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Abstract 
This study contains the synthesis, spectral analysis, and the enzyme inhibition effects of the Pd-based complexes bearing 
both 2-aminopyridine and N-heterocyclic carbene (NHC) ligands. The NHC ligand in the Pd-based complexes contains the 
3-cyanobenzyl group. All new complexes were synthesized from (NHC)PdBr2(pyridine) complexes and 2-aminopyridine. 
These new complexes were characterized by using elemental analysis, 1H NMR, 13C NMR, and FT-IR spectroscopy tech-
niques. Furthermore, inhibitor effects of these complexes were also tested toward some metabolic enzymes such as carbonic 
anhydrase and xanthine oxidase enzymes. The IC50 range for hCA I, hCA II, and XO were determined as 0.325–0.707, 
0.238–0.636, and 0.576–1.693 μM, respectively. These data showed that Pd(II)–NHC complexes bearing 2-aminopyridine 
may be potent inhibitors of hCA and XO enzymes. Besides these applications, molecular docking was performed by using 
CDOCKER tool as a part of Discovery studio 2019, not only to determine the binding mode of synthesized inhibitors, 
but also to determine the correlation between the CDOCKER score values and IC50 values. We found a good correlation 
(R2 = 0.7403) between IC50 and the CDOCKER score of the inhibitors for XO. These findings could be a reference to start 
the development of effective medicine for XO.
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Introduction

Since half a century ago, the NHCs have attracted a great 
deal of interest as ligands in the fields of organic and 
organometallic chemistry after the discovery of the sta-
ble metal–NHC complexes by Wanzlick [1]. Surprisingly, 
NHCs have been overshadowed by metal-NHC complexes 
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for 23 years. In the early 1990s, stable, isolated and storable 
crystal NHC 1,3-di(adamantyl)imidazol-2-ylidene (IAd) was 
reported by Arduengo et al. [2, 3].

The NHCs have important properties such as high reac-
tivity, structural diversity, being a strong σ-donor and a weak 
π-acceptor. Furthermore, the stability of the metal–carbene 
bond in the metal–NHC complexes increased the interest 
in these complexes [4–9]. The NHCs can form stable com-
plexes with almost all transition metals. Stable metal–NHC 
complexes of many transition metals such as Pt [10], Ru [11, 
12], Pd [13], Fe [14], Ni [15], Co [16], Zn [17], Mn [18], 
Hg [19], Ag [20], Cu [21], and Au [22] have already been 
synthesized. In the beginning, the synthesized metal–NHC 
complexes were used as active catalysts in various catalytic 
reactions [23–27]. Subsequently, biochemists have become 
interested in the biological properties of these complexes 
[28, 29]. In particular, studies on the medical applications 
of the metal–NHC complexes containing the Au [30], Ru 
[31], Pt [32], and Ag [33] transition metals have increased. 
Recently, studies on the medical applications of Pd(II)NHC 
complexes have been published [28, 29, 34–36]. However, 
there is only one recent study concerning the medical appli-
cations of Pd-based complexes containing both 2-aminopyri-
dine and NHC ligands [29].

Carbonic anhydrase (CA) is a zinc metalloenzyme that 
plays an important role in biological systems [37]. CAs are 
also vital in maintaining physiological and pathophysiologi-
cal processes. Therefore, the inhibition of CAs is a useful 
way for healing some disease such as cancer [38], and obe-
sity cases [39]. CA catalyzes the conversion to  HCO3

− by 
giving the proton of  H2O to  CO2. Thus, it keeps up the 
acid–base balance in the blood and other tissues and helps 
to move out  CO2 from biological systems [40], ion exchange, 
and cardiovascular system organization [41]. Whereas the 
inhibitors-oriented hCA I are beneficial in retinal and cer-
ebral edema, inhibitors-oriented hCA II are utilized as diu-
retics, in edema management, as antiglaucoma substances, 
anti-epilepsy drugs, and additionally for altitude sickness 
therapy [42].

Xanthine oxidase (XO, EC 1.17.3.2) is a flavor-protein 
enzyme and has high activity in the liver and intestine. XO 
is highly concentrated in the gastrointestinal tract [43]. XO 
is an enzyme that has major activities such as the hydroxyla-
tion of hypoxanthine to xanthine and xanthine to uric acid 
[44]. During the reaction process, an increase in reactive 
oxygen species (ROS) level is considered [45]. Therefore, 
XO is an important source of ROS and uric acid. Excessive 
manufacture of uric acid may cause hyperuricemia, which is 
the key for gout disease [46]. The increment of XO level can 
give rise to oxidative stress, mutagenesis, and perhaps cause 
cancer. Because of these, inhibition of XO decreases oxida-
tive stress immediately after inflammation. Furthermore, the 
inhibition of XO may be a way for cancer cure [47].

