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Lytic polysaccharide monooxygenases (LPMOs) are copper-containing monooxygenase and catalyzing
the oxidative cleavage of recalcitrant polysaccharides using dioxygen. The copper(II) complexes [Cu
(L1)(H2O)ClO4]ClO4 1, [L1 = 4-methyl-1-[(pyridin-2-yl-methyl)]-1,4-diazepane]; [Cu(L2)(H2O)ClO4]ClO4

2, [L2 = 4-methyl-1-[(2-(pyridine-2-yl)ethyl]-1,4-diazepane] and [Cu(L3)(H2O)ClO4]ClO4 3, [L3 = 1-(4-m
ethoxy-3,5-dimethyl-pyridin-2-yl)methyl)-4-methyl-1,4-diazepane] have been synthesized and charac-
terized as the novel models for LPMOs. The molecular structures exhibit distorted square pyramidal
geometry (s, 0.183–0.388) as similar to LPMOs. The CuAN (1.99–2.02 Å) bond distances of the model
complexes are almost identical to those of native LPMOs enzyme (1.9–2.2 Å). The 1, 4-diazepane back-
bone and pyridine unit of complexes provide reasonable structural resemblances to ‘histidine brace’
and histidine residues of LPMOs respectively. The spectral, redox and kinetic studies were performed
in water to mimic accurate enzymatic reaction conditions. The well-defined Cu(II)/Cu(I) reduction cou-
ples were observed around 8–112 mV versus NHE, which is lower than that of LPMOs. The electronic
spectra of the complexes showed the d-d transitions around 600–635 nm and axial EPR parameter (g||,
2.28–2.29; A||, 160–168 � 10�4 cm�1), which are almost identical to that of LPMOs. The model complexes
were catalyzed oxidative cleavage of model substrate p-nitrophenyl-b-D-glucopyranoside into p-
nitrophenol and D-allose with a maximum yield up to 78.4% and TON, 300. The kinetics of reaction mon-
itored by following the formation of an absorption band around at 400 nm corresponds to p-nitrophenol,
showed the rate of 3.19–5.26 � 10�3 s�1. The oxidative cleavage reaction may occur via CuII-OOH inter-
mediate, whose formation accompanied by an electronic spectral signature around 375 nm with the rate
of 1.61–9.06 � 10�3 s�1. The CuII-OOH intermediate was characterized by spectral methods and its geom-
etry was optimized by DFT calculations.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

The sustainable production of energy and materials from bio-
mass is of global importance and crucial to establish a sustainable
bio-based economy [1,2]. The enzymatic catalytic conversion of
inert lignocellulosic biomass into fuels was revolutionized by the
discovery of lytic polysaccharide monooxygenases (LPMOs) that
perform oxidative cleavage of recalcitrant polysaccharides such
as cellulose, chitin, etc [3–8]. The LPMOs are mononuclear
copper-containing enzymes and are isolated from cellulolytic fungi
and actinomycete bacteria [9–11]. It has an unusual surface-
exposed active site with a tightly bound Cu(II) ion that catalyzes
the regioselective hydroxylation of crystalline cellulose, leading
to glycosidic bond cleavage (Scheme 1). The active site of LPMOs
structures exhibited square pyramidal/pseudo-octahedral geome-
try constituted by three nitrogens of two histidine residues (His
86 and His 19), of which one is coordinated via N-terminal motif
and termed as the ‘histidine brace’ and two water molecules com-
plete the square pyramidal geometry [8–11]. The LPMOs catalyzes
the scission of a polysaccharide chain by activating glycosidic CAH
bond using molecular oxygen (Scheme 1). It performs oxidative
cleavage of C1 and C4 positions at reducing and oxidation ends
respectively [3–5].
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Scheme 1. Enzymatic oxidative cleavage of a polysaccharide chain by LPMOs using O2.
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Despite several elegant biochemical reports available for the
LPMOs but only two biomimetic model studies are known to date.
Castillo and co-workers reported the first structural model of cop-
per(II) complexes based on the bis(benzimidazole)amine ligand in
2014, but no reactivity was performed [12]. Recently, Simaan and
co-workers reported another bioinspired copper(II) complexes as
a functional model for LPMOs. The model oxidative cleavages reac-
tions were studied using p-nitrophenyl-b-D-glucopyranoside as
substrate and H2O2 as an oxygen source, where a maximum turn
over number (TON) of 50 was achieved [13]. In which, the reaction
postulated to proceed via reactive copper-oxygen species and
hydroxylate selectively strong CAH bond [14]. It is similar to the
report of Itoh and co-workers, where copper(II)-superoxide inter-
mediate is proposed for the aliphatic CAH activation [15].
Whereas, Tolman and co-workers have proposed more reactive
[CuOH]2+ species for activating CAH bonds of the polysaccharide
[16]. In fact, the LPMOs mechanism is not well understood until
today. Particularly, an open question remains unanswered stage:
whether the oxidative cleavage of proceeds via Cu(II)-OOH/Cu
(II)-OO� or [CuOH]2+ species. The design and synthesis of bioin-
spired models are essential for further better understanding of this
mechanism. In this article, we report synthesize and characteriza-
tion of 1, 4-diazepane based 3 N ligand systems and their copper
(II) complexes, which exhibits very close chemical and structural
arrangements to the active site geometry of LPMO enzyme. The
1, 4-diazepane backbone and pyridine units exhibit approximate
structural similarities to ‘histidine brace’ and histidine residues
of LPMOs respectively. Our model systems adopt identical square
pyramidal geometry to duly duplicate the coordination environ-
ment of LPMOs. They catalyze the oxidative cleavage of the model
substrate p-nitrophenyl-b-D-glucopyranoside in water. Interest-
ingly, spectral, redox and kinetic studies were performed in water
to mimic accurate enzymatic reaction conditions. The present of 1,
Scheme 2. Structure of copper(II) complexes
4-diazepane architecture and additional pyridine nitrogen donor
property of ligands provide important differences to other previ-
ously reported catalysts and the catalytic performances. Our design
and synthesis is a novel example of structural and functionally rel-
evant biomimetic models for LPMOs. Thus, the present copper(II)
complexes exhibit very similar chemical surroundings as in the
active site of LPMOs and mimic its function elegantly.
2. Results and discussion

