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on promoted by bridging phenoxo
moieties in a bis(m-phenoxo)-bridged dicopper(II)
complex†

Debojyoti Mukherjee,a Probal Nag,b Albert A. Shteinman,c

Sivaranjana Reddy Vennapusa, b Ujjwal Mandal*a and Mainak Mitra *d

A dinuclear copper(II) complex [Cu2(papy)2(CH3OH)2] has been synthesized by reaction of one equiv. of

Cu(OAc)2$2H2O with one equiv. of the tetradentate tripodal ligand H2papy [N-(2-hydroxybenzyl)-N-(2-

picolyl)glycine] and has been characterized by various spectroscopic techniques and its solid state

structure has been confirmed by X-ray crystal structure analysis. The single-crystal structure of the

complex reveals that the two copper centers are hexa-coordinated and bridged by two O-atoms of the

phenoxo moieties. The variable temperature magnetic susceptibility measurement of the complex

reveals weak ferromagnetic interactions among the Cu(II) ions with a J value of 1.1 cm�1. The

catecholase activity of the complex has been investigated spectrophotometrically using 3,5-di-tert-butyl

catechol as a model substrate in methanol solvent under aerobic conditions. The Michaelis–Menten

kinetic treatment has been applied using different excess substrate concentrations. The parameters

obtained from the catecholase activity by the complex are KM 2.97 � 10�4 M, Vmax 2 � 10�4 M s�1, and

kcat 7.2 � 103 h�1. A reaction mechanism has been proposed based on experimental findings and

theoretical calculations. The catechol substrate binds to dicopper(II) centers and subsequently two

electrons are transferred to the metal centers from the substrate. The bridging phenoxo moieties

participate as a Brønsted base by accepting protons from catechol during the catalytic cycle and thereby

facilitating the catechol oxidation process.
1 Introduction

Metalloenzymes that contain dinuclear copper centers at their
active sites are involved in diverse and biologically important
reactions such as dioxygen activation and transport, electron
transfer, the two-electron reduction of N2O, hydrolysis and
many more.1–11 Catechol oxidase is one of the well-known
representatives of type 3 copper enzymes responsible for cata-
lyzing the oxidation of a wide range of ortho-diphenols to ortho-
quinones.12–16 The active site of this enzyme contains a dicopper
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core and in the reduced state the Cu(I) ions is coordinated to
three N-atoms of the histidine residues while in the oxidized
state a hydroxo group is bridged between the two Cu(II) ions
leading to penta-coordination environment around each metal
ion.13–16 Synthetically prepared dinuclear copper(II) complexes
that can mimic the structural or/and the functional aspect of
catechol oxidase are well reported in literature.17–37 In most
cases 3,5-di-tert-butyl catechol is used as a model substrate for
catechol activity owing to its low reduction potential and the
presence of bulky tert-butyl groups prevents further side reac-
tion such as ring opening.38–40 From the structural–functional
correlation it has been found that the catecholase activity
exhibited by model dicopper complexes is dependent on several
parameters including metal–metal distance, electronic and
steric properties of coordinated ligands and the nature of
bridging ligands. Bridging ligands (exogenous/endogenous)
such as hydroxide,17,23 alkoxide,41 phenoxide,22,37 imidazo-
late,42,43 pyrazolate,44,45 and carboxylate19,25 accelerate the cat-
echolase activity because they can be displaced readily by the
incoming catechol substrate and can also facilitate the depro-
tonation of catechol substrate by abstracting protons. In this
context studies of ligand systems containing phenoxyl donor
group(s) is of great interest as phenoxyl group has dramatic
inuence on the catecholase reactivity.30,37 Vittal and co-workers
RSC Adv., 2021, 11, 22951–22959 | 22951

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra02787e&domain=pdf&date_stamp=2021-06-29
http://orcid.org/0000-0002-8252-9586
http://orcid.org/0000-0002-0468-1988
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra02787e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011037


