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ABSTRACT: In recent years, transition metal complexes have been
developed for catalytical degradation of a phosphate ester bond, particularly
in RNA and DNA; however, less consideration has been given for
development of complexes for the degradation of a phosphorothioate bond,
as they are the foremost used pesticides in the environment and are toxic to
human beings. In this context, we have developed copper complexes of
benzimidazolium based ligands for catalytical degradation of a series of
organophosphates (parathion, paraoxon, methyl-parathion) at ambient
conditions. The copper complexes (assigned as N1−N3) were characterized
using single X-ray crystallography which revealed that all three complexes
are mononuclear and distorted square planner in geometry. Further, the
solution state studies of the prepared complexes were carried out using UV−
visible absorption, fluorescence spectroscopy, and cyclic voltametry. The
complexes N1 and N2 have benzimidazolium ionic liquid as base attached
with two 2-mercapto-benzimidazole pods, whereas complex N3 contains a nonionic ligand. The synthesized copper complexes
were evaluated for their catalytic activity for degradation of organophosphates. It is interesting that the complex containing the
ionic ligand efficiently degrades phosphorothioate pesticides, whereas complex N3 was not found to be appropriate for
degradation due to a weaker conversion rate. The organophosphate degradation studies were monitored by recording
absorbance spectra of parathion in the presence of catalyst, i.e., copper complexes with respect to time. The parathion was
hydrolyzed into para-nitrophenol and diethyl thiophosphate. Moreover, to analyze the inhibition activity of the pesticides
toward acetylcholine esterase enzyme in the presence of prepared metal complexes, Ellman’s assay was performed and revealed
that, within 20 min, the inhibition of acetylcholine esterase enzyme decreases by up to 13%.

■ INTRODUCTION
Phosphorothioates are used as pesticides to increase the
cultivation in the agriculture sector; their major disrepute is
found as chemical warfare agents.1−8 The recent use of
organophosphate (OP) compounds as chemical warfare agents
in the Syria war makes constraint to the world. Therefore, the
catalyst for degradation of these super toxic chemicals at
environment conditions is gaining remarkable interest.9−18

Phosphorothioates are neurotoxins that bind irreversibly with
acetylcholinesterase enzyme and inhibit an important enzy-
metic conversion from acetylcholine to choline which is a
necessary neurotransmitter.19−23 It is well documented that
phosphorothioates bind with acetylcholinesterase enzyme
through the hydroxyl group of serine amino acid present in
the enzyme.22−29 It is interesting that serine in free state does

not react, whereas the serine residue of acetylcholinesterase
protein efficiently binds with phosphorothioate. It means that
supramolecular interaction30−32 of organophosphates with
acetylcholinesterase also plays an important role in the
hydrolysis process. Such kind of interaction increases the
electrophilicity of the phosphate center which results in the
increased rate of reaction between the serine residue and OPs.
Various enzymes such as organophosphorus hydrolase (OPH),
organophosphate-degrading enzyme from agrobacterium ra-
diobacter (OpdA), methyl parathion hydrolase (MPH), and
glycerophosphodiesterase (GpdQ) are known for phosphate
ester hydrolysis that are having high catalytic efficacy due to
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their tendency to interact with a substrate through supra-
molecular interactions.33−38 Therefore, to achieve a high rate
of hydrolysis using an artificial or synthetic catalyst, the strong
interaction between substrate and catalyst is required.39,40 For
this purpose, ionic liquids are promising candidates, as these
compounds are well-known for catalysis through activating the
carbonyl carbon.41−46 To develop the catalyst for degradation
of pesticides, ionic and other noncovalent interactions should
be strong enough to increase the electrophilicity of the
phosphorus center of OPs.47 This enhancement of electro-
philic character will favor the addition of water and removal of
the withdrawing group. Moreover, the interaction of organo-
phosphates with metal ions favors the hydrolysis process. For
this purpose, various metal oxides were developed with their
own limitations such as a process being stoichiometric, not
catalytic. Also, the metal oxides have less possibility of
tunability to increase the reaction rate. Recently, Farha et al.
have developed a porous zirconium organic framework for
encapsulation and degradation of organophosphates.10,48−51