The methyl-substituted cyclic 1, 4-diazepane has been used as
the starting material and its amino hydrogen was substituted by
pyridylmethyl, pyridylethyl, and 4-methoxy-3,5-dimethyl pyridyl
moieties to synthesize the ligands. The ligands L1 - L3 were synthe-
sized from the known synthetic methodology [17–22], which
involve substitution and condensation reactions. The ligand L1
and L3 have been synthesized by a simple substitution reaction
of one equivalent of 1-methyl homopiperazine with 2-
picolylchloride hydrochloride and 2-chloromethyl-4-methoxy-3,5
-dimethylpyridine hydrochloride respectively. The ligand L2 was
synthesized by condensation reaction of 2-vinylpyridine and 1-
methyl homopiperazine under acidic condition. The copper(II)
complexes [Cu(L1)(H2O)ClO4]ClO4 1, [Cu(L2)(H2O)ClO4]ClO4 2 and
[Cu(L3)(H2O)ClO4]ClO4 3 (Scheme 2) have been isolated as dark
blue colour crystalline solids by the reaction of corresponding
ligand with copper(II) perchlorate in methanol:H2O (8:2) mixture.
The formation of the complexes was confirmed by elemental anal-
ysis and ESI-MS in acetonitrile showed the predominant peaks at
m/z values of 368.18, 399.20 and 427.25 corresponding to [Cu
(L1)ClO4]+, [Cu(L2)(H2O)ClO4]+, and [Cu(L3)ClO4]+ respectively
(Figs. S1 –S3). The formation of complexes was further supported
by single crystal X-ray structures of 1 and 2.
and ligands used in the present study.
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2.1. Molecular structures of 1 and 2

The single crystal X-ray crystallographic data of the copper(II)
complexes 1 and 2 together with selected bond lengths and angles
and structure refinement parameters are summarized in Tables 1.
and S4. The molecular structures of 1 and 2 exhibit monomeric
complex unit (Fig. 1) with the distorted square pyramidal geome-
try as revealed from s value of 0.183 and 0.388 respectively [s =
(b � a)/60; b (O1-Cu1-N2) and a (N1-Cu1-N3); for perfect square
pyramidal and trigonal-bipyramidal geometries, s = 0 and 1
respectively] [23]. The geometrical distortion is slightly lower in
1 than 2, but higher than previously reported 1,4-diazepane based
CuN4 complexes (s, 0.064, 0.125) [24]. The copper(II) center is
coordinated to two tertiary amine nitrogen atoms, one pyridyl
nitrogen atom and one oxygen atom of water molecules, which
constitute the basal plane of the square pyramid. The oxygen atom
Table 1
Selected bond lengthsa [Å] and bond anglesa [�] for 1 and 2.

1 2

Cu(1)AO(1) 1.953(3) 2.035(3)
Cu(1)AN(1) 1.989(3) 1.994(3)
Cu(1)AN(2) 1.994(3) 2.019(3)
Cu(1)AN(3) 2.006(3) 2.022(3)
Cu(1)AO(2) 2.428(4) 2.377(3)

O(1)ACu(1)AN(1) 95.06(13) 92.17(12)
O(1)ACu(1)AN(2) 173.57(12) 151.38(12)
N(1)ACu(1)AN(2) 83.73(13) 96.94(13)
O(1)ACu(1)AN(3) 99.44(14) 92.37(13)
N(1)ACu(1)AN(3) 162.58(14) 174.65(13)
N(2)ACu(1)AN(3) 80.79(14) 80.33(13)
O(1)ACu(1)AO(2) 96.87(12) 93.86(12)
N(1)ACu(1)AO(2) 87.65(14) 88.25(12)
N(2)ACu(1)AO(2) 89.40(12) 113.42(13)
N(3)ACu(1)AO(2) 100.08(15) 88.63(12)

a Standard deviations in parenthesis.

Fig. 1. (a) The molecular structure of 1 (a) and 2 (b) (Pov-ray figures drawn from 50% pro
for clarity. (c) Active site structure of LPMO. (d) Overlay of the active site structure of L
of perchlorate (ClO4
�) anion occupies the apical site of the square

pyramid. The observed CuAOwater bond distance of 1 (1.953 Å) is
shorter than that of 2 (2.035 Å) and these bond distances are
shorter than CuAOperchlorate bonds (1, 2.428; 2, 2.377 Å). Further,
the equatorial CuAOwater bond distances of 1 and 2 are shorter than
that of LPMOs enzymes (CuAOwater, 2.2 Å). Also, the axial CuAO
bond distances are shorter than CuAOwater bond distance of LPMOs
enzymes (CuAOwater, 2.8 Å). The axial elongation of CuAOperchlorate

is due to the John Teller distortion and this counter ion is highly
labile, can be replaced by water molecules in solution. The CuANPy

(1.989 Å) bond distance of 1 is slightly shorter than CuANamine

(1.994, 2.006 Å) bond distances, which are slightly shorter than
those of 2 (CuANPy, 1.994 Å; CuANamine, 2.019, 2.022 Å). The Cu-
N bond distances are almost similar to the CuAN bond distances
of the native LPMOs enzyme (CuANHis-1, 1.9 Å, CuANHis-78, 2.1 Å,
and CuANH2, 2.2 Å). The bond angles of O(1)ACuAN(2) (1,
173.57�; 2, 153.38�) and N(1)-Cu(1)-N(3) (1, 162.58�; 2, 174.65�)
are lower than the normal square pyramidal geometry (180�).
The bond angles O(1)ACu(1)AN(1) (1, 95.06�; 2, 92.17�), O(1)-Cu
(1)-N(3) (1, 99.44�; 2, 92.37�) are higher than the expected value
for square pyramidal geometry (90�) and the other bond angles
N(2)ACu(1)AN(3) (1, 80.79�; 2, 80.33). The steric nature of ligands
unable to place all the nitrogen atoms and copper(II) center in the
same square plane. The structural similarity of model complex and
enzyme is visualized by the superposition of 1 on the active site
structure of LPMOs (Fig. 1). The main difference between the two
geometries is the torsion around the Cu-N axes, enforced by the
rigidity of the sterically constrained ligand structure of our model
system.

