside of the coordination
sphere [33]. Further, the lack of a strong band at 540 cm�1

(p(CO2)) indicates that the acetate group is not monodentate,
confirming its presence as the counter anion. The FTIR spectra of
complex 1 and 2 also exhibit a sharp band at �1656 cm�1 assign-
able to the m(C@O) vibration of the uncoordinated isoindol
functionality.

In order to further characterize the complexes, methanolic solu-
tion of 1 was positive-ion electrosprayed and methanolic solution
of 2 was negative-ion electrosprayed into a quadrupole ion-trap
mass spectrometer and subjected to collision-induced dissociation
to gain structural information. The mass spectrum of complex 1
(Fig. S6 in the SI) shows a signal at m/z = 914 that corresponds to
the {[Cu2(Hhdpa)2]+Na}+ species, confirming the dimetallic nature
of complex 1 in solution. The mass spectrum of complex 2 (Fig. S7
in the SI) yields a signal at m/z = 1014 that corresponds to the
{[Zn2(hdpa)2] (OAc)2+3H}� species, confirming the dimetallic nat-
ure of complex 2 in solution. Therefore, the mass spectral analyses
suggest that both dinuclear complexes are stable, even in solution.

3.6. Magnetic properties of [Cu2(Hhdpa)2]�2CH3OH�6H2O (1)

The magnetic properties of the dinuclear copper(II) complex 1
was studied on a powder sample by variable temperature magnetic
susceptibility measurements. The susceptibility data were col-
lected in the temperature range 2–300 K in an applied field of 1 Te-
sla and are shown as a vMT versus T plot in Fig. 4. At room
temperature, a vMT value of 0.65 cm3 K mol�1 can be observed,
which is slightly lower than the expected value of 0.75 cm3 K mol�1

for two uncoupled spins with S1 = S2 = ½. On lowering the temper-
ature to 20 K, a decrease of the vMT value can be observed, reaching
a value of 0.05 cm3 K mol�1. Further cooling leads to no significant
decrease of the vMT value. This indicates an antiferromagnetic
interaction between the two copper(II) ions. The magnetic data
can be simulated satisfactorily by applying the isotropic exchange
Hamilton operator: Ĥ = �2JŜ1Ŝ2. The best simulation is obtained
with J = �52.20 cm�1 and g1 = g2 = 2.041. A paramagnetic impurity
of 11% with S = ½ has to be included to obtain a good simulation
(blue line). In alkoxo bridged dinuclear copper(II) complexes with
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a [Cu2(l2-O)2] core, the magnetic coupling constant is influenced by
several structural parameters, such as the Cu–O–Cu bridging angle
(a), the hinge distortion of the [Cu2(l2-O)2] core (c) and the out of
plane shift of the carbon atoms of the alkoxo bridge (s) [34,35]. A
large bridging angle (a) favors strong antiferromagnetic interac-
tions, while large c and s values lead to smaller antiferromagnetic
or even ferromagnetic coupling constants. For complex 1, with a
bridging angle of 97.49�, a hinge distortion of 13.7� and an out of
plane shift of the carbon atoms by 18�, a coupling constant J of
�52.20 cm�1 can be found, which is in good agreement with the
values given in the literature [36].

3.7. Catechol oxidase activity studies and kinetics

Catechol oxidase (CO), also known as o-diphenol oxidase, is a
less well known member of the type-3 copper proteins [6b]. The
official nomenclature is 1,2-benzenediol:oxygen oxidoreductase,
indicating that dioxygen is the second substrate. CO catalyzes
exclusively the oxidation of catechols (i.e., o-diphenols) to the
corresponding o-quinones. The catalytic oxidation reaction of cat-
echol, in particular, 3,5-di-tert-butylcatechol (3,5-DTBC), has been
widely studied as a model reaction for catecholase activity. The
substrate, 3,5-DTBC, with bulky substituents on the ring, has a
low quinone-catechol reduction potential. This makes it easily
oxidized to the corresponding o-quinone, 3,5-DTBQ, which is
highly stable and exhibits a maximum absorption at 400 nm
(e = 1900 M�1 cm�1) in methanol.

