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Abstract
Pd(II) complexes (Pd1, Pd2, and Pd3) were synthesized for the first time using asymmetric isatin bisthiocarbohydrazone 
ligands and  PdCl2(PPh3)2. All complexes were characterized by a range of spectroscopic and analytical techniques. The 
molecular structures of Pd1 and Pd3 have been determined by single-crystal X-ray diffraction analysis. The complexes are 
diamagnetic and exhibit square planar geometry. The asymmetric isatin bisthiocarbohydrazone ligands coordinate to Pd(II) 
ion in a tridentate manner, through the phenolic oxygen, imine nitrogen and thiol sulfur, forming five- and six-membered che-
late rings within their structures. The fourth coordination site in these complexes is occupied by  PPh3 (triphenylphosphine). 
The free ligands and their Pd(II) complexes were evaluated for their carbonic anhydrase I, II (hCAs) and acetylcholinesterase 
(AChE) inhibitor activities. They showed a highly potent inhibition effect on AChE and hCAs. Ki values are in the range of 
9 ± 0.6 – 30 ± 5.4 nM for AChE, 7 ± 0.5 – 16 ± 2.2 nM for hCA I and 3 ± 0.3–24 ± 1.9 nM for hCA II isoenzyme. The results 
clearly demonstrated that the ligands and their Pd(II) complexes effectively inhibited the used enzymes.
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Introduction

Isatin and derivatives can inhibit many enzymes and recep-
tors, cross the brain barrier and be used in the development 
of new drugs [1–3]. Isatin has been reported to be a revers-
ible inhibitor of MAO isozyme [4]. These compounds, 
besides their use as pharmaceutical raw materials, are also 
synthetic substrates used in the synthesis of a wide variety 
of heterocyclic compounds [5, 6].

Thiocarbohydrazones are homologs of the thiosemicar-
bazones, a class of compounds that have been extensively 
studied for their antimicrobial, antifungal and anticancer 
activities and metal complexes [7, 8]. Thiocarbohydrazones 
containing O, N and S donor atoms are of interest due to 
their wide biological activity and binding to metal ions in 
various ways [9, 10]. In addition, the presence of additional 
coordination sites on the side substituents can affect both 
stoichiometry and metal ion selectivity [11]. Also, the asym-
metry of thiocarbohydrazones can induce different metal 
coordination geometry [12].

N-Ethyl isatin-beta-thiocarbohydrazone has been found 
to exert a strong antiproliferative effect against B16 cells 
[13]. Isatin bisthiocarbohydrazone ligands and some metal 
complexes have shown promising cytotoxic activity when 
screened using the in vitro method [14, 15].

Despite thiocarbohydrazones as multifunctional ligands, 
not many studies have been carried out to evaluate the bio-
logical activity of their metal complexes. Furthermore, little 
data concerning the enzyme activities are found.

The search for new chemotherapy drugs that have fewer 
side effects and can treat cisplatinum-resistant strains has led 
researchers to Pd(II) complexes [16–18]. Pd(II) complexes 
also possess antiviral, antiinflammatory, antimalarial and 
antioxidant activities [19–21]. In addition, these complexes 
are potential inhibitors of enzymes [22, 23]. These proper-
ties have aroused interest in the design of Pd(II) complexes.

Phosphine ligands used as a secondary ligand in this work 
have the ability to act as both σ-bases and π-acids [24]. The 
use of a bulky ligand such as  PPh3 in the structure increases 
the stability of Pd(II) complexes and prevents them from 
being easily dissociated in the solution [25].

Carbonic anhydrase catalyzes the hydration of carbon 
dioxide and water to proton and bicarbonate ions [26, 27]. 
The reaction has a key role in several pathological and 
physiological reactions related to fluid secretion, calcifi-
cation, tumorigenicity, pH control, ion transportation and 
biosynthetic reactions including ureagenesis, lipogenesis 
and gluconeogenesis [28–30]. The inhibition of these zinc 
containing enzymes is a crucial target associated with the 
treatment of many disorders such as epilepsy, obesity, and 
glaucoma [31–33]. CA inhibition was also foreseen as a 
novel approach to combat metastases and tumors [34, 35]. 

So, these isoenzymes are crucial targets for the design and 
synthesis of novel inhibitors with clinical applications [36, 
37]. On the other hand, a reduction in cholinergic neurons 
in the basal forebrain has been associated with decreased 
acetylcholine (ACh) release [38, 39]. The enzyme acetyl-
cholinesterase (AChE) can impair memory and lower levels 
of ACh in the brain, hallmarks of Alzheimer's disease (AD). 
AChE inhibitors can inhibit ACh hydrolysis by reducing the 
level of AChE [40–42]. AChE inhibitors have been proposed 
for the symptomatic treatment of mild to moderate AD [43, 
44].