We had previously synthesized Pd-based complexes bear-
ing the  PPh3/NHC [8, 27, 48], and the morpholine/NHC 
ligand mixture [28]. In this study, we have synthesized new 
Pd-based complexes bearing NHC/2-aminopyridine ligand 
mixture from Pd-PEPPSI (pyridine-enhanced precatalyst 
preparation stabilization and initiation) complexes and 
2-aminopyridine. These new complexes contain two impor-
tant functional groups, such as benzonitrile (–C6H5CN) and 
aminopyridine (–C5H4NNH2). The benzonitrile core present 
in many chemical structures such as natural products, phar-
maceuticals, and agrochemicals makes such molecules inter-
esting targets among many chemicals [49, 50]. Moreover, 
the nitrile group in benzonitriles represents one of the most 
commonly used functional groups and can be applied to 
other functional groups such as aldehydes, carboxylic acids, 
amidines, amides, and amines [51]. The complexes contain-
ing electrophilic groups such as benzonitriles, commonly 
referred to as “warhead”, have been used in the design of 
some enzyme inhibitors [52, 53]. The aminopyridine group 
performs electronic interactions thanks to its nucleophilic 
character, while it can form hydrogen bond interaction with 
organic molecules due to its amino group. In addition, the 
pharmacokinetic properties of molecules containing the 
aminopyridine group largely depend on their lipophilicity 
and pKA values [54]. Recently, Krasavin et al. reported that 
aminonitriles can act as true inhibitors in hCA II inhibi-
tion [55]. Fouda et al. informed that in the topoisomerase 
catalytic activity analysis of β-enaminonitriles, these com-
pounds inhibit both topoisomerases I and II enzymes [56]. 
Herein, the enzyme inhibition effects of the (NHC)PdBr2(2-
aminopyridine) complexes bearing benzonitrile-substituted 
NHC and 2-aminopyridine ligand on the carbonic anhydrase 
enzymes (hCA I and hCA II) and xanthine oxidase enzyme 
were investigated. Also, a molecular docking study was 
conducted to clarify the interaction of the complexes with 
enzymes in this study.

Results and discussion

Synthesis

The new Pd-based complexes 1a–1f which contain both 
2-aminopyridine and NHC ligand mixture are illustrated in 
Scheme 1. All complexes were synthesized from the start-
ing material (NHC)PdBr2(pyridine) complexes [57] and 
2-aminopyridine. The pyridine ligand is weakly attached 
to the palladium center in the starting material (NHC)
PdBr2(pyridine) complexes [58]. The 2-aminopyridine 
ligand, which has a stronger nucleophilic character than 
pyridine, is attached to the palladium metal center via nucle-
ophilic addition, while the pyridine which has a weak nucle-
ophilic character is eliminated from the palladium center. 



1559The (NHC)PdBr2(2‑aminopyridine) complexes: synthesis, characterization, molecular…

1 3

Thus, stable (NHC)PdBr2(2-aminopyridine) complexes 
1a–1f were synthesized as a result of the nucleophilic sub-
stitution reaction. All new (NHC)PdBr2(2-aminopyridine) 
complexes bearing the 3-cyanobenzyl group 1a–1f were 
obtained as a yellow solid in good yields between 76 and 
82%. The formation of all complexes 1a–1f was confirmed 
by using FT-IR, 1H NMR, 13C NMR spectroscopic meth-
ods, and elemental analysis. When the 1H NMR spectra of 
the (NHC)PdBr2(2-aminopyridine) complexes 1a–1f were 
examined, the appearance of the methylene (–CH2) protons 
for the benzyl groups next to nitrogen atoms were observed 
as sharp singlets in the range of 6.10 ppm and 6.39 ppm. 
The appearance of the amino (–NH2) protons in the 2-ami-
nopyridine between 5.30 and 6.02 ppm proved the success-
ful synthesis. Following this, the aromatic (C–H) protons 
in the 2-aminopyridine groups next to nitrogen atom were 
observed in the range of 6.43 ppm and 6.70 ppm. The rest 
of the aromatic protons were observed as multiplets between 
6.47 ppm and 8.08 ppm. Examination of the 13C NMR spec-
tra of the stable (NHC)PdBr2(2-aminopyridine) complexes 
1a–1f revealed the methylene carbons (–CH2) on the benzyl 
groups within 49.8–53.6 ppm range. The characteristic car-
bene (NCN) peaks for the complexes 1a–1f were between 
165.8 and 168.1 ppm. The characteristic nitrile (Ar–CN) car-
bon peaks for the complexes 1a–1f were observed between 
117.4 and 124.0 ppm. Following this, the aromatic carbons 
in the 2-aminopyridine groups next to nitrogen atom were 
observed between 157.1 ppm and 160.2 ppm. The rest of the 
aromatic carbons were in the range of 110.9–139.6 ppm. All 