2.2. Electronic spectra

The absorption spectra of 1–3 showed two major absorption
bands in the range of 261–265 nm and 600–635 nm in water,
which are corresponding to intra-ligand p-p* and d-d transitions
respectively (Fig. 2a, Table 2) [25–27]. The energy of transitions
bability factor of thermal ellipsoids). The hydrogen atoms and ClO4
� ions are omitted

PMO from thermoascus auriantacus to 1.



Fig. 2. (a) Electronic absorption spectra of complexes 1–3 in H2O (1 � 10�3 M) at
25 �C. (b) EPR spectra for 1–3 in methanol: DMF (8:2) at 70 K.
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is not affected by ligand architecture but their intensity signifi-
cantly varied. The position of d-d transitions around 600–635 nm
supports the existence of square pyramidal geometry around cop-
per(II) coordination sphere with the dx

2
�y
2 ground state [28,29]. The
Table 2
Electronic spectral and redox data for 1–3 in water.

Complex Electronic Spectraa kmax,
nm (e, M�1 cm�1)

EPR parametersb

g|| g\ A|| A\ f
(cm)

a2 b2

1 635 (139), 261(15490),
290 (7060)

2.28 2.08 168 154 136 0.818 0.99

2 630 (199), 265 (23580),
293 (12780)

2.28 2.07 163 149 148 0.799 1.02

3 600(112), 263 (15380),
289 (6580)

2.29 2.02 160 141 143 0.780 1.08

a Concentration: 1 � 10�3 M in aqueous solution at 25 �C.
b Measured at 70 K in methanol:DMF solution (8:2); A|| and A\ in 10�4 cm�1. a2 =

(gk � 2.0023) DE (dxy � dx
2�y

2)/8k0), K\
2 = (g\ � 2.0023) DE (dxz,yz � dx

2�y
2)/2k0).

c Concentration:1 � 10�3 M in aqueous solution 25 �C (reference: Ag/Ag+; supporting
+ 0.205 V.

d in acetonitrile.
energies of the d-d transition of model complexes are very close to
the LPMOs (655 nm) [30]. However, they are slightly higher than
those of analogous CuN4 complexes of 1,4-diazepane based ligands
[24] and revealing that lower geometrical distortion [31–35].

The EPR spectra of 1–3 were found be anisotropic in methanol:
DMF (8:2) mixture at 70 K and their hyperfine features have been
resolved into parallel (g||) regions. But the perpendicular (g\)
regions were appeared as intense and unresolved signals due to
the Zeeman splitting of the ground state doublet along the z-axis
of the complexes (Fig. 2b, Table 2). The axial EPR spectra of 1–3
with g||, 2.25–2.37 > g\, 2.02–2.08 suggesting the presence of 1B2g

ground state with the unpaired electron on dx
2
�y

2 orbital [36,37].
The minor g-components appeared at 2.32 and 2.19 for 1 and
2.41, 2.21 and 2.13 for 3, are corresponding to the additional spe-
cies formed in solution. They are possibly originated from solvation
that resulted in water exchange with the anion or deprotonation
[38]. The highest-energy half-occupied d-orbital being dx

2
-y
2 and

its lobes pointing to the ligand orbitals with largest repulsive or
antibonding interaction with the ligand field [39,40]. The com-
plexes exhibit g|| > g\ with f-values of the range 135–145 cm�1

and are close to the range of the square-based geometries (105–
135 cm�1) [41]. The larger A\ values (141–153 � 10�4 cm�1) is fur-
ther supporting the existence of square pyramidal geometries for
1–3. The complex 1 shows a larger hyperfine splitting in the gz
region with A|| value of 176 � 10�4 cm�1 which is higher than that
of 2 (A||, 156 � 10�4 cm�1) and 3 (A||, 157 � 10�4 cm�1). However,
the A|| value range of 156–176 � 10�4 cm�1 suggesting the pres-
ence of D4h symmetry [42]. This hyperfine coupling A|| of the
unpaired electron to the nuclear spin of the copper(II) centre is
possibly contributed from lower Fermi contact, spin dipolar and
orbital dipolar [43]. The larger g and lower A values suggest the
existence of axial ligand coordination and more delocalization of
charge into the ligand orbitals due to the formation of square pyra-
midal structure [20]. The g values are not significantly affected by
ligand architecture but expressively higher A|| and A\ values have
been obtained for 1 than those of 2 and 3. Interestingly, the present
complexes exhibit very similar EPR parameters to the LPMOs
(g|| = 2.23 � 2.28; g\ = 2.06 � 2.09). The A|| values of 2
(156 � 10�4 cm�1) and 3 (157 � 10�4 cm�1) are almost identical
to LPMOs (147–156 � 10�4 cm�1) [3-5,30], which are lower than
that of observed for 1 (176 � 10�4 cm�1).