These porous materials efficiently degrade the phosphorothi-
onate into less toxic byproducts. Our group has also developed
some metal complexes and metal organic polymers for sensing
and degradation of pesticides.52−55 These metal complexes
were capable of detecting pesticides by fluorescence spectros-
copy; however, they could not proceed for a degradation
process. Previously, we developed a copper-organic two-
dimensional polymer of benzimidazolium zwitterion that
catalyzes the degradation process of OPs. The self-degradation
of such a framework by reacting with free phosphate ion was its
major disadvantage. Dissociation of the complex causes
removal of the zwitterion ligand by the cation displacement
assay which results in heightening of the fluorescence intensity.
The process of degradation was stoichiometric, not catalytic.
From this work, we have taken a lead that the combination of
benzimidazolium zwitterion and the copper ion is proficient to
detoxify OPs. In another work, ionic conjugates of
benzimidazolium dipodal and ionic surfactants were developed
for the same purpose.2 All of these work only to decontaminate
the OPs in an aqueous medium. However, an antidote for its
detoxification by reactivation of acetylcholine esterase is still
our goal. As acetylcholine esterase binds strongly with OPs; it
is not easy to extract OPs from the active site of the enzyme.
This could be achieved with some organocatalysts, as well as
metal complexes. Here, we took both catalytic centers into
consideration by making a complex of benzimidazolium with
metal. By putting one step forward toward this direction, we
have developed a copper(II) ion complex of benzimidazolium
based on a dipodal receptor that was further explored for
catalytic degradation reactions. The advantage of this nitrogen
donor ligand involved stronger binding affinity toward
copper(II) ion which restricts extraction of copper by
phosphate derivatives.56 Moreover, a benzimidazolium unit
attached with a dipodal receptor provides another catalytic site
which enhances the hydrolysis process. To confirm the
involvement of the benzimidazolium unit, another complex
(N3) was synthesized, having a similar geometry and the same
metal ion, except for the benzimidazolium unit, which was
replaced by a nonionic molecule. It is interesting that complex
(N3) showed a negligible catalytic activity as compared to N1
and N2. The kinetics of the degradation process was analyzed
using UV−visible absorption spectroscopy.

■ EXPERIMENTAL SECTION
Material. Copper perchlorate, copper chloride, potassium

carbonate, 2,2′-bis(bromomethyl)-1,1′-biphenyl, 2-mercaptobenzimi-
dazole, 2-mercaptobenzothiazole, benzimidazole, and dibromoethane
were purchased from Sigma-Aldrich and used without further
purification. Due to their explosive nature, the perchlorate salts may
be harmful upon ingestion or absorption through the skin. These
compounds may cause irritation to the skin, respiratory tract, and
eyes. Hence, proper protection and care should be taken while using
them. All the organophosphate pesticides were bought from Sigma-
Aldrich and used as received. Caution! Due to the high toxicity of
pesticides, precautions were taken as suggested in the Sigma-Aldrich safety
data sheet. Milli-Q water was used to prepare all the aqueous
solutions. Acetonitrile and deuterated solvents were purchased from
Merck and Sigma-Aldrich, respectively.

Methods. The 1H NMR, 13C NMR, and 31P NMR spectra of
prepared compounds were noted on a Jeol Instrument operating at
400 MHz for 1H NMR, at 100 MHz for 13C NMR, and at 160 MHz
for 31P NMR. The chemical shifts were recorded in ppm relative to
tetramethylsilane as an internal reference. A PerkinElmer L55
Spectrophotometer was used to conduct the fluorescence measure-
ments at room temperature with a fixed scanning speed and emission
slit width (10 nm). UV−visible absorption titrations were performed
using a Shimadzu spectrophotometer UV-2600. The concentration of
the degraded product was calculated using gas chromatography from
Shimadzu (GC-2010). The pH measurement was carried out on the
ME/962P instrument. A Fisons CHN analyzer was used for elemental
analyses. The cyclic voltammetry studies were carried out on a
Metrohm instrument.

Evaluation of Photophysical Properties. All spectroscopic
experiments were performed at 25 °C in the pure aqueous medium.
The stock solutions of ligand L1 (10 μM) and copper salts (1 mM)
were prepared in distilled water, whereas the solution of the L2 ligand
(10 μM) was prepared in DMSO:water (20:80) which was further
diluted as per the need of experiments. The change in absorbance and
fluorescence intensity was observed with stepwise addition of the
copper salt solution. Binding studies were carried out in an aqueous
solution buffered at pH 8.0 using Tris buffer. The sample was
prepared in a volumetric flask and sonicated for 5 min to attain an
equilibrium before recording the spectra. All the experiments were
repeated for three times, and errors in experiments were calculated
using a standard deviation method.

Cyclic Voltammetry. The aqueous stock solutions of complexes
N1 and N2 at a concentration of 10 μM were prepared in Tris buffer
at pH 8, which was further diluted as per the requirement of
experiments. Due to the insolubility of complex N3 in water, its
solution was prepared in 70:30 water/DMSO. Tetrabutylammonium
iodide was used as electrolyte. The current was measured by varying
the potential in the range from 0.55 to −1.1 V. The cyclic volumetric
graph was recorded by varying the scan rate from 50 to 250 mV s−1.