Scheme 1 (Left) Biomimetic oxidation of 3,5-DTBC by dicopper(II) complex; (Right) H2papy ligand.
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have reported several bis(m-phenoxo)-bridged dicopper(II)
complexes with reduced Schiff base ligands from N-(2-
hydroxybenzyl)-amino acids in which the Cu ions were penta-
coordinated and they exhibited diverse catecholase reactivity
(kcat in the range 133–4612 h�1) that was dependent on the
length of the methylene side-arm of the reduced Schiff base
ligands.37,46–50 We have previously worked with non-innocent
ligand systems and have observed that reducible moieties
(azo) present in such systems can facilitate to attain rare low-
valent metal oxidation state51 and promote ortho-alkylation
reactions.52 Therefore, we envision that bridging phenoxyl
moieties, being oxidizable in nature, may have positive inu-
ence on the catechol oxidation and needs to be addressed. For
this purpose, we have employed the tripodal tetradentate ligand
H2papy [N-(2-hydroxybenzyl)-N-(2-picolyl)glycine]53 (cf. Scheme
1) having a phenoxyl donor moiety. Herein we report the
synthesis and detailed structural characterizations of a bis(m-
phenoxo)-bridged dicopper(II) complex, its magnetic properties
and catechol oxidation kinetics and elucidate the catechol
oxidation mechanism by means of a combined experimental
and theoretical approaches.
2 Results and discussion
2.1 Synthesis and characterization of metal complex

The tetradentate ligand H2papy was prepared following the
literature procedure.53 Reaction of one equivalent of the ligand
with one equivalent of Cu(OAc)2$2H2O in CH3OH under stirring
at room temperature resulted formation of a green compound
(cf. Scheme 2). The compound was isolated and characterized as
a dinuclear Cu(II) complex, [Cu2(papy)2(CH3OH)2] (1) by various
spectroscopic techniques.
Scheme 2 The synthesis of dicopper(II) complex, 1.

22952 | RSC Adv., 2021, 11, 22951–22959
The ESI-MS of complex 1 showed prominent mass peaks at
m/z 667.0657, 689.0203 and 707.0227 corresponding to the
molecular formation of [Cu2(papy)2 + H]+, [Cu2(papy)2 + Na]+

and [Cu2(papy)2(H2O) + Na]+ respectively (cf. Fig. S1, ESI†). The
FTIR spectrum of the complex (cf. Fig. S2, ESI†) showed a broad
band around 3417 cm�1 that can be assigned to O–H stretches
of methanol and residual water. A couple of prominent bands in
the range 1652–1280 cm�1 may be assigned to C]O, C]N,
C]C and C–O/phenolate stretching modes. The notable feature
is the shi of stretching modes of carboxylate group from free
ligand to the dicopper(II) complex. For the free ligand, H2papy,
the antisymmetric stretching frequency appears at 1634 cm�1

and the symmetric one at 1386 cm�1.54 In the complex, 1, the
antisymmetric stretching frequency is shied to 1645 cm�1 and
the symmetric stretching frequency shied to 1382 cm�1. The
separation between these two stretches (D) is 263 cm�1. This sepa-
ration (Dn) is oen employed to infer the type of carboxylate coor-
dination with themetal-center.55 A value ofDn > 200 is considered to
be an indication ofmonodentate coordination to ametal, whileDn <
200 indicates bridging or chelating coordination modes. The Dn

value of 263 cm�1 in complex 1 is in agreement with monodentate
coordination of the ligand carboxylatemoiety to a Cu(II) ion. TheUV/
vis spectrum of 1 showed broad peaks at lmax values of 667 and
402 nm (cf. Fig. S3, ESI†). The lower energy band corresponds to the
d–d transition in a d9-ion (Cu2+) in octahedral environment, while
the band at higher energy region is due to the ligand-to-metal charge
transfer (LMCT).
2.2 Crystal and molecular structure of complex 1

Single crystals of complex 1 were grown by slow evaporation of
methanol solution containing pure complex. X-ray studies
reveals that complex 1 crystallizes in the triclinic space group
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 An ORTEP representation of the molecular structure of
complex 1 with atom numbering scheme. Thermal ellipsoids are
drawn at the 30% probability level. Hydrogen atoms are omitted for
clarity.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 5
:5