In our previous study, we reported the synthesis and spec-
tral characterization of new asymmetric isatin bisthiocarbo-
hydrazone ligands (1, 2, and 3) and their Ni(II) complexes 
[45]. The present paper describes the synthesis and spectral 
studies of new mixed ligand Pd(II) complexes (Pd1, Pd2 
and Pd3) of the asymmetric isatin bisthiocarbohydrazone 
ligands derived from 3,5-disubstituted salicylaldehydes. The 
study also defines the single crystal structures of the Pd1 
and Pd3 complexes. Finally, here for the first time, detailed 
in vitro enzyme inhibitor activities of the asymmetric isatin 
bisthiocarbohydrazone ligands and their Pd(II) complexes 
are reported.

Experimental

Materials

Thiocarbohydrazide was synthesized as described in the 
literature [46]. Isatin, carbon disulfide, hydrazine hydrate, 
3,5-dichlorosalicylaldehyde, 3-bromo-5-chlorosalicylalde-
hyde, 3,5-dibromosalicylaldehyde, bis(triphenylphosphine)
palladium(II) dichloride  [PdCl2(PPh3)2], and solvents were 
used as received from Sigma Aldrich, Alfa Aesar and Merck 
chemical companies.

Physical measurements

Elemental analysis (C, H, N and S) was carried out using a 
Thermo Finnigan Flash EA 1112 Series Elemental Analyzer. 
The electronic spectra were recorded on a Shimadzu 2600 
UV–Vis Spectrophotometer in DMF. Infrared spectra were 
taken on an Agilent Cary 630 FTIR spectrometer using ATR 
(Attenuated Total Reflectance) technic in the 4000–650  cm−1 
range. 1H and 31P NMR spectra were recorded in DMSO-d6 
on a Varian UNITY INOVA 500 MHz NMR spectrometer 
at room temperature. The mass spectra were recorded on a 
Thermo Finnigan LCQ Advantage MAX system using ESI 
(Electrospray Ionization) as the ionization technique. The 
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X-ray data were obtained with a Bruker APEX II CCD three-
circle diffractometer. The magnetic measurements were car-
ried out at room temperature by the Gouy technique with a 
MK I model device obtained from Sherwood Scientific. The 
molar conductivities of the complexes in DMSO  (10–3 M) 
were measured on a digital WPA CMD 750 conductivity 
meter at room temperature.

Synthesis of isatin monothiocarbohydrazone

Isatin monothiocarbohydrazone was prepared according to 
a known method with minor modifications [13].

[1-(2-oxoindolin-3-ylidene)thiocarbohydrazone]: 
Yield: 85%. Color: orange. M.p.: 240–241 °C. Anal. calcd. 
for  C9H9N5OS (235.26 g/mol): C 45.95, H 3.86, N 29.77, S 
13.63%. Found: C 45.34, H 3.71, N 29.56, S 13.62%. FT-IR 
 (cm−1): ν(NH2) 3290 and 3240, ν(NH) 3168 and 3127, 
ν(C=N) 1616, ν(C=O)isatin 1687, ν(C=S) 1269. 1H NMR 
(500 MHz, DMSO-d6, ppm) δ: 12.44 (s, 1H, NH), 11.15 
(s, 1H, isatin NH), 10.71 (s, 1H, NH), 7.67–6.91 (m, 4H, 
aromatic H), 5.13 (s, 2H,  NH2). UV–Vis (DMF) [λmax (nm)]: 
265, 277, 362.

Synthesis of asymmetric isatin 
bisthiocarbohydrazone ligands

The asymmetric isatin bisthiocarbohydrazone ligands (1–3) 
were synthesized from isatin monothiocarbohydrazone using 
3,5-dibromosalicylaldehyde, 3,5-dichlorosalicylaldehyde, 
and 3-bromo-5-chlorosalicylaldehyde, respectively, accord-
ing to our previously published procedure [45].

1-[2-oxoindolin-3-ylidene]-5-[3,5-dibromo-2-hy-
droxyphenyl)methylidene]thiocarbohydrazone, (1): 
Yield: 78%. Color: Orange. M.p.: 246–247 °C. Anal. calcd. 
for  C16H11Br2N5O2S.C3H7NO (570.26 g/mol): C 40.02, H 
3.18, N 14.74, S 5.62%. Found: C 40.34, H 3.25, N 14.63, S 
5.86%. FT-IR  (cm−1): ν(OH) 3214, ν(NH) 3176 and 3138, 
ν(C = N) 1618 and 1604, ν(C = O)isatin 1694, ν(C = O)DMF 
1649, ν(C = S) 1270. 1H NMR (500 MHz, DMSO-d6, ppm) 
δ: 14.54, 13.09 (s, isomer ratio: 1/1, 1H, OH); 11.39, 11.32 
(s, isomer ratio: 1/1, 1H, isatin NH); 12.67, 12.53 (s, iso-
mer ratio: 1/1, 1H, NH); 13.02, 10.16 (s, isomer ratio: 1/1, 
1H, NH); 8.79, 8.50 (s, isomer ratio: 1/1, 1H, CH = N); 
7.95 [s, 1H, (CH = O)DMF]; 8.18–6.93 (m, 6H, aromatic H); 
2.89 [s, 3H,  (CH3)DMF]; 2.73 [s, 3H,  (CH3)DMF]. UV–Vis 
(DMF) [λmax (nm)]: 265, 286, 375, 458. m/z (+ c ESI–MS): 
497.9 ([M-DMF]+, 16.84%), m/z (+ c ESI–MS): 254.8 
([M−C13H14N6O2S+3H]+, 100%).