Method for Calculation of the Rate of Hydrolysis. The
solutions of phosphorothioates were prepared in water up to 1 mM
concentrations which were further diluted as per the need of the
experiment. To the aqueous solution of complex N1 and N2 (both
are 10 μM) buffered at pH 8.0 using Tris buffer was added parathion
(100 μM). The solutions were shaken vigorously before recording the
absorbance spectra that was recorded after a short interval of time.
The concentration of the degraded product was determined from the
absorbance intensity that was further used to analyze the binding
constant. The effect of substrate concentration and pH on the rate of
hydrolysis was evaluated. Another catalytic parameter such as kcat and
catalytic efficiency was determined using a Lineweaver−Burk plot.

Acetylcholine Esterase Activity Analysis. The residual AChE
activity was determined on a microplate reader infinite M200PRO
(TECAN). AChE activities were monitored to control activity,
whereas the data are represented as % of control. We have used
diethylchlorophosphate and diethylcyanophosphate as enzyme
inhibitor rather than parathion or paraoxon, because of their
interference in absorbance intensity at 412 nm in the Ellman assay.
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Ellman solution for the detoxification assays of phosphorothioate by
metal complexes was prepared by dissolving acetylthiocholine iodide
(200 mg, 0.7 mmol), 5,5′-dithiobis(2-nitrobenzoic acid) (100 mg,
0.25 mmol), and sodium bicarbonate (50 mg) in 25 mL of Tris buffer
(pH 8). A 10-fold dilution of this solution was then carried out.
X-ray Structure Determination. The diffraction data for all the

copper complexes were collected on a Bruker D8 Venture Photon 100
CMOS diffractometer at 293 K using mirror-monochromatized Mo−
Kα radiation. The diffraction spots were measured using a counting
time of 10 s, and the crystals were positioned at 50 mm from the
CCD. The APEX II program was used for data reduction and
multiscan absorption. The structures were solved by the direct
method with the SIR97 program and refined using SHELXL-97.
Anisotropic thermal parameters were used for all non-H atoms. All
other calculations were performed using WinGX and PARST. The
ORTEP diagrams were drawn using ORTEP3 and OLEX2. The
related crystallographic information can be obtained from the
Cambridge Crystallographic Data center (CCDC) (CCDC Nos.
1818792−1818794).
Synthesis of Compound 1. Compound 1 was synthesized using

our previously developed procedure (Scheme 1).57 In brief, the
benzimidazole (2.36 g, 20 mmol) and dibromoethane (17.12 mL, 200
mmol) were first dissolved in acetonitrile (100 mL), and the resulting
solution was refluxed for 24 h. On completion of the reaction, the
volatiles were evaporated using a rotary evaporator. The resulting
crude mixture was washed with CHCl3 and finally recrystallized in

CH3OH which gave colorless crystals (3.58 g). Yield = 86%. 1H NMR
(400 MHz, DMSO-d6) δ (ppm) = 4.04 (t, J = 8.0 Hz, 4H, CH2), 5.01
(t, J = 8.0 Hz, 4H, CH2), 7.69 (d, 2H, ArH), 8.17 (d, 2H, ArH), 10.07
(s, 1H, CH); 13C NMR (100 MHz, DMSO-d6) δ (ppm) = 31.6, 48.7,
114.4, 127.5, 131.3, 143.9. Anal. Calcd for C11H13Br3N2: C, 31.99; H,
3.17; N, 6.78. Found: C, 31.95; H, 3.18; N, 6.81.

Synthesis of Ligand L1. Compound 1 (410 mg, 1 mmol) was
dissolved in dry CH3CN and heated at 80 °C for 30 min. 2-
Mercaptobenzimidazole (300 mg, 2 mmol) was added to the
saturated solution of compound 1, and the resulting solution was
refluxed for 8 h. The reaction was monitored using TLC; after 8 h, the
product was separated out as a white powder which was washed with
hot chloroform. The resulting white powder constitutes clean ligand
L1. Yield = 85%. 1H NMR (400 MHz, DMSO-d6 δ (ppm) = 3.99 (t, J
= 8.0 Hz, 4H, CH2), 4.96 (t, J = 8.0 Hz, 4H, CH2), 7.03 (dd, J = 8.0
Hz, 2H, ArH), 7.30 (d, J = 8.0 Hz, 4H, ArH), 7.54−7.51 (m, 6H,
ArH, NH), 8.04 (d, J = 8.0 Hz, 2H, ArH), 10.09 (s, 1H, CH). 13C
NMR (100 MHz, DMSO-d6) δ (ppm) = 149.1, 143.6, 136.2, 131.3,
127.1, 126.6, 123.9, 122.7, 114.9, 114.1, 113.9, 109.9, 46.9, 31.7. Anal.
Calcd for C25H23BrN6S2: C, 54.44; H, 4.20; N, 15.24, Found: C,
54.48; H, 4.18; N, 15.22.