The EPR parameters and the energy of d-d transition were used
to estimate bonding parameters such as covalency of in-plane r-
bonds (a2), in-plane p-bonds (b2) and out-plane p-bonds (c2)
[44]. The complexes exhibited a2 (1, 0.929; 2, 0.780; 3, 0.731), b2

(1, 1.005; 2, 1.046; 3, 1.045) and c2 (1, 0.924; 2, 1.032; 3, 0.558)
Redox Datac

c2 K|| K\ Epa (V) Epc (V) DE
(mV)

E1/2 (V)
(vs. Ag/
Ag+)

E1/2 (V)
(vs. NHE)

3 0.902 0.813 0.738 �0.140
-

�0.285
�0.269d

145 �0.213 0.008

0 0.812 0.816 0.649 �0.165
-

�0.328
�0.308d

163 �0.246 0.041

9 0.783 0.850 0.544 �0.238
-

�0.396–
0.386d

158 �0.317 0.112

Ak/0.036 + (gk � 2.0023) + 3/7 (g\ � 2.0023) + 0.04. K|| = a2b2 and K\ = a2c2, Kk
2 =

electrolyte: 0.1 M NaCl; scan rate = 50 mV s�1). To convert to E1/2 versus NHE, add
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(Table 2). In general, a2 values would be close to unity for ionic
bonding and it decreases with increasing covalency [40]. The orbi-
tal reduction factors K|| = a2b2 and K\ = a2c2 were calculated and
are in the range of 0.764–0.934 and 0.408–0.859 respectively. All
the complexes exhibit K|| > K\, reveals the persistence of significant
amount of out-plane p-bonding in all complexes, whereas K|| = K\

for pure r-bonding and K|| < K\ in-plane p-bonding are reported
[44].

2.3. Redox properties

The redox properties of 1–3 have been studied by cyclic voltam-
metry (CV) using a three-electrode cell configuration in water. A
platinum sphere/glassy carbon, a platinum wire, and Ag/Ag+ were
used as working, auxiliary and reference electrodes respectively.
Sodium chloride was used as supporting electrolyte. The com-
plexes 1 – 3 exhibited Cu(II)/Cu(I) redox couples, which are highly
deviated from reversibility. The DE (145–163 mV) values corre-
spond to quasi-reversible process [44]. The aqueous solution of 1
exhibit Cu(II)/Cu(I) redox potentials at �0.213 V with cathodic
(Epc) and anodic (Epa) peaks around �0.285 and �0.140 V respec-
tively (Fig. 3, Table 2). On introducing an additional methylene
Fig. 3. Cyclic voltammograms of complexes 1 – 3 (1 � 10�3 M) in water at 25 �C.
Supporting electrolyte: 0.1 M NaCl. Working electrode: Glassy carbon, Reference
electrode: Ag/Ag+ and counter electrode: Pt wire. Scan rate: 100 mV.

Fig. 4. (a) The electronic spectral changes for the reaction of 3 (1 � 10�4 M) with the subs
at 25 �C. (b) Comparison of the spectral changes before and after the formation of p-nit
spacer connecting pyridyl arm and 1,4-diazepane backbone in 1
to obtain 2, exhibited a slightly negative shift in Cu(II)/Cu(I) redox
potential (�0.246 V). It is shifted to a more negative potential for 3
(�0.317 V) due to electron-releasing substituents at pyridyl arm. In
acetonitrile, the complexes exhibit only cathodic peaks Epc (�0.269
to �0.386 V) and their corresponding anodic peaks are ill-defined
(Fig. S4). The Cu(II)/Cu(I) redox potential values of 1–3 are higher
than those of reported analogs CuN4 complexes (E1/2, �0.349 to
�0.404 V) [24]. This illustrates that the higher Lewis acidity of pre-
sent CuN3 complexes and hence expected to show higher rates of
the oxidative cleavage reaction (cf. below). The measured redox
potentials were converted into NHE (normal hydrogen electrode)
by adding +0.205 V to compare those of LPMOs and other reported
models. The Cu(II)/Cu(I) redox potentials of 1–3 (0.008–0.112 V vs.
NHE) is slightly higher than those of previously reported model
complexes (0.005–0.05 V vs. NHE) [13]. However, these redox
potentials are lower than those of LPMO enzyme (0.15 V to
0.37 V vs NHE) [3–5,30].
2.4. Oxidative cleavage of p-nitrophenyl-b-D-glucopyranoside

The p-nitrophenyl-b-D-glucopyranoside was used as a model
substrate for studying LPMO reactivity and aqueous hydrogen per-
oxide (30%) was employed as an oxygen source in the presence of
one equivalent of Et3N. The kinetics of LPMO-like oxidative cleav-
age reaction was monitored in water by following the formation
of the absorption band at 400 nm corresponding to the p-
nitrophenol (Fig. 4). The rate constant (kobs) for p-nitrophenol for-
mation was calculated as 3.19 � 10�3 s�1 for 1, which is almost
identical to that of 2 (3.96 � 10�3 s�1). But they are lower than
the rate of formation observed for 3 (5.26 � 10�3 s�1) (Figs. 4, S6
and S7 and Table 3), which is due to the reaction rate accelerated
by more steric crowding and electron releasing groups
[17,38,45]. The electron releasing groups in pyridyl arm of 3 possi-
bly mobilize more electron density on copper center for the facile
formation of CuII-OOH intermediate as compared to 1 and 2 (cf.
below). The steric hindrance offered by 1,4-diazepane backbone
likely facilitate faster product release. The rate of oxidative cleav-
age reaction follows the order of 3 > 2 > 1 > . The formation of p-
nitrophenol was analyzed and quantified by GC/GC-MS (Figs. S8
and S9).

In separate experiments, the reaction of p-nitrophenyl-b-D-
glucopyranoside (200 mM) with aqueous hydrogen peroxide
(200 mM) in the presence of complexes (2.5 mM, 1.25 mol%) and
trate (1 � 10�4 M), H2O2 (10 equivalent) and Et3N (1 equivalent) in aqueous solution
rophenol.



Table 3
Oxidative cleavage of p-nitrophenyl-b-D-glucopyranoside by complexes 1 – 3 using H2O2 and Et3N.