1-[2-oxoindolin-3-ylidene]-5-[3,5-dichloro-2-hydroxy-
phenyl)methylidene]thiocarbohydrazone, (2): Yield: 
76%. Color: Orange. M.p.: 278–280 °C. Anal. calcd. for 
 C16H11Cl2N5O2S.C3H7NO (481.35  g/mol): C 47.41, H 
3.77, N 17.46, S 6.66%. Found: C 47.30, H 3.85, N 17.32, S 

6.81%. FT-IR  (cm−1): ν(OH) 3215, ν(NH) 3171 and 3136, 
ν(C=N) 1619 and 1597, ν(C=O)isatin 1694, ν(C=O)DMF 
1651, ν(C=S) 1269. 1H NMR (500 MHz, DMSO-d6, ppm) 
δ: 14.58, 13.09 (s, isomer ratio: 1/1, 1H, OH); 11.39, 11.31 
(s, isomer ratio: 1/1, 1H, isatin NH); 12.68, 12.38 (s, isomer 
ratio: 1/1, 1H, NH); 13.00, 10.32 (s, isomer ratio: 1/1, 1H, 
NH); 8.82, 8.52 (s, isomer ratio: 1/1, 1H, CH=N); 7.95 [s, 
1H, (CH=O)DMF]; 8.07–6.93 (m, 6H, aromatic 6H); 2.89 
[s, 3H,  (CH3)DMF]; 2.73 [s, 3H,  (CH3)DMF]. UV–Vis (DMF) 
[λmax (nm)]: 265, 285, 375, 453.

1-[2-oxoindolin-3-ylidene]-5-[3-bromo-5-chloro-2-hy-
droxyphenyl)methylidene]thiocarbo-hydrazone, (3): 
Yield: 81%. Color: orange. M.p.: 250–251 °C. Anal. calcd. 
for  C16H11BrClN5O2S.C3H7NO (525.81 g/mol): C 43.40, H 
3.45, N 15.98, S 6.10%. Found: C 43.52, H 3.28, N 15.83, S 
6.26%. FT-IR  (cm−1): ν(OH) 3212, ν(NH) 3171 and 3135, 
ν(C=N) 1617 and 1596, ν(C=O)isatin 1693, ν(C=O)DMF 
1648, ν(C=S) 1268. 1H NMR (500 MHz, DMSO-d6, ppm) 
δ: 14.57, 13.09 (s, isomer ratio: 1/1, 1H, OH); 11.40, 11.32 
(s, isomer ratio: 1/1, 1H, isatin NH); 12.68, 12.51 (s, isomer 
ratio: 1/1, 1H, NH); 13.02, 10.14 (s, isomer ratio: 1/1, 1H, 
NH); 8.80, 8.51 (s, isomer ratio: 1/1, 1H, CH=N); 7.95 [s, 
1H, (CH=O)DMF]; 7.94–6.90 (m, 6H, aromatic 6H); 2.86 
[s, 3H,  (CH3)DMF]; 2.70 [s, 3H,  (CH3)DMF]. UV–Vis (DMF) 
[λmax (nm)]: 265, 287, 375, 456.

Synthesis of Pd(II) complexes

The Pd(II) complexes were prepared using the general pro-
cedure as given below.

1 mmol of ligand (1–3) was dissolved in 10 mL of metha-
nol and 10 mL of DCM. Then, 1 mmol of  PdCl2(PPh3)2 was 
added to this solution and the mixture was refluxed for 5 h. 
The dark orange product was filtered. The precipitate was 
washed with methanol and dried in a vacuum.

[Pd(1)PPh3], (Pd1): Yield: 61%. Color: dark orange. 
M.p.: 318–319 °C. Anal. calcd. for  C34H24Br2N5O2PPdS 
(863.85 g/mol): C 47.27, H 2.80, N 8.11, S 3.71%. Found: 
C 47.33, H 2.69, N 8.17, S 3.63%. FT-IR  (cm−1): ν(NH) 
3226, ν(C=N) 1617 and 1591, ν(C=O)isatin 1684, ν(PPh3) 
1434, 1096, 734, 689. 1H NMR (500 MHz, DMSO-d6, 
ppm) δ: 13.27 (s, 1H, NH), 11.20 (s, 1H, isatin NH), 8.77 
(s, 1H, CH=N), 7.84–6.89 (m, 21H, aromatic H). 31P NMR 
(500 MHz, DMSO-d6, ppm) δ: 23.42. UV–Vis (DMF) [λmax 
(nm)]: 265, 301, 367, 468, 556.