Synthesis of Ligand L2. Ligand L2 was synthesized using a
similar method as that adopted for ligand L1. In a round-bottom flask,
2,2′-bis(bromomethyl)-1,1′-biphenyl (340 mg, 1 mmol) was dis-
solved in 50 mL of acetonitrile. To the saturated solution was added
300 mg of 2-mercaptobenzothiazole (2 mmol), and resulting mixture

Scheme 1. Synthesis Scheme of Compound 1, Ligands L1 and L2

Scheme 2. Chemical Structure of Complexes N1, N2, and N3
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was refluxed for 8 h. The product was separated out as a light-yellow
colored compound which filtered out and washed with diethyl ether.
The resulting yellow compound constitutes pure ligand L2. Yield =
89%. 1H NMR (400 MHz, DMSO-d6) δ (ppm) = 4.25 (d, J = 12.0
Hz, 2H, CH2), 4.45 (d, J = 12.0 Hz, 2H, CH2), 7.21 (t, 2H, ArH),
7.29−7.33 (m, 6H, ArH), 7.38 (t, J = 8.0 Hz, 2H, ArH), 7.59 (t, J =
8.0 Hz, 2H, ArH), 7.75 (d, J = 8.0 Hz, 2H, ArH), 7.89 (d, J = 8.0 Hz,
2H, ArH), 13C NMR (100 MHz, DMSO-d6) δ (ppm) = 166.2, 152.9,
140.2, 135.1, 134.3, 130.6, 130.5, 128.9, 128.3, 126.9, 125.1, 122.3,
121.7, 35.7. Anal. Calcd for C25H23BrN6S2: C, 65.59; H, 3.93; N, 5.46.
Found: C, 65.61; H, 3.89; N, 5.49.
Synthesis of Copper Complex N1. In a round-bottom flask,

copper perchlorate (89 mg, 0.5 mmol) was added to the saturated
solution of ligand L1 (275 mg, 0.5 mmol) in distilled water, and the
mixture was heated at 60 °C for 20 min. The blue crystals were
obtained after 10 h, which were found to be suitable for single crystal
data collection. Yield = 55%. Anal. Calcd for C25H25Br2ClCuN6O5S2:
C, 36.96; H, 3.10; N, 10.34 Found: C, 37.04; H, 2.95; N, 10.35.
Synthesis of Copper Complex N2. Complex N2 was

synthesized using a similar method as that for N1; copper(II)
chloride was used instead of copper perchlorate. Blue colored crystals
were grown after 12 h which were found to be suitable for single
crystal data collection. Yield = 64%. Anal. Calcd for C25H25Cl3Cu-
N6O1S2: C, 45.53; H, 3.82; N, 12.74 Found: C, 45.45; H 3.50; N,
12.66.
Synthesis of Copper Complex N3. Complex N3 was

synthesized by reacting copper chloride (50 mg, 0.5 mmol) and
ligand (100 mg) L2 in methanol. The resulting mixture was refluxed
for 1 h and cooled down to room temperature. Blue crystals grew after
36 h in 60% yield which were suitable for single crystal data collection.
Yield = 58%. Anal. Calcd for C28H20Cl2CuN2S4: C, 51.97; H, 3.12; N,
4.33. Found: C, 51.56; H, 2.97; N, 4.28.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Metal Complexes.

Ligand L1 was synthesized using our previously reported
method. Earlier, we constructed fluorescence aggregates of L1
by interacting it with anionic surfactants that were further
explored as a fluorescence sensor mimicing chemical warfare
agents (diethyl chlorophosphate). It was observed that ligand
L1 interacts with diethyl chlorophosphate (DCP) through
hydrogen bonding and efficiently degrades it in 1 h. Here, we
have designed complexes N1 and N2 in such a way that the
benzimidazolium unit is still free to interact with organo-
phosphate derivatives through hydrogen bonding (Scheme 2).
Such kinds of pincer ligands based complexes are well-known
for catalytic applications.58−60 Along with the insertion of
copper ion in the pocket of the dipodal receptor, this will
provide ionic interaction to organophosphate which enhances
the electrophilicity of the phosphorus center and increases the
rate of the hydrolysis process. Keeping this in mind, complexes
N1 and N2 were synthesized by reacting ligand L1 in distilled
water with copper perchlorate and copper chloride, respec-
tively. The mixture was heated for 20 min and cool down to
room temperature. It was interesting that, in the case of N1,
the counterion (bromide) present in L1 coordinated with
copper metal ion, whereas perchlorate ion interacted with the
benzimidazole ring through hydrogen bonding.
First, we checked the catalytic activity of complexes N1 and

N2. After that, to confirm the role of the benzimidazolium
moiety in the catalytic process, another complex (N3) was
synthesized with a similar geometry; the only difference was a
nonionic bridge instead of the benzimidazolium moiety.
Ligand L2 was synthesized by reacting 2 equiv of 2-
mercaptobenzothiazole with 1 equiv of 2,2′-bis-
(bromomethyl)-1,1′-biphenyl in dry acetonitrile. The mixture

was refluxed for 8 h. After that, the product was separated out
as a light-yellow powder and characterized using 1H NMR and
13C NMR (Figures S1−S6). The proton signals due to the
methylene group split into two doublets which confirms the
formation of the product. Complex N3 was synthesized by
reacting L2 with copper chloride in methanol and charac-
terized using single crystal X-ray diffraction.