9:
12

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
P�1. A view of 1 is represented in Fig. 1 and selected bond lengths
and angles are listed in Table 1. Complex 1 has a centrosym-
metric structure with a binuclear Cu2(m-O)2 symmetrical rect-
angular core. The asymmetric unit of 1 contains one-half of the
dinuclear complex molecule in general positions. An inversion
symmetry operation generates the full molecule, giving a coor-
dination compound of formula [Cu2(papy)2(CH3OH)2]. Each
Cu(II) ion resides in a distorted octahedral environment being
coordinated to pyridine N-atom, amine N-atom, carboxylate O-
atom and two bridging O-atoms of phenoxyl groups while the
sixth coordination site is occupied by a solvent molecule
Table 1 Selected bond lengths [�A] and angles [�] for 1a

Cu(1)–O(3) 1.9307(11)
Cu(1)–O(1) 1.9600(11)
Cu(1)–N(1) 1.9970(13)
Cu(1)–N(2) 2.0335(13)
Cu(1)–O(3)#1 2.3542(11)
Cu(1)–O(3)–Cu(1)#1 96.46(4)
O(3)–Cu(1)–O(1) 99.82(5)
O(3)–Cu(1)–N(1) 94.05(5)
O(1)–Cu(1)–N(1) 163.38(5)
O(3)–Cu(1)–N(2) 175.00(5)
O(1)–Cu(1)–N(2) 83.43(5)
N(1)–Cu(1)–N(2) 83.38(5)
O(3)–Cu(1)–O(3)#1 83.54(4)
O(1)–Cu(1)–O(3)#1 98.52(4)
N(1)–Cu(1)–O(3)#1 92.06(5)
N(2)–Cu(1)–O(3)#1 92.24(4)

a Symmetry transformations used to generate equivalent atoms: #1�x +
1, �y + 1, �z.

© 2021 The Author(s). Published by the Royal Society of Chemistry
(methanol). The two bridged phenyl rings are out of the Cu2(m-
O)2 rectangular plane (out-of-plane shi (s) of the phenyl group
is 42.17�) and are trans to each other. The Cu–Ophenolate

distances are 1.9307(11) and 2.3542(11)�A, the Cu–Ophenolate–Cu
and Ophenolate–Cu–Ophenolate angles are 96.46(4) and 83.54(4)�

respectively. The Cu/Cu separation in 1 is 3.208�A and falls in
the ranges as observed for similar complexes having bis(m-
phenoxo)-bridged Cu2(m-O)2 core.46–51,56,57 It is to be mentioned
that one of the prerequisite conditions for a dicopper(II)
complex to function as a catecholase enzyme model is that the
Cu/Cu distance should fall in the range of 2.9–3.2 �A.58
2.3 Magnetism and magnetostructural correlation

The variable-temperature magnetic susceptibility measurement
study for polycrystalline sample of complex 1 was carried out in
the temperature range 2–295 K. The plot of cMT versus T for the
phenoxo-bridged binuclear Cu(II) complex is shown in Fig. 2.
The value of 0.93 cm3 K mol�1 of cMT at 295 K is in agreement
with two S ¼ 1

2 spin and a g parameter deviating from 2.00 as
usually found for Cu(II) ions (vide infra). The cMT remained
unchanged down to 35 K and below this temperature, it sharply
increased to 0.107 cm3 K mol�1 for 2 K indicating the occur-
rence of ferromagnetic interactions between the two Cu(II)
centers. The experimental data have been analyzed using the
equation for dinuclear Cu(II) complexes with the corresponding
Hamiltonian in the form H ¼ �JS1S2 (ref. 59) (the exchange
coupling parameter J is negative for antiferromagnetic interac-
tions and positive for ferromagnetic interactions) and tted
with Bleaney–Bowers equation.60 The best t parameters ob-
tained for 1 are g ¼ 2.165 and J ¼ +1.1 cm�1 (TIP (xed) ¼ 1.7 �
10�4 cm3 mol�1) conrming the existence of a very weak
ferromagnetic interactions between the Cu(II) ions.