[Pd(2)PPh3], (Pd2): Yield: 58%. Color: dark orange. 
M.p.: 335–336 °C. Anal. calcd. for  C34H24Cl2N5O2PPdS 
(774.95 g/mol): C 52.70, H 3.12, N 9.04, S 4.14%. Found: 
C 52.61, H 3.04, N 9.16, S 4.27%. FT-IR  (cm−1): ν(NH) 
3162, ν(C=N) 1617 and 1592, ν(C=O)isatin 1676, ν(PPh3) 
1427, 1095, 744, 688. 1H NMR (500 MHz, DMSO-d6, 
ppm) δ: 13.28 (s, 1H, NH), 11.20 (s, 1H, isatin NH), 8.78 
(s, 1H, CH=N), 7.69–6.89 (m, 21H, aromatic H). 31P NMR 



274 JBIC Journal of Biological Inorganic Chemistry (2022) 27:271–281

1 3

(500 MHz, DMSO-d6, ppm) δ: 23.12. UV–Vis (DMF) [λmax 
(nm)]: 265, 302, 366, 467, 556. m/z (+ c ESI–MS): 775.5 
([M+H]+, 100%).

[Pd(3)PPh3], (Pd3): Yield: 66%. Color: Dark orange. 
M.p.: 326–327 °C. Anal. calcd. for  C34H24BrClN5O2PPdS 
(819.40 g/mol): C 49.84, H 2.95, N 8.55, S 3.91%. Found: 
C 49.97, H 2.84, N 8.47, S 3.97%. FT-IR  (cm−1): ν(NH) 
3192, ν(C=N) 1619 and 1587, ν(C=O)isatin 1681, ν(PPh3) 
1430, 1097, 737, 689. 1H NMR (500 MHz, DMSO-d6, 
ppm) δ: 13.26 (s, 1H, NH), 11.19 (s, 1H, isatin NH), 8.78 
(s, 1H, CH=N), 7.73–6.89 (m, 21H, aromatic H). UV–Vis 
(DMF) [λmax (nm)]: 265, 303, 367, 468, 557. m/z (+ c 
ESI–MS): 820.0 ([M+H]+, 100%).

X‑ray crystallography

Single crystal X-ray diffraction data for Pd1 and Pd3 were 
collected using a Bruker APEX II CCD three-circle dif-
fractometer. Indexing was performed using APEX2 [47]. 
Data integration and reduction were carried out with 
SAINT [48]. Absorption correction was performed by 
the multi-scan method implemented in SADABS [49]. 
All the structures were solved using SHELXT [50] and 
then refined by full-matrix least-squares refinements 
on F2 using the SHELXL [51] in Olex2 Software Pack-
age [52]. The aromatic and aliphatic C-bound H atoms 
were positioned geometrically and refined using a rid-
ing mode. The N–H distances in lattice water molecule 
were restrained to be 0.86 A from O atom, and their posi-
tions were constrained to refine on their parent O atoms 
with Uiso(H) = 1.2Ueq(N). Crystal structure validations 
and geometrical calculations were performed using Pla-
ton software [53]. Mercury software [54] was used for 
the visualization of the cif file. Pd3 displays disorder of 
the dimethylformamide (DMF) molecule over two sites 
with occupancies 0.52:0.48. Additional crystallographic 
data with CCDC reference numbers 2097281 (Pd1) and 
2097282 (Pd3) has been deposited within the Cambridge 
Crystallographic Data Center via www. ccdc. cam. ac. uk/ 
depos it.

Biological studies

hCAs and AChE inhibition assay

Both hCA isoforms were purified from human erythro-
cytes by sepharose-4B-L-tyrosine-sulfanilamide affin-
ity chromatography. The inhibitory effects of asymmet-
ric isatin bisthiocarbohydrazone ligands (1–3) and their 
Pd(II) complexes (Pd1–Pd3) on the esterase activity of 
the hCAs were spectrophotometrically determined at 

348 nm according to Verpoorte’s method [55] as described 
in previous studies [56, 57]. hCAs activities were meas-
ured using 4-nitrophenyl acetate as the substrate [58–60]. 
Also, AChE from Electrophorus electricus was purchased 
from Sigma-Aldrich Chemie GmbH. In vitro effects of 
the compounds (1–Pd3) on AChE activity were evaluated 
by Ellman’s assay [61] as described in prior studies [62, 
63]. The results were performed spectrophotometrically at 
412 nm using acetylthiocholine iodide as a substrate as in 
our previous studies [64].

hCAs and AChE kinetic analysis

To study the in vitro inhibitory mechanisms of the com-
pounds (1–Pd3), kinetic studies were performed with the 
variable substrate and complex concentrations, and  IC50 
plots and Lineweaver–Burk plots were generated as in our 
previous studies [65–67]. Half maximum inhibitory concen-
tration  (IC50) is a measure of the power of newly synthesized 
compounds or substances to inhibit a specific biological or 
biochemical function. The  IC50 is a quantitative measure of 
the amount of inhibitor required to inhibit a given and known 
enzyme activity by 50% [68]. On the other hand, the inhibi-
tor constant (Ki) is an indicator of how potent an inhibitor 
is; is the concentration required to produce half-maximum 
inhibition. The inhibitor constant (Ki) indicates how potent 
an inhibitor is. It is derived from the Lineweaver–Burk plots. 
Low  IC50 and Ki values indicate the high affinity inhibitor 
toward enzyme [69, 70]. From the observed data,  IC50 and 
Ki values for these 1–Pd3 were calculated and the inhibi-
tion types of these compounds were determined according 
to previous studies [71–73].