Crystal Structure. Complexes N1 and N2 crystallized in a
triclinic crystal system with space group P21/n, whereas N3
crystallized in a monoclinic crystal system with space group P1̅.
The complexes have a copper center with distorted square
planar geometry, where halide ions are at trans positions
compensating the dipositive charges on the metal ion (Figure
1). In complex N1, copper(II) ion is coordinated to dipodal

ligand L1 through nitrogen atoms of the benzimidazole
moiety, whereas the other two sites are occupied by halide
ions. It is interesting to note that, in complex N1, copper
perchlorate was used; however, the bromide ions (counterion
of L1) got coordinated to the copper(II) center. This may be
due to the stronger binding affinity of copper ion toward
bromide than perchlorate in the particular complex (N1) or
the conducive geometrical constrains that favors the
coordination of bromide ion to the metal center. Also, one
of the coordinated bromide ions is interacting with the
benzimidazolium moiety through hydrogen bonding, which
slightly weakens its coordination with copper ion comparative
to another bromide which is evident from the Cu−Br bond
distances (Table S2). In complex N2, two chloride ions and
one ligand L1 are completing the coordination sphere of
Cu(II), whereas one chloride ion is present as a counterion.
Similar to complexes N1 and N2, complex N3 also has a
distorted square planar geometry. The structure analyses have
revealed that, in complexes N1 and N2, crystal lattices are
stabilized by the interplay of hydrogen bonding interaction of
the type N−H···O/Cl, C−H···O, and O−H···Cl (hydrogen
bonding parameters are given in Tables S5 and S6). No
significant hydrogen bonding is observed in complex N3, and
this may be one of the reasons for poor solubility of N3 in
water. The final R values along with selected refinement details
and bond parameters are given in Tables S1−S6. The ORTEP
diagrams together with the atom numbering scheme of
compounds N1−N3 with 40% probability thermal ellipsoids
are shown in Figures S24−S26.

Photophysical Properties of Copper Complexes. The
UV−visible absorbance spectra of ligand L1, recorded in an
aqueous medium (pH = 8), show two absorbance bands at 248

Figure 1. Single crystal structure of copper complexes N1, N2, and
N3, showing intramolecular hydrogen bonding.
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and 325 nm, respectively, for π−π* and n−π* transitions
(Figure S7). The successive addition of copper perchlorate to
the solution of L1 leads to a significant change in the
absorbance spectra (Figure S8). The absorbance intensity at
248 nm (π−π* transition) increases, whereas the absorbance
at 325 nm (n−π* transition) decreases. Moreover, a new band
at 380 nm appears due to charge transfer between the ligand to
metal ion. Similarly, absorbance spectra of L1 were logged by
sequential addition of copper chloride. The absorbance
intensity due to the n−π* transition at 326 nm decreases,
whereas absorbance maxima corresponding to the π−π*
transition showed enhancement in intensity. It is worth to
remark here that the charge transfer band at 380 nm causes a
small enhancement in absorbance intensity, which revealed the
poor charge transfer ability of complex N2 in comparison to
that of complex N1 (Figure 2). The fluorescence spectra of
ligands L1 and L2 have been recorded in the same solvent
system as used for UV−visible absorption spectroscopy.

Ligand L1 was showing strong emission at 405 nm (λex =
325 nm), which was quenched by addition of copper
perchlorate and copper bromide. However, both complexes
N1 and N2 were showing a similar behavior in the absorbance
profile. Emission intensity of both complexes is almost similar.
At the same concentration of copper salt, complex N1 showed
a similar behavior toward fluorescence quenching as the N2
complex (Figure S11). Complex N2 has shown weaker charge
transfer transition as compared to N1 that was attributed to a
comparatively stronger LMCT (ligand to metal charge
transfer) in the N1 complex.
Due to insolubility of ligand L2 in water, photophysical

studies were carried out in DMSO:water (30:70). Like ligand
L1, it also shows two absorbance bands at 240 and 315 nm,
respectively, due to π−π* and n−π* transitions (Table 1).
Titration was performed by consecutive addition of copper
chloride to L2 solution (Figures S12 and S13). It was found
that copper ions significantly change the absorbance profile of