the 1H and 13C NMR spectral details are given in the experi-
mental section. The peaks at 1447, 1446, 1447, 1446, 1447, 
and 1444 cm−1 (respectively) in the FT-IR spectra verified 
clearly the presence of ν(CN for 2-Carbene) in the new complexes 
1a–1f. The peaks at 1628, 1626, 1627, 1626, 1626, and 
1626 cm−1 (respectively) in the FT-IR spectra proved clearly 
the presence of ν(CN for amino) in the new complexes 1a–1f. 
The peaks at 2323, 2231, 2228, 2231, 2228, and 2224 cm−1 
(respectively) in the FT-IR spectrums demonstrated clearly 
the presence of ν(CN for nitrile) in the new complexes 1a–1f. 
The peaks at 3319, 3332, 3351, 3332, 3336, and 3329 cm−1 
(respectively) in the FT-IR spectra showed clearly the pres-
ence of ν(NH) in the new complexes 1a–1f. All spectral data 
results are consistent with the literature [29].

Enzyme inhibition studies

The inhibition properties of novel (NHC)PdBr2(2-ami-
nopyridine) complexes were investigated on hCA I and 
hCA II by using the esterase assay method and the IC50 
values for hCA I and hCA II are summarized in Table 1 
and Fig. 1. Isoenzymes hCA I and hCA II are found in red 
blood cell (RBC) and needed for maintaining the physiologi-
cal pH of the blood when the level of  (HCO3

−) increases 
[46]. In this study, the IC50 ranges were determined as 
0.325–0.707 μM for hCA I and 0.238–0.636 μM for hCA II. 
In a recent study, a novel series of diamide-based benzene-
sulfonamides demonstrated the IC50 for hCAI in the range 
from 0.796 to 8.175 μM and for hCA II in the range from 

Scheme 1

Scheme 1  .
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0.068 to 0.448 μM [59]. In another study, a new series of 
β-aminochalcogenides were synthesized and the IC50 val-
ues determined in the range from 4.6 to 22.1 μM for hCAI 
[60]. In addition, they newly synthesized quinazoline-
linked benzensulfonamides and found the IC50 value range 
for hCAI (0.0394–3.665 μM) and hCA II (0.75–833.1 nM) 
[61]. Our results showed that all of the synthesized new 
3-cyanobenzyl-substituted (NHC)PdBr2(2-aminopyridine) 
complexes effectively inhibited hCA I and hCA II. Due to 
the high inhibitor activity of (NHC)PdBr2(2-aminopyridine) 
complexes toward CA isoenzymes, it might be used as an 
interesting therapeutic which could be utilized for the treat-
ment of a wide number of disorders such as oxidative stress, 
anemia, cancer, edema, osteoporosis, and obesity [38, 39].

In vitro inhibition effect of (NHC)PdBr2(2-aminopyr-
idine) complexes on serum bovine XO was also meas-
ured spectrophotometrically by following the increase in 
uric acid levels at 294 nm [47]. Allopurinol was included 
as a positive control to compare the IC50 values. All the 
NHC compounds have potential inhibition effects more 
than allopurinol. The IC50 for enzyme inhibition range 
that we found (0.576–1.693 μM) is summarized in Table 1 
and Fig. 1. A recent study demonstrated the IC50 for XO 
(0.263–20.45 μM) for newly synthesized hesperidin deriva-
tives [62]. In another study, a research groups synthesized 

coumarin derivatives, investigated the biological activity and 
reported that IC50 value range was 14.79–97.65 μM [63]. 
In another study, a series of N-(4-alkoxy-3-cyanophenyl)-
isonicotinamide/nicotinamide derivatives were synthesized, 
evaluated for their inhibitory potency in vitro against XO 
and IC50 measured as 0.3–35.0 μM [64].

Recently, studies on the antibacterial and anticancer 
activities of novel synthesized benzonitrile-substituted NHC 
precursors and their silver complexes have attracted atten-
tion [63–66]. In these studies, benzonitrile-substituted NHC 
precursors and their silver complexes exhibited anticancer 
and antibacterial activity [65–68]. In these studies, benzoni-
trile-substituted NHC precursors and their silver complexes 
exhibited anticancer and antibacterial activity [65–68]. 
According to our results, it may be stated that metal–NHC 
complexes containing benzonitrile and 2-aminopyridine 
exhibited good biological activity in terms of enzyme inhi-
bition properties. The benzonitrile functional group reacts 
easily with biological molecules such as amino acids in the 
enzyme structure thanks to its electronic properties. The 
aminopyridine group performs electronic interactions thanks 
to its nucleophilic character with organic molecules. Also, 
this group can form hydrogen bond interaction with organic 
molecules such as amino acid molecules due to its amino 
group in the structure. Other groups (aryl/alkyl) in our com-
plexes are important in terms of secondary interaction such 
as electronic inductive effect and steric bulky in enzyme 
inhibition activity of the complexes. Our results are also 
parallel to those in literature [55].