Complex kobs (�10�3
S
�1)a t1/2 (s)d [H2O2] mmol Yielde (%) TON TOF (h�1)

1 3.19 ± 0.1b 217 0.1 28.4 118 59
1.61 ± 0.2c 0.5 69.4 289 144

2 3.96 ± 0.2b 175 0.1 31.6 126 63
3.32 ± 0.1c 0.5 72.4 290 145

3 5.26 ± 0.2b 132 0.1 38.3 147 73
9.06 ± 0.1c 0.5 78.4 300 150

a kobs = 1 + log(Abs) vs time.
b Formation of p-nitrophenol in H2O.
c Formation of CuII-OOH species in H2O.
d t1/2 = 0.693/kobs.
e Isolated Yields.
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triethylamine (2.5 mM) was carried out for 2 h at 60 �C. They
afforded p-nitrophenol and D-allose as products (Figs. S9 and
S10, Table 3), but we have calculated the yield of p-nitrophenol
in order to obtain a direct correlation with kinetic parameters.
The catalyst 3 showed highest yield of p-nitrophenol (64.8%;
TON, 249) than 2 (59.3%; TON, 237) and 1 (48.5%; TON, 202). The
catalytic efficiency of complexes followed the order of 3 > 2 > 1,
which is similar to the trend obtained by kinetics. The rate of the
oxidative cleavage reaction is seemingly influenced by the Cu(II)/
Cu(I) redox potentials. Indeed, the highest rate of p-nitrophenol
conversion was exhibited by 3, which has lower Cu(II)/Cu(I) redox
potential (�0.317 V vs Ag/Ag+) than 1 and 2. Additionally, the
oxidative cleavage reaction was performed at 30 �C using most
active catalyst 3 under the identical condition, which afforded
45.2% yield of p-nitrophenol with TON, 174. The highest yield of
p-nitrophenol formation is interesting, which is the best catalytic
efficiency achieved for LPMO like oxidative cleavage reactions. It
is concomitantly higher than that of previously reported model
complexes by Simaan and co-workers, where TON of 50 is reported
at longer reaction time (24 h) [13]. In the present work, increases
in the reaction time for more than 2 h showed a slight enhance-
ment in p-nitrophenol formation for all complexes (Fig. 5a and
Table S1). The reactions performed in the absence of catalyst or
H2O2 or Et3N showed only a trace amount of p-nitrophenol under
an identical condition at 60 �C. This indicates the involvement of
the oxidative cleavage reaction rather than simple hydrolysis
(Figs. S11 and S12). Further, a trace amount of p-nitrophenol was
observed while using CuSO4 as the catalyst. The catalytic reactions
were performed for various concentration of H2O2 (0.1–0.5 mmol)
(Figs. 5b and S13, Table S2). The higher yield of p-nitrophenol was
achieved only while using 0.5 mmol of H2O2 without increasing the
catalyst loading. As expected, the catalyst 3 showed the highest
yield (78.4%; TON, 300) than 1 (69.4%; TON, 289) and 2 (72.4%;
TON, 290). On the other hand, a decrease in the yield was noted
while lowering the amount of H2O2 used (0.1 mmol), which exhib-
ited, 28.4%, 31.6% and 38.3% for 1 – 3 respectively. Thus, the effi-
ciency of oxidative cleavage reactions and yield of p-nitrophenol
depends on the amount of H2O2 used. The catalytic efficiency is
also depending on the catalyst loading, use of 6.25 mol% catalyst
showed a maximum yield up to 76.8% (Fig. 5c and Table S3) but
with lower TON. In addition, the catalytic reactions were per-
formed over various temperatures (25–100 �C) under the identical
condition, showed the product yield was enhanced linearly while
increasing temperature (Fig. S14, Table S4) and maximum yield
up to 70.6% was noticed for 3 at 100 �C. Further, to verify the selec-
tivity of the oxidative cleavage reaction, the catalysis was per-
formed for primary and secondary alcohol such as benzyl alcohol
and 1-phenylethanol as substrates using most active catalyst 3
(2.5 mM) and H2O2 (200 mM) at 60 �C. It showed no oxidized prod-
ucts and only the substrates were recovered quantitatively
(Figs. S15 and S16).

The regioselective oxidative cleavage reaction is possibly oper-
ating via CuII-OOH key intermediate, which was characterized by
electronic spectral studies (Figs. 6, S17–S19) and its structure
was optimized by DFT calculations. Addition of 10 equivalents of
30% H2O2 and one equivalent Et3N to 1 – 3 exhibited O (p*r)?
Cu LMCT transition around 375 nm corresponds to CuII-OOH spe-
cies in water [46]. Thereat, base Et3N seemingly facilitates the
binding of H2O2 with copper(II) center to form CuII-OOH species.
The rate of formation was calculated by monitoring the growth
of this LMCT transition, which are calculated as 1
(1.61 � 10�3 s�1), 2 (3.32 � 10�3 s�1) and 3 (9.06 � 10�3 s�1)
(Fig. S19 and Table 3). The highest rate of formation was noticed
for 3, which is coextensive with the faster rate of formation of p-
nitrophenol and higher yield. The intermediate also exhibited d-d
transition around 635 (e, 24 M�1 cm�1), 630 (e, 27 M�1 cm�1) and
630 nm (e, 31 M�1 cm�1) for 1–3 respectively, which indicates
the persistence of the copper(II) oxidation state (Fig. S20). This is
further confirmed by electrochemical studies, where no concomi-
tant changes in the redox potential were observed for 1 in the pres-
ence of H2O2 and Et3N over 15 min at room temperature (Fig. S21).
Further, the addition of 10 equivalents of tert-butylperoxide and
Et3N (1 equivalent) to 3 showed a formation of LMCT band at
380 nm (e, 182 M�1 cm�1) corresponds to the formation of
copper-bound tert-butylperoxo species (Fig. S22) [47]. It was fur-
ther confirmed by solution FT-IR spectra (Fig. 7), where CuAO
and OAO stretching frequencies appeared at 750 and 925 cm�1