Figure 2. (A) Change in the UV−visible absorption spectra of ligand L1 (pH = 8.0) upon successive addition of copper chloride (0−8 μM). (B)
The nonlinear relationship between the copper ion concentration and absorbance ratio (A326/A227). (C) Cyclic voltammetry profile of complex N2
(10 μM) at different scan rates.
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ligand L2. The absorbance intensity at 240 nm increases,
whereas, at 315 nm, it decreases, and a new weak band appears
at 380 nm due to the weak charge transfer transition. The
emission profile of ligand L2 was recorded at an excitation
wavelength of 315 nm which exhibited emission maxima at 390
nm (Figure S14). Fluorescence intensity got quenched as the
concentration of copper ions increased. The nonlinear
regression between copper ion concentration and emission
intensity at 390 nm is showing a linear decrease in fluorescence
intensity (Figure S15). This decrease in fluorescence can be
explained based on the open shell effect of copper ion.
Electrochemical Studies. The electrochemical studies of

prepared complexes were carried out using cyclic voltammetry.
The current was measured by varying the potential in the range
from 0.55 to −1.1 V. The electrochemical measurements for
complexes N1 and N2 were recorded at a constant pH of 8.0
in water, whereas, due to the insolubility of complex N3 in
water, studies were carried out in DMSO:water (30:70).
Complex N1 was showing a cathodic peak at 0.43 V, whereas
the anodic peak was observed at −0.60 V (Figure S16). To
further investigate the electrochemical process, the cyclic
voltammetry graph was recorded by varying the scan rate from
50 to 250 mV s−1. The ratio of cathodic and anodic current
(Ipc/Ipa) was greater than 1, which revealed that the process
was quasi-reversible. Moreover, that ΔEp increases with the
increase in scan rate also validates the observation.
Coulometric experiment by potentiometeric exhaustive elec-
trolysis revealed the consumption of one electron in the redox
couple of all the copper complexes. Similarly, electrochemical
measurement of complex N2 discovered the redox process as
quasi-reversible. However, complex N2 showed a compara-
tively lower value of current for the same concentration
(Figure 2), which might be due to more ionic strength of
perchlorate ion as compared to bromide ion. The one electron
quasi-reversible reduction of the complexes has attributed to
the Cu+2/Cu+ redox couple. Similarly, redox parameters for
complex N3 were determined as listed in Table 2 (Figure S17).

Degradation of Phosphorothioate Using N1, N2, and
N3 Copper Complexes. The transition metal complexes are
known for their phosphatase activity.61−64 However, few pincer
ligand based complexes are reported for detoxification of
pesticides. In our previous studies, it is clear that the
benzimidazolium ring plays a significant role in detoxification
of organophoshates. Therefore, to increase the catalytic

efficiency of the benzimidazolium based catalyst, we
synthesized their copper complexes. Particularly, copper ion
was chosen due to its biocompatibility and affinity to interact
with phosphates. To probe the efficiency of our catalyst for the
catalytic destruction of the phosphate ester bond, we
investigated the ability of the catalyst to degrade the OPs.
Ten equivalents of tested organophosphates was added to the
10 μM solution of complex N1. The mixture was stirred for 20
min, and after every 2 min, samples were collected for
recording the UV−visible absorption spectra. The increase in
absorbance intensity at 402 nm can be used to determine the
rate of hydrolysis. This enhancement in absorbance intensity is
due to release of para-nitrophenol. In the case of parathion and
paraoxon, the lone pair of electrons on phenolic oxygen shifted
toward phosphorus, whereas, upon hydrolysis, the para-
nitrophenol will release, which results in delocalization of the
electron pair inside the aromatic ring; consequently, the
absorbance at 402 nm increases.63 Also, background reactions
were carried out without using a catalyst under identical
conditions.
As indicated in Figure 3, the plot of time dependent

absorbance at 402 nm shows enhancement. Absorbance
increased up to 20 min; after that, it becomes constant,
which suggests that hydrolysis occurred within 20 min.
Furthermore, the effect of substrate concentration on the
rate of hydrolysis using the copper complexes as catalyst was
investigated by the Michaelis−Menten method (Figure S20).
The graph of concentration of substrate vs rate of hydrolysis
showed the linear increase up to the concentration of 400 μM,
whereas, at higher concentrations, the curve attained saturation
that indicated the formation of complex−phosphate inter-
mediates. To calculate the efficiency of the catalysts, a
Lineweaver−Burk plot has been constructed (Figure S21).
The plot between the inverse of pesticide concentration and
inverse of rate shows a linear increase. The Michaelis constants
KM and Vmax have been calculated for intercept of the
Lineweaver−Burk plot and are listed in Table 3. Among all the
metal complexes, complex N2 shows a better catalytic
efficiency, whereas complex N3 has poor catalytic efficiency,
suggesting involvement of an ionic benzimidazolium unit in
the catalytic process. Therefore, it is a kind of dual catalytic
system, made up from organocatalyst and metal ion. Similarly,
we have calculated the rate parameters for hydrolysis of
different pesticides using complex N2, which showed a similar
trend for paraoxon, parathion, and methyl-parathion. The
effect of pH on the hydrolysis process was also monitored,
which indicated that maximum catalytic efficiency was
achieved at pH 8, while, in acidic condition, catalytic efficiency
decreased (Figures S22 and S23). Moreover, the catalytic
efficiency of N2 is slightly better than that of N1, which
indicated that complex N2 may have a greater affinity to
interact with organophosphate species in the reversible
pathway.
The kinetics parameters for catalyst N2, for hydrolysis of