Molecular docking studies

The new synthesized (NHC)PdBr2(2-aminopyridine) 
complexes 1a–1f were screened in vitro for their inhibi-
tion activity using different cancer targets. The xanthine 
oxidase enzyme (XO) and human carbonic anhydrase iso-
enzymes (hCA I and hCA II) were employed for these 
comparative studies through molecular docking using 
Discovery Studio 2019. The hydrophilic and hydrophobic 
interactions of allopurinol in binding site of XO formed 
noticeable important residues such as Ser876, Glu879, 
Arg880, Phe 914, Phe1009, Ala1078, and Ala1079. In 

Table 1  The inhibition values 
(IC50) of the (NHC)PdBr2(2-
aminopyridine) complexes 
1a–1f on human carbonic 
anhydrase isoenzymes (hCA 
I and hCA II) and xanthine 
oxidase (XO)

Compound XO(μM) r2 hCAI(μM) r2 hCAII(μM) r2

1a 1.08 ± 0.04 0.981 0.47 ± 0.03 0.994 0.54 ± 0.04 0.989
1b 0.66 ± 0.01 0.998 0.35 ± 0.05 0.977 0.46 ± 0.04 0.987
1c 1.69 ± 0.06 0.990 0.71 ± 0.04 0.988 0.64 ± 0.05 0.984
1d 0.65 ± 0.02 0.985 0.41 ± 0.03 0.989 0.34 ± 0.03 0.970
1e 0.58 ± 0.02 0.997 0.41 ± 0.04 0.997 0.24 ± 0.03 0.978
1f 0.59 ± 0.02 0.998 0.33 ± 0.02 0.993 0.32 ± 0.04 0.967
Allopurinol 2.57 ± 0.05 0.989

Fig. 1  The inhibition values (IC50) of the (NHC)PdBr2(2-aminopyr-
idine) complexes 1a–1f on human carbonic anhydrase isoenzymes 
(hCA I and hCA II) and xanthine oxidase enzyme (XO)
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line with this result, the binding pattern of ligands was 
carefully investigated and evaluated. At the same time, the 
in vitro data of the related ligands are helpful to compare 
with their computational results.

The first attention case is that all the ligands are quite 
effective compared to the reference ligand against the 
XO target based on their in vitro data. This was easily 
explained with the help of molecular docking results. 
Based on the structure of allopurinol, which is expressed 
in yellow, the related ligands have a larger surface area, as 
seen in Fig. 2. For this reason, they have more interactions 
(electrostaic and hydrophobic) in the binding site of the 
target, especially, 1e and 1f complexes, which have better 
inhibition effects than reference ligand and others (1a–1d), 
show supporting results in Fig. 2 and Table S1.

The complex 1f can be compared with active complex 
1e; the optimum number (three) and positions (ortho and 
para) of methyl group on phenyl ring of complex 1e might 

be the dominant cause for the inhibition effect and these 
were absent in 1a, 1b, 1c, and 1d. The complex 1f has 
more methyl groups than 1e. But this state causes an unde-
sired effect like less inhibition effect on XO.

Furthermore, the same process was performed to the same 
ligands against hCA I and hCA II. Figure 3 shows that com-
pound 1f has the best inhibition effect than others, because 
it has 19 non-bonding interactions with hCA I includ-
ing three hydrogen bonds with Thr199 (2.76 Å), His200 
(2.11 Å), and His 67 (2.18 Å) residues of the enzyme, and 
also 16 hydrophobic interactions with His94, Pro3, Pro202, 
Ala135, Leu198, Trp5, Tyr20,His67, and His200 residues 
in the binding site of hCA I. The molecular docking results 
obtained for hCA II are similar to those obtained with the 
XO target in Fig. 4.

Besides interactions of the ligands, binding energy values 
of the (NHC)PdBr2(2-aminopyridine) complexes 1a–1f on 
each target were calculated and analyzed as given in Table 2.

Fig. 2  Representation of 3D interaction of 3NVY with the (NHC)
PdBr2(2-aminopyridine) complexes 1a–1f which were marked with 
different colors in the active site of XO (1a colored claret red; 1b 

colored blue; 1c colored green; 1d colored orange; 1e colored light 
pink, and 1f colored light blue) (color figure online)
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Further, the correlation between the binding energy 
values of the studied compounds and inhibition constant 

IC50 values was studied and plotted in Fig. 5, which dis-
plays a linear relationship. In the analysis of CDOCKER 

Fig. 3  Representation of 3D interaction of 1AZM with the (NHC)PdBr2(2-aminopyridine) complexes 1a–1f at the active site

Fig. 4  Representation of 3D interaction of 3HS4 with the (NHC)PdBr2(2-aminopyridine) complexes 1a–1f at the active site
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docking results, a high correlation (R2 = 0.7403) between 
IC50 of the studied compounds against XO and binding 
energy was seen as shown in Fig. 5a. In the case of hCA 
II, the correlation between IC50 and binding energy was 

moderate, R2 = 0.5021 (Fig. 5c), whereas a poor correla-
tion (R2 = 0.025) was identified between binding energy 
and IC50 of hCA I ,as illustrated in Fig. 5b. Therefore, 
binding energy has the best capability to rank the bio-
activities of the studied inhibitors for XO; this finding is 
consistent with that of Yan et al. [69], who reported that 
binding energy was in good correlation (R2 = 0.7236) with 
IC50 of the ligands as inhibitors for COX-2. But binding 
energy is not the best choice for both hCA I and hCA II. 
The findings of this study could be promising in the future 
for development of effective drug for XO.