It is well-reviewed in literature that bis(m-phenoxo)-bridged
dinuclear copper(II) complexes show magnetic properties
strongly dependent on several structural factors.61 For example,
the Cu–O–Cu bridging angle, the out-of-plane shi of the
phenyl rings, the Cu–O bond length, the planarity of the Cu2O2

core, and the conformation and rotation of the phenyl groups
can inuence the magnetic properties of this type of complexes.
Fig. 2 Experimental (black dots) and simulated (red line) cMT versus T
curve for complex 1.

RSC Adv., 2021, 11, 22951–22959 | 22953
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In complex 1, the Cu–O–Cu bridging angle is relatively large
(96.46(4)�); however it falls into the class of limited bis(m-
phenoxo)-bridged dicopper(II) complexes exhibiting ferromag-
netic interactions.56,62 To rationalize the magnetic behaviour of
1 other structural parameters have to be considered. The
comparatively large average Cu–Ophenolate bond lengths (2.2849
�A) in conjunction with large out-of-plane shi (s ¼ 42.17�) and
the anti conformation of the phenyl rings in 1 may be respon-
sible for the observed weak ferromagnetic coupling. It is to be
mentioned that this behaviour is similar to that reported by
Ruiz et al. for bis(m-hydroxo)-bridged dicopper(II) complexes63,64

where a large out-of-plane displacement of R (R ¼ H, phenyl)
favours ferromagnetic interactions.
2.4 Electrochemistry

The electrochemical behavior of 1 has been investigated using
Pt working electrode and Ag/AgCl reference electrode in meth-
anol solvent at a scan rate of 100 mV s�1. The cyclic voltam-
mogram of 1 showed two irreversible reductive responses at Epc
values of �0.41 and �0.74 V vs. Ag/AgCl, respectively and two
irreversible oxidative responses at Epa values of 0.32 and 0.73 V
vs. Ag/AgCl, respectively (cf. Fig. S4, ESI†). The reductive
responses are tentatively assigned to CuIICuII / CuIICuI and
CuIICuI / CuICuI redox processes. Negative reduction poten-
tials have been observed for dicopper(II) complexes containing
m-OH, m-alkoxo and/or m-phenoxo bridges and O-donor ligands
leading to accumulation of electron density on the metal
centers.22,65,66 The peak separation for cathodic responses [i.e.
DEpc¼ Epc1� Epc2] is 0.33 V and lies in the range as observed for
dicopper(II) complexes with endogenous bis-phenoxo bridges
exhibiting electrochemical reduction responses via two one
electron transfer steps with a separation of ca. 0.35–0.80 V.34,67
2.5 Catecholase activity study

3,5-Di-tert-butyl catechol (3,5-DTBC) is widely used as a model
substrate for catecholase activity experiment due to its low
Fig. 3 The time-dependent UV/vis spectra of the formation of 3,5-
DTBQ after addition of 100 equivalents of 3,5-DTBC to a methanolic
solution of complex 1 at 25 �C; arrowmark indicates the increase in the
characteristic absorbance band (from light gray to dark grey) of 3,5-
DTBQ at 400 nm.

22954 | RSC Adv., 2021, 11, 22951–22959
redox potential. The catalytic oxidation of 3,5-DTBC into 3,5-di-
tert-butyl quinone (3,5-DTBQ) by complex 1 was followed spec-
trophotometrically by monitoring the increase in the absorp-
tion band at 400 nm characteristic to the formation of product,
3,5-DTBQ. For this purpose, 1 � 10�4 M of complex solution
was treated with 100 equivalents of 3,5-DTBC (1 � 10�2 M) in
methanol solvent at 25 �C under aerobic condition. The oxida-
tion was monitored for about 2 h during which a new absorp-
tion band at 400 nm corresponding to the formation of 3,5-
DTBQ was observed (cf. Fig. 3).