different pesticides such as parathion, paraoxon, and methyl-
parathion as shown in Table 3, reveal that phosphorothioate
pesticides are hydrolyzed with a higher rate than paraoxon.
This can be explained on the basis of the higher affinity of
sulfur to coordinate with copper ion, which enhances the
efficiency of a catalyst. Moreover, the catalytic activity of
previously reported catalysts has been compared with the
current work which shows an advantage over previous work in
terms of high kcat and aqueous solubility.55,62,65−74

Table 1. Photophysical Properties of Metal Complexes and
Ligands

λabs (nm) λem (nm) λex (nm)

L1 248, 325 405 248
L2 240, 315 390 240
N1 248, 325, 380 405 248
N2 248, 325, 380 405 248
N3 240, 315, 380 390 240

Table 2. Result of Electrochemical Measurements of Copper
Complexes

S. no. metal complex Epc (V) Epa (V) E1/2 (V) ΔE (mV)

1 N1 0.32 −0.60 −0.14 920
2 N2 0.43 −0.60 −0.08 1030
3 N3 0.47 −0.84 −0.18 1310
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31P NMR spectra were used to investigate the mechanism of
hydrolysis reaction of methyl-parathion in the presence of
catalyst N2 (Figure S27A). 31P NMR spectra obtained in the
successive time periods of reaction exhibit two species: the
signal at δ = 65.46 ppm corresponds to methyl-parathion
which is slightly upfield shifted (δ = 63.58 ppm) in the
presence of N2 catalyst. The signal at δ = 63.58 ppm
disappears during the reaction, and a new signal at δ = 61.80
ppm appears which can be assigned to the hydrolyzed product,
dimethyl thiohydrogen phosphate [(CH3O)2(OH)PS].75,76

Furthermore, the photographic images of the hydrolysis
reaction were recorded with regular intervals of time as in
Figure S27B. The investigation reveals that the colorless

solution of methyl-parathion was changed to yellow after 25
min, which is attributed to the formation of para-nitrophenol.
Therefore, it can be predicted that methyl-parathion is
hydrolyzed into dimethyl thiophosphate and para-nitrophenol.

Plausible Mechanism of Degradation. As shown in the
crystal structure of complex N1, copper is in a distorted square
planar geometry, with two bromide ions covalently attached to
a copper ion. It is worth to mention that both bromide ions are
not in the same coordination with the copper ion. One of the
bromide ions is interacting with benzimidazolium hydrogen
through hydrogen bonding. The organophosphate can occupy
the fifth coordination site of copper ion through the reversible
pathway, in such a way that acidic hydrogen of the

Figure 3. (A) Change in absorbance spectra on conversion of parathion to para-nitrophenol using catalyst N2. (B) Change in absorbance intensity
at 402 nm with the progress of the degradation process. (C) Enzymatic kinetic plot. (D) Lineweaver−Burk plot.

Table 3. First-Order Rate Parameters for Hydrolysis of Different Pesticides As Obtained by the Michaelis−Menten Treatment
of Complexesa

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

parathion N1 5.4 × 10−5 9.99 × 10−2 5.45 ± 0.02 54.6 ± 0.18
N2 6.6 × 10−5 9.43 × 10−2 6.67 ± 0.04 70.7 ± 0.21
N3 9.3 × 10−6 1.01 × 10−1 0.93 ± 0.08 9.2 ± 0.10

paraoxon N1 5.3 × 10−5 1.07 × 10−1 5.33 ± 0.03 49.6 ± 0.17
N2 6.2 × 10−5 9.32 × 10−2 6.20 ± 0.05 66.5 ± 0.20
N3 9.4 × 10−6 9.92 × 10−2 0.94 ± 0.07 9.4 ± 0.10

methyl-parathion N1 5.3 × 10−5 1.02 × 10−1 5.38 ± 0.03 52.7 ± 0.17
N2 6.4 × 10−5 9.30 × 10−2 6.49 ± 0.06 70.1 ± 0.19
N3 9.2 × 10−6 1.05 × 10−1 0.92 ± 0.09 8.7 ± 0.09

aNote: All the experiments were repeated three times, and the average value of data has been taken to calculate the catalytic parameter.
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benzimidazolium cation can interact with organophosphate
through hydrogen bonding (Scheme 3). Both of these
interactions enhance the electrophilicity of the phosphorus
center and therefore will enhance the rate of hydrolysis.66