Conclusions

Consequently, this study contains the synthesis and inhibitor 
applications of the new 3-cyanobenzyl-substituted (NHC)
PdBr2(2-aminopyridine) complexes. All of the new com-
plexes were characterized using FT-IR spectroscopy, 1H 
NMR, 13C NMR and elemental analysis techniques. The 
characterization data were consistent with the proposed for-
mulas. The new (NHC)PdBr2(2-aminopyridine) complexes 
1a–1f were used to determine the efficient inhibition against 
CA isoenzymes, and xanthine oxidase (XO) enzymes. There-
fore, these complexes may be effective inhibitors of hCA and 
XO enzymes due to nano- and micromolar levels of IC50. 
Also, the docking calculations exhibited favorable binding 
between the new (NHC)PdBr2(2-aminopyridine) complexes 
1a–1f and three targets. The results of the docking studies 
based on the related new (NHC)PdBr2(2-aminopyridine) 
complexes 1a–1f with three targets, including XO and hCA 
I and hCA II, confirmed the experimental data. The impact 
of these compounds on binding sites of XO, hCA I, and 
hCA II was carefully investigated and interpreted according 
to their interactions types and binding energy value using 
molecular docking.

Table 2  Binding energy 
values of the (NHC)PdBr2(2-
aminopyridine) complexes 
1a–1f 

Binding energy/kJ mol−1

Compounds XO CAI CAII

1a − 298.9468 ± 0.031 − 226.9402 ± 0.031 − 313.9674 ± 0.042
1b − 329.5737 ± 0.045 − 214.3045 ± 0.052 − 287.9010 ± 0.030
1c − 277.8176 ± 0.023 − 234.9316 ± 0.036 − 322.8374 ± 0.032
1d − 299.5326 ± 0.022 − 263.2573 ± 0.041 − 321.5822 ± 0.065
1e − 321.9588 ± 0.015 − 244.4711 ± 0.065 − 263.4246 ± 0.011
1f − 328.1511 ± 0.020 − 255.6006 ± 0.016 − 265.3493 ± 0.019

R² = 0.7403
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Fig. 5  The correlation between the experimental IC50, (µM) values 
and the binding energy (kJ mol) values of new-synthesized complexes 
toward a XO, b hCA I and c hCA II



1564 F. Türker et al.

1 3

Experimental

All synthesis for the new Pd-based complexes 1a–1f con-
taining both 2-aminopyridine and NHC ligand mixture 
were prepared under an inert argon atmosphere by using 
standard Schlenk techniques. All solvents were used with-
out any drying or purification. All reagents were economi-
cally accessible from Alfa Aesar, Sigma-Aldrich, AFG 
Bioscience, Merck, and Acros Organics Chemical Co., and 
utilized without subsequent purification. The synthesis of 
meta-cyanobenzyl-substituted Pd-PEPPSI complexes [57] 
used as the starting material in this study was synthesized in 
Inonu University Catalysis Research and Application Center 
Laboratory. Furthermore, melting points were recognized 
in glass capillaries under air with an Electrothermal-9200 
melting point apparatus. On the other hand, FT-IR spec-
tra assays were kept in the range 400–4000 cm−1 on Perkin 
Elmer Spectrum 100 FT-IR spectrometer using KBr discs. 
Carbon (13C) and proton (1H) NMR spectra were recorded 
using either a Bruker Avance III 400 MHz NMR spectrom-
eter operating at 100 MHz (13C), 400 MHz (1H) in DMSO-d6 
and  CDCl3 with tetramethylsilane as an internal reference by 
Inonu University Catalysis Research and Application Center. 
Elemental analyses were performed by Inonu University Sci-
entific and Technology Centre (Malatya, Turkey).