Results and discussion

Synthesis

In this study, new asymmetric isatin bisthiocarbohydrazone 
ligands were prepared in two steps. First, thiocarbohydrazide 
and isatin react to give isatin monothiocarbohydrazone. Sec-
ond, isatin monothiocarbohydrazone and respective 3,5-dis-
ubstituted salicylaldehydes react to give the asymmetric 
isatin bisthiocarbohydrazone ligands (1–3). New Pd(II) 
complexes (Pd1–Pd3) with mixed ligand were prepared by 
the reaction of the asymmetric isatin bisthiocarbohydrazone 
ligands and  PdCl2(PPh3)2 (Scheme 1). Asymmetric bisthio-
carbohydrazones served as the dibasic tridentate ONS donor 
ligand and replaced it by removing two chloride ions and 
one triphenylphosphine molecule from the starting complex. 
The complexes are stable at room temperature and are very 

http://www.ccdc.cam.ac.uk/deposit
http://www.ccdc.cam.ac.uk/deposit
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soluble in chloroform, acetone, DCM, DMSO and DMF. 
Low molar conductance values (15–21 Ω−1  cm2  mol−1) of 
the complexes in  10–3 M DMSO indicate that their non-
electrolytic nature [74, 75]. The μeff measurements show 
that the complexes are diamagnetic and these results reveal 
the square planar geometry of the Pd(II) ion [76, 77]. The 
elemental analyses are in good agreement with the molecular 
formula of the compounds.

IR spectroscopy

The fact that the band attributed to the vibration of the OH 
group around 3200  cm−1 in the IR spectra of the ligands is 
not observed in the complexes can be interpreted that the 
ligands are bound to the metal by deprotonation from the 
phenolic OH group. The strong bands at 3176–3135  cm−1 
related to the stretching vibration of two NH groups in the 
IR spectra of ligands weakened and shifted after complexa-
tion. This shows that one of the two NH groups in the thio-
carbohydrazone molecule participates in the formation of 
the complex. The stretching vibrations belonging to imine 
groups, v(C=N), were observed at 1618 and 1604  cm−1 for 1, 
1619 and 1597  cm−1 for 2, 1617 and 1596  cm−1 for 3. After 
complex formation, the frequencies of v(C=N) changed 
approximately 10  cm−1 compared to the free ligand. These 
shifts are dedicated to the formation of the complex from at 
least one of the imine groups. v(C=O) bands of the isatin 
moiety at 1694–1693  cm−1 observed in the ligands were also 
observed to be slightly displaced in the complexes. There-
fore, it can be said that the isatin part of the ligand does not 
participate in the coordination. In the spectra of the ligands, 
bands attributed to v(C=S) vibration in the 1270–1268  cm−1 
region were not observed in the complexes. The absence of 
this band in the IR spectra of metal complexes suggests that 
the metal atom is coordinated to ligands on the sulfur atom 
by deprotonation. Finally, the new bands corresponding to 
 PPh3 ligands were observed around 1430, 1095, 740 and 
689  cm−1 in the spectra of all complexes [15, 45, 78, 79].

1H and 31P NMR spectroscopies

In the 1H NMR spectra of the ligands; OH (aldehyde) and 
NH (isatin) signals were observed as two separate singlets. 
Similarly, signals corresponding to two separate NH groups 
of thiocarbohydrazone moiety were observed around δ 
12.68, 12.51 (s, isomer ratio: 1/1, 1H, NH) and δ 13.02, 
10.14 (s, isomer ratio: 1/1, 1H, NH). These data indicate 
that the ligands exist in two isomeric forms, i.e., Z and 
E-forms. In the Pd(II) complexes, this isomerism disap-
pears because the rotation of thiocarbohydrazone around 
its double bonds is hindered. The presence of DMF in the 
ligands was observed in the NMR spectra. The chemical 
shift observed for the OH protons in the ligands was not 
observed in any of the complexes. This confirms the bonding 
of the oxygen atoms to the metal ions (C–O–M). The signal 
belonging to the NH group of isatin was seen as a singlet at 
the almost same place in the complexes. In the spectra of the 
complexes, a single NH (TCH) signal around δ 13.27 ppm 
was observed. The disappearance of the proton in the other 
NH group of TCH indicates that the NH group is attached to 
the metal by deprotonation. All these results show that half 
of the ligand is involved in the formation of the complex 
[14, 45, 80, 81].

31P NMR spectra of Pd1 and Pd2 exhibited singlets at δ 
23.42 and δ 23.12 ppm, respectively, indicating one coordi-
nated triphenylphosphine [82, 83]. 1H and 31P NMR spectra 
of the complexes are given in Figure S1–S5.