Prior to the detailed kinetic investigations, we examined the
catecholase activity of complexes 1 and 2, which showed catalytic
oxidation activity towards the substrate 3,5-di-tert-butylcatechol.
For this purpose 0.5 � 10�4 M solutions (in methanol) of these
complexes were treated with a 0.5 � 10�2 M solution (�100
equiv.) of 3,5-DTBC at room temperature under aerobic conditions.
The course of the reaction was followed by the UV–vis spectro-
scopic technique. After addition of the substrate (3,5-DTBC) to
solutions of catalysts 1 and 2, a gradual increase in the band that
corresponds to 3,5-di-tert-butyl-1,2-benzoquinone (3,5-DTBQ)
was observed at 400 nm, as displayed in the UV–Vis spectra (Figs. 5
and 6).

The kinetics of the oxidation of 3,5-DTBC were determined from
the initial rate method by monitoring the increase of the quinone
band at 400 nm as a function of time. The concentration of the sub-
strate 3,5-DTBC was always kept at least 10 times larger than that
of the catalysts to maintain the pseudo-first-order reaction condi-
tions. The rate constant for a particular complex-substrate product
was evaluated from the log[Aa/(Aa � At)] versus time plot (Fig. 7).
The solutions of complexes 1 and 2 were treated with different
concentrations of 3,5-DTBC under aerobic conditions to determine
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the dependence of the rates on the substrate concentration and
various kinetic parameters. At low concentrations of substrate, a
first-order dependence on the substrate concentration was ob-
served, but at higher concentrations, saturation kinetics were ob-
served for both complexes. Applying the Michaelis–Menten
approach of enzymatic kinetics we have been able to get the
Lineweaver–Burk (double reciprocal) plot using the equation 1/
V = (KM/Vmax) (1/[S]) + 1/Vmax as well as the values of the various
kinetic parameters, Vmax, KM and Kcat, which are reported in Table 4.
The observed rate versus substrate concentration plot and the
Lineweaver–Burk plot for complexes 1 and 2 are shown in Figs. 8
and 9. The turnover rates (Kcat) for complexes 1 and 2 are 17.05
and 9.13 h�1, respectively, which are comparable to some reported
model complexes [37–42] but are considerably lower than those
reported by others [7a,c,43–46], and much lower than that of the
native enzyme catechol oxidase isolated from sweet potatoes (Ipo-
moea batatas) (Kcat = 8.25 � 106 h�1) [47].

Control experiments have also been performed under similar
experimental conditions to examine the catecholase activity of
copper(II) acetate, copper(II) chloride, zinc(II) acetate and zinc(II)
chloride. The representative UV–Vis spectra for copper(II) acetate
and zinc(II) acetate, showing the changes upon addition of 100-fold
3,5-DTBC in methanol observed after each 5 min interval, are given
in Figs. S8 and S9 (Supporting information). The spectra clearly
show that the catalytic oxidation activity of copper(II) acetate
and copper(II) chloride is significantly lower than that of dinuclear
copper(II) complex 1, which is further supported by their extre-
mely low turnover rates (Kcat for copper(II) acetate = 6.59 h�1 and
Kcat for copper(II) chloride = 4.34 h�1). Similarly, from the UV–Vis
spectra, it is clear that the catalytic oxidation activity of zinc(II)
acetate and zinc(II) chloride is negligible compared to that of the
dinuclear zinc(II) complex 2, which is further supported by their
insignificant turnover rates (Kcat for zinc(II) acetate = 3.19 h�1 and
Kcat for zinc(II) chloride = 0.09 h�1). These results indicate that for
the effective catalytic oxidation of 3,5-di-tert-butylcatechol (3,5-
DTBC) to 3,5-di-tert-butyl-1,2-benzoquinone (3,5-DTBQ) under
aerobic conditions the activation of the metal centers by coordina-
tion of a suitable ligand is essential.

Zubieta et. al. reported that for maximum catecholase activity
the optimum M–M separation is in the range 2.9–3.2 Å, owing to
the requirement for a steric match between the substrate and com-
plex [48]. Although, the M–M separation in our present complexes
is in the range of 2.9–3.1 Å, their low catalytic activity may be
attributed to the fact that the two coordinated benzoate and two
uncoordinated isoindol functionalities are significantly tilted in
the same direction, making steric constraints during the interac-
tion of 3,5-DTBC with the metal centers. We have also performed
kinetic experiments by varying the catalyst concentrations and
found a first-order rate dependence on the catalyst concentrations
(Fig. S10 in the SI) [49].