D i b ro m o [ 1 ‑ b e n z y l ‑ 3 ‑ ( 3 ‑ c ya n o b e n z y l ) b e n z i m i d a ‑
zol‑2‑ylidene](2‑aminopyridine)palladium(II)  (1a, 
 C27H23Br2N5Pd) The complex 1a was synthesized from 
the reaction of 134 dibromo[1-benzyl-3-(3-cyanobenzyl)
benzimidazol-2-ylidene]pyridinepalladium(II)  (0.2 mmol) 
and 24 mg 2-aminopyridine (0.25 mmol) in 15 cm3 chlo-
roform at room temperature at 3  h [29]. Yield: 96  mg 
(79%); m.p.: 207–208 °C; IR (KBr): � = 3319 (NH), 2323 
(C≡N for nitrile), 1628 (C–N for amino), 1447 (C–N for 
2-Ccarbene) cm−1; 1H NMR (400 MHz, DMSO-d6): δ = 8.32 
(d, 1H, J = 4.8 Hz, –NC5H4NH2), 7.95–7.31 (m, 14H, Ar–H), 
6.68 (m, 2H, –NC5H4NH2), 6.36 (s, 2H, –NCH2C6H4CN), 
6.30 (s, 2H, –NCH2C6H5), 6.02 (s, 2H, –NC5H4NH2) ppm; 
13C NMR (100 MHz, DMSO-d6): δ = 168.1 (Pd–Ccarbene), 
159.3 (amino-pyr C1), 151.4 (amino-pyr C5), 139.6, 136.5, 
136.3, 136.1, 135.1, 134.0, 131.3, 129.1, 128.6, 125.5 (Ar–
C), 124.0 (C≡N), 112.2 (amino-pyr C4), 112.1(amino-pyr 
C3), 111.4 (Ar–C), 108.7 (amino-pyr C2), 52.2 (–NCH-
2C6H4CN), 51.8 (–NCH2C6H5) ppm.

Dibromo[1‑(3‑cyanobenzyl)‑3‑(2‑methylbenzyl)benzi‑
midazol‑2‑ylidene](2‑aminopyridine)palladium(II) (1b, 
 C27H23Br2N5Pd) The complex 1b was synthesized by 
using the same method mentioned for 1a, using  137 mg 
dibromo[1-(3-cyanobenzyl)-3-(2-methylbenzyl)benzimi-
dazol-2-ylidene]pyridinepalladium(II) (0.2 mmol). Yield: 

104 mg (76%); m.p.: 228–229 °C; IR (KBr) � = 3332 (NH), 
2331 (C≡N for nitrile), 1626 (C–N for amino), 1446 (C–N 
for 2-Ccarbene)  cm−1; 1H NMR (400  MHz, DMSO-d6): 
δ = 8.18 (s, 1H, –NC5H4NH2), 8.06–7.07 (m, 13H, Ar–H), 
6.64 (m, 2H, –NC5H4NH2), 6.39 (s, 2H, –NCH2C6H4CN), 
6.25 (s, 2H, –NCH2C6H4CH3), 5.90 (s, 2H, –NC5H4NH2), 
2.59 (s, 3H, –NCH2C6H4CH3) ppm; 13C NMR (100 MHz, 
DMSO-d6): δ = 168.0 (Pd–Ccarbene), 159.1 (amino-pyr C1), 
149.0 (amino-pyr C5), 137.9, 134.7, 134.0, 133.9, 132.2, 
130.3, 127.9, 124.1, 122.9 (Ar–C), 119.1 (C≡N), 112.8 
(amino-pyr C3), 112.0 (amino-pyr C4), 111.4 (Ar–C), 105.3 
(amino-pyr C2), 51.7 (–NCH2C6H4CN), 50.3 (–NCH-
2C6H4CH3), 19.8 (–NCH2C6H4CH3) ppm.

Dibromo[1‑(3‑cyanobenzyl)‑3‑(3‑methylbenzyl)benzi‑
midazol‑2‑ylidene](2‑aminopyridine)palladium(II) (1c, 
 C28H25Br2N5Pd) The complex 1c was synthesized by 
using the same method mentioned for 1a, using 137 mg 
dibromo[1-(3-cyanobenzyl)-3-(3-methylbenzyl)benzimi-
dazol-2-ylidene]pyridine palladium(II) (0.2 mmol). Yield: 
112 mg (80%); m.p.: 170–171 °C; IR (KBr) � = 3351 (NH), 
2228 (C≡N for nitrile), 1627 (C–N for amino), 1447 (C–N 
for 2-Ccarbene) cm−1; 1H NMR (400 MHz,  CDCl3): δ = 8.27 
(s, 1H, –NC5H4NH2), 7.91–7.07 (m, 13H, Ar–H), 6.63, 
6.51 (s, 2H, –NC5H4NH2), 6.23 (s, 2H, –NCH2C6H4CN), 
6.16 (s, 2H, –NCH2C6H4CH3), 5.34 (s, 2H, –NC5H4NH2), 
2.35 (s, 3H, –NCH2C6H4CH3) ppm; 13C NMR (100 MHz, 
 CDCl3): δ = 167.1 (Pd–Ccarbene), 158.2 (amino-pyr C1), 152.6 
(amino-pyr C5), 149.4 (amino-pyr C5), 138.7, 134.8, 134.4, 
132.5, 132.1, 131.5, 129.9, 129.1, 128.8, 125.1, 123.7, 123.6 
(Ar–C), 118.4 (C≡N), 114.3 (Ar–C), 113.0 (amino-pyr C3), 
111.8 (amino-pyr C4), 111.4 (Ar–C), 110.8 (amino-pyr 
C2), 53.6 (–NCH2C6H4CN), 52.3 (–NCH2C6H4CH3), 21.4 
(–NCH2C6H4CH3) ppm.