UV–Vis spectroscopy

UV–Vis spectra of the ligands and the complexes were 
recorded in 3 ×  10–5 M DMF solution at room temperature 
in the region of 200–800 nm. Two absorption bands appear-
ing at 265 and 285–287 nm in the ligands were attributed 
to π → π* transitions of the benzene rings. The other bands 
at 375 and 453–458 nm are probably due to the n → π* 
transitions of the azomethine groups. These transitions 

Scheme 1.  Synthesis of the complexes  (R1: Br,  R2: Br for 1 and Pd1;  R1: Cl,  R2: Cl for 2 and Pd2;  R1: Br,  R2: Cl for 3 and Pd3)
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of azomethine groups in the ligands shifted around 8 nm 
(~ 367 nm) in the complexes. This shift can be attributed to 
the coordination of the azomethine groups to the metal ion. 
In the complexes, the absorption bands at 468 nm can be 
assigned to the ligand charge transfer transitions (LMCT). In 
addition, the complexes have shown d-d bands in the visible 
region at 556–557 nm [45, 74, 84, 85]. UV–Vis spectra of 
the complexes are given in Figure S6–S8. UV–Vis spectra 
over time show that the complexes are stable in aqueous 
solutions (Figure S11).

Mass spectrometry

Mass spectra of Pd2 and Pd3 were recorded using ESI (Elec-
trospray Ionization) as the ionization technique. In the mass 
spectra of Pd2 and Pd3, the base peaks were observed at 
m/z 775.5 and m/z 820.0 with 100% relative abundance, 
respectively. These peaks correspond to [M +  H]+ for both 

Table 1  Crystal data and structure refinement details for Pd1 and Pd3 

Compound Pd1 Pd3
CCDC 2097281 2097282
Empirical formula C34H24Br2N5O2PPdS C37H31BrClN6O3PPdS
Formula weight (g  mol−1) 863.83 892.47
Temperature (K) 298 298
Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073)
Crystal system Monoclinic Triclinic
Space group P21/n P-1
a (Å) 16.607 (8) 9.5263 (8)
b (Å) 9.618 (5) 14.1589 (11)
c (Å) 21.664 (11) 14.9127 (12)
α (°) 90 105.205 (2)
β (°) 111.761 (8) 106.865 (2)
γ (°) 90 90.752 (2)
Crystal size (mm) 0.28 × 0.25 × 0.13 0.31 × 0.12 × 0.05
V (Å3) 3213 (3) 1848.9 (3)
Z 4 2
ρcalcd (g  cm−3) 1.786 1.603
µ  (mm−1) 3.220 1.800
F(000) 1704 896
2θ range for data collection (°) 2.666–50 2.97–50.052
Index ranges − 19 ≤ h ≤ 19, − 11 ≤ k ≤ 11, − 25 ≤ l ≤ 25 − 11 ≤ h ≤ 11, − 16 ≤ k ≤ 16, − 17 ≤ l ≤ 17
Reflections collected 22,837 15,616
Independent reflections 5521 [Rint = 0.0354,  Rsigma = 0.0307] 6471 [Rint = 0.0436, Rsigma = 0.0608]
Data/restraints/parameters 5521/0/415 6471/56/510
Goodness-of-fit on F2 (S) 1.178 1.025
Final R indexes [I >  = 2σ (I)] R1 = 0.0290, wR2 = 0.0950 R1 = 0.0426, wR2 = 0.0929
Final R indexes [all data] R1 = 0.0379, wR2 = 0.1020 R1 = 0.0667, wR2 = 0.1037
Largest diff. peak and hole (e Å−3) 0.98/− 0.68 1.15/− 1.13

Table 2  Comparison of the selected bond lengths (Å) and bond 
angles (°) for the complexes Pd1 and Pd3 

Pd1 Pd3

Bond lengths (Å)
 Pd1—S1 2.2561 (13) 2.2480 (12)
 Pd1—O1 2.030 (2) 2.011 (3)
 Pd1—N1 2.032 (3) 2.020 (3)
 Pd1—P1 2.2966 (15) 2.2781 (12)

 N1—N2 1.398 (4) 1.383 (4)
 N3—N4 1.338 (4) 1.341 (5)

Bond angles (°)
 S1—Pd1—P1 93.34 (3) 95.91 (4)
 O1—Pd1—S1 176.58 (7) 177.13 (9)
 O1—Pd1—P1 89.84 (7) 86.85 (9)
 O1—Pd1—N1 91.86 (10) 92.56 (13)
 N1—Pd1—S1 84.91 (8) 84.71 (10)
 N1—Pd1—P1 176.80 (8) 177.62 (10)
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complexes. These results are consistent with the complex 
structures we propose. Mass spectra of the complexes are 
given in Figures S9 and S10.