In order to nd out the reaction rate between the complex
and 3,5-DTBC, a time dependent kinetic experiment was per-
formed using initial rate method. For this purpose, a series of
methanolic solution of 3,5-DTBC of varying concentrations [0.1
� 10�2 M to 5 � 10�2 M] were prepared keeping the concen-
tration of complex constant at 1� 10�4 M. The rate dependence
on substrate concentration showed typical hyperbolic curvature
(cf. Fig. 4) and the results were analyzed using the Michaelis–
Menten equation of enzyme kinetics. Lineweaver–Burk plot
(double reciprocal plot) produced reasonable straight-line
tting (R2 value of around 98%) (cf. Fig. 4, inset) and the
Michaelis binding constant (KM), the maximum velocity (Vmax)
and the turnover number (kcat) were calculated using the
equation: 1/V ¼ (KM/Vmax) � 1/[S] + 1/Vmax.

The kinetic parameters obtained for 1 were compared to
those of some previously reported mono- and bis(m-phenoxo)-
bridged dicopper(II) complexes and listed in Table 2. It is
evident that complex 1 exhibited superior catecholase activity
over related dicopper(II) complexes46–50 of reduced Schiff base
ligands derived from N-(2-hydroxybenzyl)-amino acids (cf. Table
2, entry 1–8). This might be attributed to the structural change
in the coordination environment of 1 where each Cu(II) ion is
hexacoordinated (against the pentacoordination environment
around Cu(II) ion in the latter complexes) and the additional
coordination provided by pyridyl group (having s-donor and p-
acceptor properties) has positive inuence on the reactivity.
Comparing with the reactivities of mono(m-phenoxo)-bridged
dinuclear copper(II) complexes26,27,30 (cf. Table 2, entry 9–14), it
is to be noted that in complex 1, double bridging phenoxyl
Fig. 4 Rate vs. substrate concentration plot for complex 1. (Inset) The
Lineweaver–Burk plot.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Kinetic parameters of bis(m-phenoxo)-bridged dicoppelr(II) complexesa

Entry Complex Vmax (in M s�1) KM (in M) kcat (in h�1)

1 [Cu2(papy)2(CH3OH)2] (1) 2.0 � 10�4 2.97 � 10�4 7200
2 [Cu2(Sab4)2(H2O)2]$0.5H2O

b 1.93 � 10�4 8.7 � 10�3 3800
3 [Cu2(Sbal)2(H2O)2]

b 6.5 � 10�6 10.4 � 10�3 1287
4 [Cu2(Sae)2]$2H2O

b 1.63 � 10�4 4.3 � 10�3 4612
5 [Cu2(Sam)2(H2O)2]$H2O

b 0.41 � 10�4 5.4 � 10�3 1140
6 [Cu2(MeSch12)2(H2O)2]

c 1.05 � 10�4 4.3 � 10�3 3120
7 [Cu2(MeSch11)2(H2O)2]

c 0.36 � 10�4 14.6 � 10�3 1080
8 [Cu2(MeScp11)2(H2O)2]

c 0.34 � 10�4 15.4 � 10�3 1003
9 [Cu2(DEMP)2(ClO4)2]

d 2.6 � 10�6 3.3 � 10�3 93.6
10 [Cu2(DEMP)2(OH)](ClO4)