Dibromo[1‑(3‑cyanobenzyl)‑3‑(4‑methylbenzyl)benzi‑
midazol‑2‑ylidene](2‑aminopyridine)palladium(II) (1d, 
 C28H25Br2N5Pd) The complex 1d was synthesized by 
using the same method mentioned for 1a, using 137 mg 
dibromo[1-(3-cyanobenzyl)-3-(4-methylbenzyl)benzimi-
dazol-2-ylidene]pyridine palladium(II) (0.2 mmol). Yield: 
109 mg (78%); m.p.: 215–216 °C; IR (KBr) � = 3332 (NH), 
2231 (C≡N for nitrile), 1626 (C–N for amino), 1446 (C–N 
for 2-Ccarbene) cm−1; 1H NMR (400 MHz,  CDCl3): δ = 8.21 
(m, 1H, –NC5H4NH2), 7.84–7.05 (m, 13H, Ar–H), 6.56, 
6.43 (d, m, 2H, J = 8.4 Hz, –NC5H4NH2), 6.15 (s, 2H, –
NCH2C6H4CN), 6.11 (s, 2H, –NCH2C6H4CH3), 5.30 (s, 
2H, –NC5H4NH2), 2.28 (s, 3H, –NCH2C6H4CH3) ppm; 13C 
NMR (100 MHz,  CDCl3): δ = 165.8 (Pd–Ccarbene), 157.1 
(amino-pyr C1), 148.3 (amino-pyr C5), 137.7, 137.1, 135.6, 
131.5, 131.0, 130.6, 130.4, 128.9, 128.6, 127.0, 122.6, 
122.5 (Ar–C), 117.4 (C≡N), 113.3 (amino-pyr C3), 112.0 
(amino-pyr C3), 110.9 (Ar–C), 110.4 (amino-pyr C4), 109.7 
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(amino-pyr C2), 52.6 (–NCH2C6H4CN), 51.3 (–NCH-
2C6H4CH3), 20.2 (–NCH2C6H4CH3) ppm.

Dibromo[1‑(3‑cyanobenzyl)‑3‑(2,4,6‑trimethylbenzyl)‑
benzimidazol‑2‑ylidene](2‑aminopyridine)palladium(II) 
(1e,  C28H25Br2N5Pd) The complex 1e was synthesized by 
using the same method mentioned for 1a, using  142 mg 
dibromo[1-(3-cyanobenzyl)-3-(2,4,6-trimethylbenzyl)ben-
zimidazol-2-ylidene]pyridine palladium(II) (0.2 mmol). 
Yield: 114 mg (82%); m.p.: 232–231 °C; IR (KBr) � = 3336 
(NH), 2228 (C≡N for nitrile), 1626 (C–N for amino), 1447 
(C–N for 2-Ccarbene) cm−1; 1H NMR (400 MHz, DMSO-d6): 
δ = 8.13 (s, 1H, –NC5H4NH2), 7.99–6.89 (m, 9H, Ar–H), 
6.67, 6.61 (s, d, 2H, J = 8.1 Hz, –NC5H4NH2), 6.48 (s, 2H, 
–NCH2C6H2(CH3)3), 6.38 (s, 2H, –NCH2C6H4CN), 6.10 (s, 
2H, –NCH2C6H2(CH3)3), 5.89 (s, 2H, –NC5H4NH2), 2.36, 
2.32 (s, 9H, –NCH2C6H2(CH3)3) ppm; 13C NMR (100 MHz, 
DMSO-d6): δ = 167.2 (Pd–Ccarbene), 159.1 (amino-pyr C1), 
149.0 (amino-pyr C5), 148.2 (amino-pyr C3), 138.5, 138.1, 
137.9, 135.0, 133.9, 133.3, 132.2, 130.2, 130.0, 128.7, 
123.8 (Ar–C), 119.1 (C≡N), 112.6 (amino-pyr C4), 112.0 
(amino-pyr C4), 111.5 and 111.3 (Ar–C), 108.4 (amino-pyr 
C2), 51.8 (–NCH2C6H4CN), 49.8 (–NCH2C6H2(CH3)3), 21.2 
(–NCH2C6H2(CH3)3) ppm.