[48]. On the other hand, it was also suggested that high-valent cop-
per oxo-species or radicals derived from hydroperoxo species
could be possible intermediates for regioselective oxidative cleav-
age of polysaccharides [16]. The catalysis was performed in the
presence of radical trapping agent TEMPO (2,2,6,6-tetramethylpi
peridin-1-yl-oxyl) using the most efficient catalyst 3 under an
identical condition at 60 �C. It showed no perceptible change in
the product yield and 64.5% of yield was noticed, which clearly
eliminates the possibility of radical based reaction pathways under
our experimental condition [49]. On the other hand, use of
dimethylpyrroline N-oxide (DMPO) as a radical trapping agent



Fig. 5. (a) Time-dependent formation of the p-nitrophenol for 1–3 with substrate (200 mM), Et3N (2.5 mM) and [H2O2] = 200 mM (b) H2O2 dependent formation of the p-
nitrophenol. (c) The plot of yield versus various concentration of complexes (d) The calculation of kobs for the formation of p-nitrophenol for 1 – 3 by the plot of [1 + log(Abs)]
vs time.

Fig. 6. The electronic spectral change for 1 (5 � 10�5 M) reaction with H2O2 (10
equivalent) in the presence of Et3N (1 equivalent) in aqueous solution. Inset:
Optimized structure of [(L1)CuII-OOH].

Fig. 7. Solution-state FT-IR spectra for 3 (5 � 10�5 M) reaction with tBuOOH (10
equivalent) in the presence of Et3N (1 equivalent) upon the formation of
[CuII-OOtBu] intermediate.
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was not helpful, where almost identical quantities of DMPO-OH
radical were detected by EPR in the presence or absence of a
catalyst.

The key CuII-OOH intermediate may be generated by the reac-
tion of hydrogen peroxide without altering the copper coordina-
tion geometry and oxidation state [14]. Very similar CuII-OOH
species was reported by Simaan and co-workers. In literature, sev-
eral Cu-OOH intermediates are reported in the presence of an
organic solvent at low temperature using different copper com-
plexes [14]. But only a few of complexes were reported to stabilize
the CuII-OOH intermediate in aqueous solution [50]. The electron
density of the copper center apparently affects the formation of
CuII-OOH intermediate and catalysis. Density functional theory
(DFT) calculations were performed for 1 as the representative
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example using the B3LYP 6-31G (d) (for C, H, N, O, and Cl) and the
LANL2DZ (for Cu) basis sets in the Gaussian 09 program [51]. The
calculations were carried out in water solvent using Conductor-
like Polarizable Continuum Model (C-PCM). All possible intermedi-
ate species of 1 were optimized, the computed bond parameters
and relative energies of different species are given in the support-
ing information (Figs. S23–S26). The absorption spectra of Cu-OOH
species of 1 was calculated by TD-DFT method, showed O? CuII

LMCT transition at 383 nm and is comparable with the experimen-
tally observed value at 375 nm. TD-DFT studies showed that the
singly occupied molecular orbital (SOMO) of 1 localized mainly
on copper centre along with oxygen and nitrogen atoms, whereas
the lowest unoccupied molecular orbital (LUMO) localized on pyr-
idyl moiety of the ligand. The overall reaction is seemingly
exothermic (DE = �26.7 kcal/mol). Thus, the spectral data and
DFT calculations indicate that CuII-OOH species (intermediate D)
may be the key intermediate for oxidative cleavage of the CAO
bond. In fact, our model complexes have almost similar ligating
donors and backbone as in ‘histidine brace’ of LPMOs but with a
slight variation on the structural motif. The correlation between
the formation/decay of the intermediates and the production of
p-nitrophenolate became difficult as due to the electronic spectral
overlap of substrate and intermediate.
3. Conclusions and relevance to LPMOs

A relevant structurally well-defined copper(II) complexes of 3 N
ligands based on diazepane backbone have been synthesized as
models for LPMOs and are characterized by spectral methods.
The molecular structure of the complexes adopts very similar dis-
torted square-pyramidal coordination geometry with the CuN3O2

core as in the LPMOs enzyme. The position of d-d transitions and
EPR parameters support the existence of square-based geometry
of complexes in solution, which are almost identical to LPMOs.
More interestingly, the formation of [CuII-OOH] intermediate char-
acterized by spectral methods and DFT calculation. The p-
nitrophenyl-b-D-glucopyranoside and hydrogen peroxide were
used as a model substrate and oxygen source respectively. The pre-
sent model complexes showed a much higher yield of p-nitrophe-
nol up to 78.4% (TON, 300) via regioselective oxidative cleavage
pathway in water. The formation of product and kinetic informa-
tion were obtained by its characteristic electronic spectral signa-
ture at 400 nm. The redox potentials of complexes seemingly
influenced by the electronic nature of the ligands, which affects
oxidative cleavage reaction. Thus, the electron density of the cop-
per(II) center affects the catalytic efficiency directly as evidence
that the complex with higher electron density on copper facilitates
the formation of CuII-OOH species and C-O cleavage product.
4. Experimental

4.1. Materials

1-Methylhomopiperazine, 2-picolylchloride hydrochloride, 2-
vinylpyridine, 2-chloromethyl-4-methoxy-3,5-dimethylpyridine
hydrochloride, copper(II)perchlorate hexahydrate, chloroform-D,
triethylamine, 2,2,6,6-tetramethylpiperidin-1-yl-oxyl (TEMPO),
dimethylpyrroline N-oxide (DMPO), benzyl alcohol and 1-
phenylethanol were purchased from Sigma-Aldrich� H2O2 and
p-nitrophenyl-b-D-glucopyranoside were purchased from TCI
chemicals. Sodium bicarbonate, magnesium sulfate was purchased
from SRL chemicals. Sodium hydroxide, acetic acid, silica gel were
purchased from Merck Chemicals.
4.2. Physical measurement