Crystallographic descriptions

The Pd(II) complexes (Pd1 and Pd3) were confirmed unam-
biguously through single crystal X-ray diffraction analysis to 
better understand their solid-state structures. X-ray crystal-
lographic data and refinement parameters for Pd1 and Pd3 
were given in Table 1. Bond distances and angles were tabu-
lated in Table 2. Crystallographic analysis exhibited that Pd1 
crystallizes in the monoclinic P21/n space group. As shown 
in Fig. 1A, the asymmetric unit cell of Pd1 consists of one 
1-[2-oxoindolin-3-ylidene]-5-[3,5-dibromo-2-hydroxyphenyl)
methylidene] thiocarbohydrazone (1), one Pd(II) metal cation, 
and one triphenylphosphine  (PPh3). Pd1 metal center has a 
slightly distorted square planar coordination geometry through 
three donor atoms (S1, O1, N1) of 1 and one phosphorous atom 
(P1) of  PPh3 according to the geometric parameter (τ4 = 0.05), 
indicated by Yang et al. [86]. The nearly planar thiocarbohy-
drazone ligand (1) is tridentally coordinate to Pd(II), forming 
six- and five-membered chelate rings with O1–Pd1–N1 and 
S1–Pd1–N1 angles of 91.86 (10)° and 84.91 (8)°, respectively, 
and these angles agree with those observed in related Pd(II) 
complex [87–89]. The Pd–S, Pd–O, Pd–N and Pd–P bond 
distances are in the normal ranges and are well-matched to 
those found in four-coordinate Pd(II) complexes [90, 91]. The 
non-classical CH···S (C32···S1 = 3.795 Å, Fig. 1D) hydrogen 

bonding interactions lead a 1D chain structure with supporting 
π··π interactions (3.972 Å, Fig. 1B) between phenyl and indole 
rings along the b-axis in the crystal packing. Moreover, the 
CH···π interaction (C25–H25··· π, d(H25···π) = 2.79 Å, Fig. 1C) 
help to stabilize 3D crystal structure of Pd1.

Pd3 has a triclinic crystal system with P-1 space group. 
The asymmetric unit of Pd3 comprises one 1-[2-oxoin-
dolin-3-ylidene]-5-[3-bromo-5-chloro-2-hydroxyphenyl)
methylidene]thiocarbohydrazone (3), one Pd(II) ion, one 
triphenylphosphine  (PPh3), and one DMF solvate. As illus-
trated in Fig. 2A, the tau-descriptor (τ4 = 0.04) exhibited 
that Pd(II) metal ion has no significant distortion of geom-
etry, occupying by three donors (S1, O1, N1) of 3 and one 
P atom of  PPh3 to give a slightly distorted square planar 
coordination geometry. The thiocarbohydrazone ligand (3) 
is nearly planar and is in the same tridentate binding mode 
as in the Pd1 complex, forming six- and five-membered 
chelate rings with O1–Pd1–N1 and S1–Pd1–N1 angles of 
92.56 (13)° and 84.71 (10)°. The bond distances of Pd–S, 
Pd–O, Pd–N and Pd–P and angles around the Pd(II) coordi-
nation sphere are in the usual ranges when compared those 
with the literatures [90, 91]. Intermolecular CH···Cl hydro-
gen bonding interaction (d(H3A···Cl1) = 2.879 Å, Fig. 2B) 
less than sum of the corresponding van der Waals distance 
(rvdw(Cl)) + rvdw(H)) = 2.95  Å) links the two complexes 
through  R2

2(8) hydrogen bond motif. This dimeric structure 
is further linked by CH···Cl contacts d(H23···Cl1 = 2.752 Å) to 
form 1D hydrogen-bonded chains along the a-axis in the crys-
tal structure. The 1D chains are further stabilized through the 

Fig. 1  A ORTEP drawings of the crystal structure of Pd1 (30% prob-
ability level). All H-atoms are shown as small spheres of arbitrary 
radii. B Perspective view of the short π···π interactions in Pd1. C 

View of the CH···π interactions in Pd1. D View of the non-classical 
CH···S contacts along the b-axis
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Br···π (3.588(2) Å) and π···π interactions (3.879 Å, 3.962 Å, 
Fig. 2C). Also, DMF molecule forming moderate N–H⋯O 
hydrogen bonding interactions (N5···O3 = 2.729 Å) plays a 
key role in the formation of a 3D supramolecular network.

Biological studies

hCAs and AChE inhibition assay

In vitro inhibitory effects of asymmetric isatin bisthiocarbohy-
drazone ligands (1–3) and their Pd(II) complexes (Pd1–Pd3) 
on AChE, hCA I, and hCA II were determined using Ellman’s 

[61] and Verpoorte’s methods, respectively [55].  IC50 and Ki 
values of all compounds were calculated [92, 93].