Dibromo[1‑(3‑cyanobenzyl)‑3‑(2,3,4,5,6‑pentamethylben‑
zyl)benzimidazol‑2‑ylidene](2‑aminopyridine)palladium(II) 
(1f,  C30H29Br2N5Pd) The complex 1f was synthesized by 
using the same method mentioned for 1a, using  148 mg 
dibromo[1-(3-cyanobenzyl)-3-(2,3,4,5,6-pentamethylb-
enzyl)benzimidazol-2-ylidene]pyridine palladium(II) 
(2 mmol). Yield: 115 mg (79%); m.p.: 246–247 °C; IR 
(KBr) � = 3329 (NH), 2224 (C≡N for nitrile), 1626 (C–N 
for amino), 1444 (C–N for 2-Ccarbene)  cm−1; 1H NMR 
(400  MHz, DMSO-d6): δ = 8.14 (s, 1H, –NC5H4NH2), 
8.08–6.47 (m, 9H, Ar–H), 6.70, 6.62 (t, m, 2H, J = 5.7 Hz, 
–NC5H4NH2), 6.38 (s, 2H, –NCH2C6H4CN), 6.19 (s, 2H, 
–NCH2C6(CH3)5), 5.90 (s, 2H, –NC5H4NH2), 2.35, 2.27 
(d, s, 15H, J = 4.3 Hz, –NCH2C6(CH3)5) ppm; 13C NMR 
(100  MHz, DMSO-d6): δ = 167.0 (Pd–Ccarbene), 160.2 
(amino-pyr C1), 159.1 (amino-pyr C1), 149.0 (amino-pyr 
C5), 148.1 (amino-pyr C5), 138.5, 138.1, 137.9, 137.4, 
135.8, 134.4, 134.0, 133.3, 133.2, 132.2, 130.2, 128.4, 123.6 
(Ar–C), 119.1 (C≡N), 112.7 (amino-pyr C3), 112.2 (amino-
pyr C4), 111.9, 111.5 (Ar–C), 108.4 (amino-pyr C2), 51.8 
(–NCH2C6H4CN), 51.4 (–NCH2C6(CH3)5), 17.9, 17.5, 17.2 
(–NCH2C6(CH3)5) ppm.

Biochemical studies

The purification of hCA isoenzymes (hCA I and hCA II) 
was performed considering the methods defined previously 

by Göcer et al. [70]. The isoenzymes were purified via 
affinity column Sepharose-4B-l-tyrosine-sulfanilamide 
with single step. Then, the protein quantity in the purifi-
cation stage was measured by Bradford method spectro-
photometrically. The CA activity was assayed with the 
method reported by Verpoorte et al. [71]. The differences 
in absorbance at 348 nm of 4-nitrophenyl acetate (NPA) 
to 4-nitrophenylate were noted. 4-NPA was utilized as the 
substrate. The reaction mixture included purified enzyme, 
distilled water, 4-NPA (3.0 mM), and Tris–SO4 buffer 
(50 mM, pH 7.4). Inhibition experiments were conducted 
with different concentrations of the inhibitor. Table 1 and 
Fig. 1 show the IC50 values for the NHC.

In vitro inhibition of xanthine oxidase (ox) enzyme

The XO inhibitory effect was determined spectrophotometri-
cally by measuring the formation of uric acid. The assay 
mixture contained XO enzyme (0.2 U), phosphate buffer 
(50 mM, pH 7.4), tested NHC, and xanthine (1 mM). After 
the preincubation of the assay mixture at 37 °C for 10 min, 
the reaction was initiated by adding freshly prepared xan-
thine. The formation of uric acid was measured kinetically 
for 2 min at 294 nm. Allopurinol was utilized as a positive 
control. The percentage of inhibitory activity was assayed by 
comparing the reaction rate of the compound-treated group 
to that of the positive reference. Then, IC50 of XO inhibition 
was calculated as follows:

Molecular docking

The present molecular docking was performed to determine 
the binding of the new (NHC)PdBr2(2-aminopyridine) 
complexes 1a–1f in three different targets, xanthine oxidase 
(XO) and human carbonic anhydrases (CA) having hCA I 
and hCA II. The CDOCKER is a grid-based molecular dock-
ing method that employs CHARMm for molecular dock-
ing. The crystal structures of XO with allopurinol as refer-
ence ligand, hCA I and hCA II were obtained from Protein 
Data Bank (PDB: 3NVY, 1AZM, and 3HS4, respectively). 
Before starting the docking process, the 3D structures were 
optimized by removing water molecules, metals and ligand 
from crystal structures. All the (NHC)PdBr2(2-amino-
pyridine) complexes 1a–1f were sketched and minimized 
using density functional theory (DFT) at B3LYP/SDD level 
implemented in Gaussian09 [72]. Then the conformational 
analysis of these complexes was analyzed using CHARMm 
as implemented in Discovery Studio 2019 [73]. CDOCKER 
was employed for molecular docking study. The results of 

Xanthine oxidase inhibition (%) =
(

Acontrol−Asample

/

Acontrol

)

× 100.



1566 F. Türker et al.

1 3

molecular docking were evaluated depending on CDOCKER 
score and non-bonding interactions of each complex against 
the related targets.
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