All reactions were carried out under an atmosphere of dry nitro-
gen. Glassware was oven dried prior to use. All the solvents were
used after appropriate distillation or purification. NMR spectra
were recorded on 300 MHz Bruker instrument. Chemicals shifts
values and coupling constants are given in ppm and Hz respec-
tively. Electron Paramagnetic Resonance (EPR) measurements were
recorded using Bruker EMX Plus EPR Spectrometer. ESI-Mass spec-
tra were recorded using a Thermo LC-MS instrument. UV–vis spec-
tra and kinetic data were obtained on Agilent diode array
spectrometer (Agilent 8453). FT-IR measurements were recorded
using Thermo Nicolet 6700. Elemental analyses were carried out
using a Heraeus Vario Elemental automatic analyzer. Cyclic
Voltammetry (CV) experiments were performed using a three-
electrode cell configuration. A platinum sphere (acetonitrile med-
ium) and glassy carbon (aqueous), platinum wire and Ag(s)/Ag+

were used as working, auxiliary and reference electrodes respec-
tively. The Bu4NClO4 and NaCl were used as supporting electrolytes
in acetonitrile and water respectively. The E1/2 values were
observed under identical conditions for various scan rates. GC-MS
and GC analysis performed on Agilent 5977E GCMSD using HP-5
MS ultra-inert (30 m � 250 mm � 0.25 mm) capillary column.

4.3. Single crystal X-ray structure analysis

The experiment was performed on Agilent Technologies
Supernova-E CCD diffractometer. The suitable single crystals of 1
and 2 suitable size were selected from the mother liquor and
immersed in paraffin oil, then mounted on the tip of a glass fiber.
The structures were solved by direct methods using the program
SHELXS-2013. Refinement and all further calculations were carried
out using SHELXL-2013. The H-atoms were included in calculated
positions and treated as riding atoms using the SHELXL default
parameters. The non-H atoms were refined anisotropically, using
weighted full-matrix least-square on F2. CCDC 1,554,182 and CCDC
1,554,184 are containing the supplementary crystallographic data
for this paper. This data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via ww.ccdc.cam.ac.
uk/data request/cif.

4.4. DFT methods

All theoretical calculations were performed with the Gaussian
09 program package [51]. The geometry optimizations were per-
formed by using density functional theory (DFT) methods with
the Becke3–Lee–Yang–Parr hybrid functional (B3LYP). The basis
set 6-31G (d) is applied for C, H, N, O and Cl, and the LANL2DZ
applied for Cu atom. Solvent effects were accounted in accordance
with the experimental conditions and water used as a solvent by
utilizing Conductor-like Polarizable Continuum Model (C-PCM).
Electronic transition energies for all models were calculated using
time-dependent DFT (TDDFT). The total energies of each complex
were obtained from frequency calculations. Visualization of opti-
mized geometry of the complexes and molecular orbitals were ren-
dered by using Chemcraft software [52].

4.5. Synthesis of ligands

4.5.1. Synthesis of 4-methyl-1-[(pyridin-2-yl-methyl)]-1,4-diazepane
(L1)

The NaOH (0.795 g, 20 mmol) in 10 mL was added dropwise to
an aqueous solution of 2-picolylchloride hydrochloride (1.64 g,
10 mmol) in another 10 mL at 0 �C. 1-methyl homopiperazine
(1.14 g, 10 mmol) in 20 mL of water was then added to this mix-
ture over 15 min. The mixture was stirred in a loosely sealed flask

http://ww.ccdc.cam.ac.uk/data
http://ww.ccdc.cam.ac.uk/data
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at room temperature for three days. The reaction mixture was then
extracted with CHCl3 (3 � 50 mL). The organic layer was washed
with saturated sodium hydrogen carbonate solution, evaporated,
and then dried (Na2SO4). The organic solvent was removed on a
rotary evaporator to yield the crude product as a pale-yellow oil.
The pure product was obtained by extracting the oil once again
with ethyl acetate. Yield, 1.287 g (62.4%). 1H NMR (300 MHz,
CDCl3), d, 8.4 (d, 1H, J = 4.03 Hz), 7.5 (t, 1H, J = 7.66 Hz), 7.3 (d,1H,
J = 7.78 Hz), 7.0 (t, 1H, J = 7.55 Hz), 3.7 (s, 2H), 2.7–2.6 (m, 4H),
2.6–2.5 (m, 4H), 2.2 (s, 3H), 1.7 (pentet, 2H, J = 11.77 Hz). 13C
NMR (CDCl3), d, 46.15 (CH3), 26.51, 53.62, 54.34, 56.21, 57.40,
64.75, (CH2), 121.80, 122.85, 136.27, 146.87, 159.32 ppm (ArC).
ESI-MS (m/z): [M + H]+, 206.23.

4.5.2. Synthesis of 4-methyl-1-[(2-(pyridine-2-yl)ethyl]-1,4-diazepane
(L2)

To a solution of 1-methylhomopiperazine (5.8 mmol, 0.662 g) in
methanol (30 mL), acetic acid (7.2 mmol, 0.432 g) and 2-
vinylpyridine (14.4 mmol, 1.514 g) were added. The reaction
mixture was then warmed to 65 �C and stirred for two days. The
mixture was cooled to room temperature, and the volatiles was
removed under reduced pressure. The remaining red-brown oil
was dissolved in H2O and carefully made basic using solid NaOH.
It was subsequently extracted three times with toluene. The
removal of toluene from the combined organic phases left the
crude product as a red oil, which was purified by repeated extrac-
tion with small amounts of hexane. The solvent was removed
under vacuum to give light yellow oil; yield, 0.62 g (40%).1H NMR
(300 MHz, CDCl3), d, 8.4 (d, 1H, J = 4.16 Hz), 7.5 (t, 1H,
J = 7.71 Hz), 7.4 (d, 1H, J = 7.76 Hz), 7.0 (t, 1H, J = 7.65 Hz), 2.9 (d,
4H, J = 1.97 Hz), 2.8 (m, 2H), 2.73 (m, 2H), 2.73 (m, 4H), 2.6 (s,
3H), 1.8 (pentet, 2H, J = 11.79 Hz). 13C NMR (CDCl3), 46.51 (CH3),
26.70, 35.89, 46.51, 49.83, 55.66, 53.81, 56.57, 57.40, 58.25,
(CH2), 121.00, 123.12, 136.27, 146.88, 160.17 ppm (Ar). ESI-MS
(m/z): [M + H]+, 220.18.