d 3.89 � 10�6 4.6 � 10�3 233.4
11 [Cu2(H2L2

2) (OH) (H2O)-(NO3)](NO3)3$2H2O
e 9.0 � 10�4 2.3 � 10�3 32 400

12 [Cu2(L2
3) (OH) (H2O)2](NO3)2

e 4.0 � 10�4 7.6 � 10�3 14 400
13 [Cu2(L2

1) (N3)3]
e 8.0 � 10�4 7.0 � 10�4 28 800

14 [Cu2(L1-O) (m-OH)][ClO4]2
f 0.76 � 10�4 11.17 � 10�3 5470

a H2Sab4 ¼ N-(2-hydroxybenzyl)-4-aminobutyric acid; H2Sbal ¼ N-(2-hydroxybenzyl)-b-alanine; H2 Sae ¼ N-(2-hydroxybenzyl)-aminoethanesulfonic
acid; H2Sam ¼ N-(2-hydroxybenzyl)-aminomethanesulfonic acid; H2MeSch12 ¼ 2-[(2-hydroxy-5-methylbenzyl)amino]cyclohexane-1-carboxylic acid;
H2MeSch11¼ 1-[(2-hydroxy-5-methylbenzyl)amino]cyclohexane-1-carboxylic acid; H2MeScp11¼ 1-[(2-hydroxy-5-methylbenzyl)amino]cyclopentane-
1-carboxylic acid; HDEMP ¼ 2-[[2-(diethylamino)ethylamino]methyl]phenol; L22 ¼ 2,6-bis(((E)-2-(piperazin-1-yl)ethylimino)methyl)-4-
methylphenol; L23 ¼ 2,6-bis(((E)-2-(pyrrolidin-1-yl)ethylimino)methyl)-4-methylphenol; L21 ¼ 2,6-bis((E)-2-(3-morpholinopropylimino)methyl)-4-
methylphenol; L1-OH ¼ 2,6-[N-methyl-N-(2-pyridylethyl)aminomethyl]phenol. b Ref. 50. c Ref. 47. d Ref. 26. e Ref. 27. f Ref. 30.

Scheme 3 The proposed mechanism of catechol oxidation by [Cu2(papy)2(CH3OH)2] (1).

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 22951–22959 | 22955
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Table 3 Crystal data and structure refinement for 1

Empirical formula C32H36Cu2N4O8

Formula weight 731.73
Temperature 123(2) K
Wavelength 0.71073 �A
Crystal system Triclinic
Space group P�1
Unit cell dimensions a ¼ 8.5547(3) �A a ¼ 113.7330(10)�

b ¼ 9.8407(4) �A b ¼ 99.453(2)�
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groups may inuence the catecholase reactivity in two different
ways: (I) they can sterically interact with the incoming catechol
substrate leading to decrease in reactivity; (II) they can facilitate
the reactivity by participating in the proton-transfer process and
stabilizing the CuIICuII 4 CuICuI catalytic cycle. In order to
unravel the role of bridging phenoxyl groups of complex 1 in
catechol oxidation, theoretical calculations have been per-
formed and discussed in the following section.
c ¼ 10.2731(4)�A g ¼ 92.307(2)�

Volume 775.51(5) �A3

Z 1
Density (calculated) 1.567 mg m�3

Absorption coefficient 1.430 mm�1

F(000) 378
Crystal size 0.537 � 0.339 � 0.335 mm3

Theta range for data collection 2.945 to 26.999�.
Index ranges �10# h# 10,�12# k# 12,�12# l

# 13
Reections collected 10 178
Independent reections 3323 [R(int) ¼ 0.0241]
Completeness to theta ¼ 25.242� 98.1%
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7458 and 0.6281
Renement method Full-matrix least-squares on F2

Data/restraints/parameters 3323/0/210
Goodness-of-t on F2 1.045
Final R indices [I > 2sigma(I)] R1 ¼ 0.0251, wR2 ¼ 0.0655
R indices (all data) R1 ¼ 0.0259, wR2 ¼ 0.0661
Extinction coefficient n/a
Largest diff. peak and hole 0.695 and �0.418 e.�A�3
2.6 DFT study and mechanism of catechol oxidation

The ESI-MS analysis of 1 in CH3CN has shown that the complex
retained its dinuclear entity in the solution. Therefore, based on
the experimental results we have proposed a catalytic cycle
(shown in Scheme 3) involving dicopper(II) centers. The catalytic
cycle consists of three main steps: (I) the catechol substrate
displaces the solvent molecules (CH3OH) and binds to Cu(II)
centers in a bridging mode to yield [Cu2(papy)2(catecholate)]
complex. This is followed by (II) intramolecular electron trans-
fer to two Cu(II) ions leading to two-electron oxidation of cate-
chol to form ortho-quinone coordinated to the two Cu(I) ions.
Finally, (III) ortho-quinone is released and dicopper(I) species is
oxidized by atmospheric oxygen to regenerate dicopper(II)
species and the catalytic cycle continues. Formation of H2O2 has
been detected by means of the molybdate-accelerated I3

� assay
(cf. Fig. S5, ESI†).