We have compared the catecholase activity of complexes 1 and
2 by rationalizing the data obtained from the Lineweaver–Burk
plot and found that the catalytic activity of complex 1 is higher
than that of complex 2. The different catalytic activities of com-
plexes 1 and 2 are most likely due to two reasons. Firstly, there
are different metal ions present in the respective complexes. Sec-
ondly, there are the differences in the coordination geometry
around the metal centers in complexes 1 and 2. The square pyrami-
dal geometry around each copper(II) center in complex 1 more
Table 4
Kinetic parameters for complexes 1 and 2.

Complex Vmax (M min�1) Km (M) Kcat (h�1)

1 1.421 � 10�5 5.039 � 10�3 17.05
2 7.61 � 10�6 1.78 � 10�2 9.13
possibly facilitates the formation of complex-catecholate interme-
diates during the interaction with 3,5-DTBC compared to that in
case of the trigonal bipyramidal geometry around each zinc(II) cen-
ter in complex 2.

3.8. DFT calculations

We have carried out DFT calculations to understand the binding
process of 3,5-DTBC with complexes 1 and 2 during the catalytic
oxidation reactions. The calculations have been performed on the
neutral species [Cu2(Hhdpa)2] (1) and the dianionic species [Zn2(-
hdpa)2]2� (2) and on the corresponding one-electron reduced ana-
logues 1- and 2- at the UB3LYP and B3LYP levels respectively, using
the Gaussian 03 software package. The structures of 1 and 2 proved
to be the triplet ground state (S = 1) and the closed-shell singlet
state (S = 0), respectively, with optimized structural parameters
fully consistent with the crystallographic data. The one-electron-
reduced species 1� and 2� display a doublet (S = 1/2) ground state.
The calculated condensed Fukui function values fk

+ at the metal
centers of complexes 1 and 2 are given in Table 5. In complex 1,
the Fukui function values of the two copper centers are very close
in magnitude and thereby it is presumed that 3,5-DTBC may bind
with both the two copper centers with equal probability. Similarly,
according to the values given in Table 5, it can be anticipated that



Table 5
Fukui functions of complexes 1 and 2.

1 2

Atom Cu Cu Zn Zn

fk
+ 0.0357 0.0353 0.0186 0.0173
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3,5-DTBC binds to two zinc centers with more or less equal prob-
ability because the Fukui function values fk

+ of the two zinc centers
are fairly close in magnitude. Again, the Fukui function values fk

+ of
the two zinc centers in complex 2 are significantly lower than
those of the two copper centers in complex 1, indicating the bind-
ing of 3,5-DTBC with complex 2 is weaker than that with complex
1. This is also supported by the calculated turnover rates (Kcat) for
complexes 1 and 2, the values of which are 17.05 and 9.13 h�1,
respectively. Therefore, the DFT calculation results strongly sug-
gest that during the catalytic oxidation reaction of 3,5-DTBC, its
binding with the dinuclear complexes 1 and 2 occurs more possi-
bly through the involvement of the two metal centers.
4. Conclusions

We have described the synthesis and characterization of a new
dinuclear copper(II) complex (1) and a new dinuclear zinc(II) com-
plex (2) of an isoindol functionality based dinucleating ligand. The
X-ray structural and spectroscopic investigations confirmed the
dimetallic nature of complexes 1 and 2, both in the solid state as
well as in solution. Complex 1 shows an antiferromagnetic interac-
tion (J = �52.20 cm�1) between the two copper centers, identified
from variable temperature (2–300 K) magnetic susceptibility mea-
surements. The complexes maintain a metal–metal separation fall-
ing in the range 2.9–3.1 Å which shows optimum cooperativity
between the two metal centers for mimicking the structural and
functional models to the active site of catechol oxidase. In a simu-
lated metal–metal distance and NO5 coordination environment,
both the complexes show catecholase-like activity. Density Func-
tional Theory (DFT) calculations strongly suggest that during the
catalytic oxidation reaction of 3,5-DTBC, the binding of the sub-
strate with the dinuclear metal complexes 1 and 2 occurs more
possibly through the involvement of two metal centers. The pres-
ent investigations will positively provide valuable insights into
the biologically relevant coordination chemistry of copper and
zinc.
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