All studied compounds inhibited hCA I more significantly 
than acetazolamide (AZA, Ki: 29 ± 5.7 nM) with the Ki val-
ues in the range of 7 ± 0.5 – 16 ± 2.2 nM (Table 3). Among 
the compounds 1–Pd3, Pd1 and 3 exhibited the most strik-
ing inhibition with the Ki values of 7 ± 1.0 and 7 ± 0.5 nM, 
respectively. When 1 and 2 are compared among themselves, 
the presence of chlorine substitutions in the structure showed 
a better inhibition property than bromine substitutions. On 
the other hand, when the Pd(II) complexes of 1 and 2 are 
compared, bromine substitutions showed a more effective 

Fig. 2  A ORTEP drawings of the crystal structure of Pd3 (30% probability level). All H-atoms are shown as small spheres of arbitrary radii. B 
Perspective view of the intermolecular CH···Cl hydrogen bonding interactions in Pd3 along the a-axis. C View of the π···π interactions in Pd3 

Table 3  Inhibition data 
of asymmetric isatin 
bisthiocarbohydrazone 
ligands (1–3) and their Pd(II) 
complexes (Pd1–Pd3) on AChE 
and hCA I, II isoforms

Compounds IC50 (nM) Ki (nM)

hCA I r2 hCA II r2 AChE r2 hCA I hCA II AChE

1 27.7 0.9798 19.3 0.9822 10.3 0.9940 14 ± 1.4 24 ± 1.9 30 ± 5.4
2 23.9 0.9813 17.8 0.9900 20.4 0.9845 9 ± 1.3 10 ± 1.2 28 ± 7.2
3 11.6 0.9862 6.0 0.9865 8.0 0.9931 7 ± 0.5 4 ± 0.3 22 ± 3.2
Pd1 9.1 0.9966 6.9 0.9941 4.9 0.9898 7 ± 1.0 21 ± 1.9 12 ± 1.1
Pd2 7.9 0.9829 5.9 0.9818 8.6 0.9850 9 ± 0.7 3 ± 0.3 10 ± 0.7
Pd3 6.2 0.9896 2.4 0.9898 3.6 0.9830 16 ± 2.2 7 ± 0.9 9 ± 0.6
AZA 34.1 0.9811 28.9 0.9806 – – 29 ± 5.7 28 ± 6.0 –
TAC – – – – 39.1 0.9843 – – 34 ± 3.6
Donepezil – – – – 33.5 0.9876 31 ± 6.2
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inhibition feature than chlorine substitutions. In 1, an 
increase in the inhibition effect was observed as a result of 
the replacement of the bromine atom in the 5th position with 
chlorine (3, Ki: 7 ± 0.5 nM).

All compounds (1–Pd3) showed a potent inhibition effect 
on hCA II. Ki values of these compounds are in the range 
of 3 ± 0.3 – 24 ± 1.9 nM (Table 3). Among compounds 
1–Pd3, Pd2 and 3 exhibited the most potent inhibition with 
the Ki values of 3 ± 0.3 and 4 ± 0.3 nM, respectively. As in 
hCA I inhibition, chlorine substitutions were more effec-
tive than bromine substitutions in hCA II inhibition. The 
Pd2 inhibited the hCA II enzyme three times more than the 
hCA I enzyme. In 2, an increase in the inhibition effect was 
observed as a result of the replacement of the chlorine atom 
in the 3rd position with bromine (3, Ki: 4 ± 0.3 nM).

Furthermore, compounds 1-Pd3 showed more remarkable 
AChE inhibitory effects than tacrine (TAC, Ki: 34 ± 3.6 nM) 
and donepezil (Ki: 31 ± 6.2 nM) with the Ki values in the 
range of 9 ± 0.6 – 30 ± 5.4 nM (Table 3). The Pd3 and Pd2 
were determined as the most potent AChE inhibitors in this 
series with the Ki values of 9 ± 0.6 and 10 ± 0.7 nM, respec-
tively. The Pd1 caused a 2.5-fold increase in inhibition com-
pared to 1. The displacement of bromine and chlorine sub-
stitutions in 1 and 2 was not as effective as CA isoenzymes 
in the inhibition of the AChE enzyme. Pd(II) complexes 
showed a better inhibition effect in all the studied enzymes.

Conclusion

In this study, three new mixed ligand Pd(II) complexes 
were synthesized from the reaction of the asymmetric isatin 
bisthiocarbohydrazone ligands with  PdCl2(PPh3)2. Analyti-
cal and spectroscopic characterizations of the complexes 
were performed. Single crystals of the two complexes were 
obtained and their structures were elucidated by X-ray crys-
tallography. Asymmetric bisthiocarbohydrazones served 
as the dibasic tridentate ONS donor ligand and replaced it 
by removing two chloride ions and one triphenylphosphine 
molecule from the starting complex. In the second part 
of the study, carbonic anhydrase I, II (hCAs) and acetyl-
cholinesterase (AChE) inhibitory activities of the ligands 
and Pd(II) complexes were determined. The results clearly 
demonstrated that the ligands and their Pd(II) complexes 
effectively inhibited the used enzymes. This situation can be 
examined for the treatment of some diseases such as glau-
coma and Alzheimer's, especially cancer, due to its connec-
tion with some metabolic diseases. More studies are needed 
on this subject to detail the structure–activity relationship 
and to recommend it as a drug. We think that our study will 

lead to new studies in the fields of Pd(II) complexes, thio-
carbohydrazones and pharmacology.

Supplementary Information The online version contains supplemen-
tary material available at. https:// doi. org/ 10. 1007/ s00775- 022- 01932-9.
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