The computed energetic prole consisting of free energies
for product formation through the substrate binding and
conversion to quinone-like product is shown in Fig. 5. From the
free energy prole, we observe that substrate binding to the
Cu(II)–Cu(II) catalyst raises the energy by �2 kcal mol�1 (energy
barrier for the product formation). The oxidation of catechol
substrate to quinone lowers the energy by �17 kcal mol�1 from
the reference point (Cu dimer energy set at 0 kcal mol�1).
During this conversion, we observe that the oxidation state
change of copper from Cu(II) to Cu(I) is mediated by abstraction
of protons from catechol by the bridging phenoxide groups.
Following this, the elimination of the product takes place with
an energy lowering by �7 kcal mol�1 (i.e., lowering by
�24 kcal mol�1 from the reference point), leading to the
Fig. 5 Gibbs free energy profile showing minimum energy pathway of
product formation.

22956 | RSC Adv., 2021, 11, 22951–22959
formation of a Cu(I)–Cu(I) dimer complex. These ndings indi-
cate that a minimum energy pathway for the formation of the
quinone-form of the catechol substrate would form via usage of
the Cu(II)–Cu(II) dimer catalyst. The proton abstraction by the
bridging phenolate groups is preferred over that of the solvent
(methanol) as the latter raises the energy by more than
300 kcal mol�1, whereas the former brings down the energy by
�17 kcal mol�1, leading to a subsequent stable product
formation (absolute Gibbs free energies and coordinates of the
complexes are given in ESI†).
3 Conclusion

In summary a new bis(m-phenoxo)-bridged dicopper(II) complex,
1 of the tripodal ligand, H2papy has been synthesized and
characterized. X-ray structure analysis of 1 has revealed that the
Cu/Cu separation is 3.208�A, lying in the desired range of 2.9–
3.2�A required for catechol coordination. The Cu–O–Cu bridging
angle is found to be relatively large (96.46(4)�). The large out-of-
plane shi of the phenyl rings in 1 is associated with the hex-
acoordination environment around each Cu(II) center. Magnetic
susceptibility measurement has shown that two Cu(II) centers
are weakly ferromagnetically coupled via the bis(m-phenoxo)-
bridging unit and may be correlated to the large out-of-plane
shi and the anti conformation of the phenyl rings. The cate-
chol oxidation activity is investigated using this complex and it
has been observed that the catalytic efficiency of 1 is superior
© 2021 The Author(s). Published by the Royal Society of Chemistry
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compared to the related bis(m-phenoxo)-bridged dicopper(II)
complexes. The DFT study has revealed that bridging phenoxo
groups facilitate the two-electron oxidation of catechol by
accepting protons from incoming catechol and stabilizing the
Cu(II)–Cu(II) 4 Cu(I)–Cu(I) catalytic cycle in the due course. It is
to be mentioned that the exogenous pyridyl donors may also
promote the catechol oxidation by 1 as the related bis(m-
phenoxo)-bridged dicopper(II) complexes of reduced Schiff
base ligand, N-(2-hydroxybenzyl)-amino acid (without any pyr-
idyl side arm) are found to be less efficient compared to 1.

4 Experimental sections
4.1 Materials

Cu(OAc)2$2H2O and 3,5-DTBC were purchased from Sigma
Aldrich and used as received. CH3OH was purchased from
Merck and used as received. Tetrabutylammonium percholo-
rate was obtained from Sigma Aldrich. H2papy was prepared
following a literature method.52

4.2 Physical measurements
1H NMR spectra were recorded on a Brucker Advance DPX 500
MHz spectrometer, and SiMe4 was taken as internal standard.
IR spectra were obtained using a Perkin-Elmer 783 spectro-
photometer. A Perkin-Elmer 240C elemental analyzer was used
to collect micro analytical data (C, H and N). ESI-MS spectra
were recorded on a micro mass Q-TOF mass spectrometer
(serial no – YA263). UV/vis spectroscopy and kinetic measure-
ment were performed using a Shimadzu 2450 spectrophotom-
eter. Cyclic voltammetry was carried out in a 0.1(M) Bu4NClO4

solution using a three electrode conguration (platinum
working electrode, auxillary electrode and Ag/AgCl reference
electrode and methanol as a solvent) and using CH instruments
700E model. E1/2 for the ferrocinium–ferrocene couple under
the experimental condition was 0.665 V.