Here, two catalytic centers (benzimidazolium as organocatalyst
and copper ion as metal based catalyst) work synergistically to
enhance the catalytic activity for hydrolysis of pesticides. To
investigate further the role of the benzimidazolium moiety in
the catalytic process, an additional metal complex (N3) was
prepared with a similar binding environment for copper ion;
however, the nonionic biphenyl ring replaced the benzimida-
zolium ring. The prepared copper complex of the nonionic
ligand was also explored for degradation of pesticides;
however, it showed a negligible activity in comparison to
that of complex N1. Moreover, the ability of ligand L1 for the
hydrolysis of pesticide was examined, which revealed that it did
not catalyze the hydrolysis of the pesticide (Table S9).
Supramolecular interactions involved in the solid state

structure were investigated further to determine the mecha-
nism of degradation of organophosphates (Figure 4).

Although, we have carried out all catalytic studies in the
solution phase, but these noncovalent interactions play an
important role in the catalytic activity of complexes.66 It was
revealed from the solid state structure analyses that, in complex
N2, a water molecule interacts with the benzimidazole
hydrogen (N-H) and chloride ion through hydrogen bonding,
which enhances the nucleophilicity of water toward the
nucleophilic substitution reaction at the phosphorus center.
Histidine plays a catalytic role in various enzymatic reactions
by interacting with nucleophilic species through hydrogen
bonding.39 Therefore, it is believed that noncovalent
interactions are responsible for the catalytic activity of
complexes in the present study. In complex N1, a similar
type of hydrogen bonding interaction is observed with water
molecules and perchlorate ions. Due to the absence of any
counterion in complex N3, hydrogen bonding with a solvent
molecule and anion is absent. Although, other interactions,
such as C−H···Cl and C−H···π, are involved in supramolecular
packing of investigated complexes. These interactions do not
affect the catalytic activity of complexes; thus the absence of
such a kind of interaction in complex N3 could be another
reason for the lack of a catalytic affinity toward the hydrolysis
of organophosphate species.

Quantitative Investigation of Acetylcholine Esterase
Activity. Quantitative investigation of acetylcholine esterase
activity has been demonstrated using Ellman’s assay which
makes use of Ellman’s reagent (dithiobisnitro-benzoate,
DTNB), a highly reactive reagent having a S−S bond that
breaks quickly by reacting with a free thiol group and gives the
intense yellow color of thiobisnitro-benzoate ion (Scheme 4).
In this way, hydrolysis of acetylthiocholine into thiocholine
could be monitored using Ellman’s assay by measuring the
characteristic absorption band at λmax = 412 nm due to
generation of a thiobisnitro-benzoate ion.29,77 Because para-
thion will cause interference due to its byproduct (para-
nitrophenol), we used diethyl chlorophosphate as a pesticide
that has a similar reactivity as parathion and releases byproduct

Scheme 3. Plausible Mechanism of Degradation of Organophosphate Based Pesticides

Figure 4. Noncovalent interactions involved in supramolecular
packing of complexes N1, N2, and N3.
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that did not cause any interference in region 412 nm. Diethyl
chlorophosphate (100 μM) reacted with complex N1 (10 μM)
for 20 min; after every 2 min, the sample was collected from
the reaction mixture. To the collected sample (80 μL) was
added a solution of acetylcholine esterase enzyme, followed by
addition of Ellman solution (10 μL). All the collected samples
were put in a 96-well plate, and the absorbance intensity at 412
nm was recorded using a TECAN plate reader.
The increase in absorbance at 412 nm is attributed to the

free thiol group in the solution and was used to monitor the
hydrolysis of acetylthiocholine. It was observed that, in the
presence of a catalyst, the concentration of free thiol decreases
up to 13% within 20 min (Figure 5). Therefore, our catalyst is
efficient toward detoxification of organophosphates in a very
short span of time. It is worth to be mentioned here that N2
complex also effectively decreases the inhibition of acetylcho-
line esterase enzyme in the presence of organophosphate,
whereas complex N3 was not found to be effective to reduce
the inhibition of enzyme (Figures S28 and S29).

■ CONCLUSION
We have synthesized novel copper(II) complexes having a
benzimidazolium unit as a secondary catalytic site along with
the primary catalytic site of copper ion. Complexes N1 and N2
coordinate with organophosphate species in a reversible
pathway, which enhances the electrophilicity of phosphorus
and favors the hydrolysis process. The rate of hydrolysis of
first-order kinetics was measured using UV−visible absorption
spectroscopy by monitoring the absorption at 405 nm. The
prepared catalyst has various advantages over existing methods,
such as a high rate of hydrolysis, working in the pure aqueous
medium, and a better catalytic efficiency. To demonstrate
further the acetylcholine esterase activity, Ellman’s reagent was
used to monitor the hydrolysis of acetylthiocholine. The
inhibition of acetylcholine esterase enzyme due to pesticide
decreased up to 13% within 20 min.
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