4.5.3. Synthesis of 1-(4-methoxy-3,5-dimethylpyridin-2-yl)methyl)-4-
methyl-1,4-diazepane (L3)

A slightly modified procedure of the previously reported
method was used to synthesize ligand. Aqueous solution (10 mL)
of NaOH (0.795 g, 20 mmol) was added dropwise to an aqueous
solution (10 mL) of 2-chloromethyl-4-methoxy-3,5-dimethylpyri
dine hydrochloride (2.22 g, 10 mmol) at 0 �C. Further addition of
1-methylhomopiperaine (1.142 g, 10 mmol) in 20 mL of water
was then added to this mixture over 15 min. The mixture was stir-
red in a loosely sealed flask at room temperature for three days.
The reaction mixture was then extracted with CHCl3 (3 � 50 mL).
The organic layer was washed with saturated sodium hydrogen
carbonate solution, evaporated, and then dried (Na2SO4). The
organic solvent was removed on a rotary evaporator to yield the
crude product as a pale-yellow oil. The pure product was obtained
by extracting the oil once again with ethyl acetate. Yield, 1.6 g
(60%). 1H NMR (300 MHz, CDCl3), 1H NMR (300 MHz, CDCl3), d,
8.20 ppm (s, 1H), 3.7 (s, 3H), 3.56 (s, 2H), 2.7–2.68 (m, 8H), 2.3
(s, 6H), 2.18 (s, 3H), 1.79 (pentet, 2H). 13C NMR (CDCl3), 164.44,
157.65, 148.56, 126.59, 125.37, 63.01, 60.21, 58.37, 56.97, 54.66,
53.88, 47.07, 27.48, 13.6, 11.3 ppm.

4.6. Synthesis of copper(II) complexes

Caution! During handling of the perchlorate salts of metal com-
plexes with organic ligands, care should be taken because of the
possibility of explosion.

[Cu(L1)(H2O)ClO4]ClO4 (1): To the solution of ligand (0.205 g,
1 mmol) in MeOH (8 mL) and Cu(ClO4)2�6H2O (0.37 g, 1 mmol) in
H2O (2 mL) was added dropwise under stirring at room tempera-
ture for 3 h. The color changed to a dark blue color. Solvent
removal under reduced pressure gave a blue colored residue which
was washed twice (10 mL each) with hexane to remove the excess
ligand. The compound was then dried under high vacuum over
fused CaCl2. Recrystallization from MeOH gave a blue colored crys-
tal suitable for X-ray crystallography analysis. Yield, 0.28 g (96%).
ESI-MS, [C12H19CuN3O4Cl]+, m/z, 368.14. Analytically calculated
elements for C12H21CuN3O9Cl2: C, 29.67; H, 4.36; N, 8.65%. Found:
C, 29.65; H, 4.37; N, 8.64%.

[Cu(L2)(H2O)ClO4]ClO4 (2): The above procedure has been fol-
lowed to synthesize 2 using ligand L2 instead of L1 in MeOH:
H2O (8:2) solution. The blue colored solid was isolated with a yield
of 0.312 g (72.4%). Slow evaporation of the mother liquor at room
temperature afforded single crystals suitable for X-ray analysis.
ESI-MS, [C13H23CuN3O5Cl]+, m/z, 399.20. Analytically calculated
elements for C13H23CuN3O9Cl2: C, 31.24; H, 4.64; N, 8.41%. Found:
C, 31.23; H, 4.63; N, 8.39%.

[Cu(L3)(H2O)ClO4]ClO4 (3): This complex was also prepared by
the similar reaction of Cu(ClO4)2�6H2O with ligand L3 in MeOH:
H2O (8:2) solution. Yield, 0.28 g (86%). ESI-MS, [C15H27CuN3O5Cl]+,
m/z, 427.25. Analytically calculated elements for C15H27CuN3O10-
Cl2: C, 33.13; H, 5.00; N, 7.73%. Found: C, 33.11; H, 4.98; N, 7.71%.

4.7. Oxidation of p-nitrophenyl-b-D-glucopyranoside

The catalytic activity of the copper(II) complexes 1–3 was
assessed using the oxidation of p-nitrophenyl-b-D-
glucopyranoside by H2O2 in water at the mild condition. Reaction
condition, the model substrate (200 mmol), a catalytic amount of
the complex (2.5 mmol, 1.25 mol %), aqueous hydrogen peroxide
(200 mmol), triethylamine (2.5 mmol) was dissolved in H2O
(3.0 mL). The mixture was stirred at 60 �C for 2 h, then the reaction
was quenched at the appropriate time by passing on silica column.
Conversion of p-nitrophenol formation was analyzed and quanti-
fied by GC/GC-MS. The blank reaction performed using identical
condition but in the absence of catalyst or H2O2.

4.8. Kinetic studies

Kinetic experiments of the p-nitrophenol formation were stud-
ied by spectrophotometrically as time-dependent measurement at
25 �C. A solution of the stoichiometric amount of complexes 1–3
(1 � 10�4 M) was treated with p-nitrophenyl-b-D-
glucopyranoside (1 � 10�4 M), aqueous H2O2 (10 equivalent) and
pre-treated with one equivalent of Et3N in H2O at 25 �C.
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