4.3 Synthesis of [Cu2(papy)2(CH3OH)2] (1)

To a methanolic solution (5 mL) of H2papy (80 mg, 0.2941
mmol), a methanolic solution (15 mL) of Cu(OAc)2$2H2O
(58.82 mg, 0.2941 mmol) was added dropwise and the mixture
was stirred for about 2 h at room temperature. The resulting
deep green solution was ltered and kept for slow evaporation.
Aer few days deep green crystals of 1 were collected. Yield:
80 mg (88% per Cu-atom). ESI-MS: m/z 682.9042 [M]+. Anal.
calcd (%): C 52.52, H 4.96, N 7.66. Found (%): C 52.11, H 5.08, N
7.38. UV/vis (CH3OH) l (nm) (3 in M�1 cm�1): 402 (4850), 667
(2740).

4.4 X-ray crystallography

The crystal of 1 was immersed in cryo-oil, mounted in a Nylon
loop, and measured at a temperature of 123 K. The X-ray
diffraction data were collected on a Bruker Kappa Apex II Duo
diffractometers using graphite-monochromated Mo Ka radia-
tion (l ¼ 0.710 73 �A). The measurements were made in the q

range 2.945 to 26.999�. The Denzo Scalepack program packages
were used for cell renements and data reductions. The
© 2021 The Author(s). Published by the Royal Society of Chemistry
structure was solved by SUPERFLIP methods,68 using SHELXL -
2013 programs69 with the CrystaMaker70 graphical user inter-
face. Structural renements were carried out by full-matrix
least-square methods on F2 (Table 3).

4.5 Kinetic measurement

The increase in the concentration of 3,5-DTBQ has been
monitored at 25 �C by UV/vis spectroscopy at 400 nm in quartz
cuvettes using a Shimadzu 2450 spectrophotometer. For time
dependent kinetic experiment, 2 mL of the substrate solution of
different concentrations was placed inside a 1 cm quartz cell
and then 60 mL of 5 � 10�3 M standard solution of Cu(II)
complex inmethanol was added and the increase in absorbance
at 400 nm was continuously monitored over time at 25 �C.

4.6 Procedure for detection of H2O2 during the catalytic
cycle

To detect the liberation of hydrogen peroxide during the cata-
lytic cycle the reaction mixtures are prepared same as in kinetic
experiment. Then aer few hours of reaction equal volume of
water was added and the mixture was extracted with DCM. The
pH of aqueous layer was xed at 2 with H2SO4. Aer that 1 mL of
10% KI solution and few drops of 3% ammonium molybdate
solution were added to the aqueous layer. In presence of
hydrogen peroxide the reaction: H2O2 + 2I� + 2H+ / 2H2O + I2
occurs, and with an excess of iodide ions, the triiodide ion is
formed according to the reaction: I2(aq) + I� ¼ I3

�. With the
addition of an ammonium molybdate solution the reaction is
restored instantaneously. Then the formation of I3

� can be
monitored spectrophotometrically due to the development of
the characteristic I3

� band (lmax ¼ 353 nm).

4.7 Computational details

In this work, density functional theory (DFT) approach was used
to compute the energetics of the involved molecular species to
identify the minimum energy pathway. Becke's three parameter
hybrid functional71 in combination with the Lee–Yang–Parr
correlation function72 was utilized to nd the relevant opti-
mized ground state structures. Harmonic frequencies were ob-
tained so as to conrm the true minimum structure
(established by the absence of imaginary frequencies). Two
different basis sets were used – LANL2DZ73 basis set was used
for the transition metal (Cu) whereas 6-31G(d) basis set was
used for all the non-metal atoms (C, N, O and H). All calcula-
tions were carried out in the gas phase using Gaussian16
soware.74
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