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Abstract: Reaction of the 1,3-diisobutyl thiourea (L) with MX [M = Cu, Ag and X = Cl, NO3]
provide polynuclear heteroleptic complexes [Cu3L3Cl3] (1), [Ag2L6](NO3)2 (2) and [Ag6L8Cl4] (3).
All complexes were characterized by single crystal X-ray diffraction. The solid-state crystal of these
complexes (1–3) were determined by single crystal XRD. Which shows that complex (1) is tri-nuclear
with trigonal planer arrangement, complex (2) is binuclear with four membered metalacyclic ring
and complex (3) is hexa-nuclear. Complexes (1–3) are tested for their free radical scavenging activity
by using 2,2-diphenyl-1-picrylhydrazyl free radical (DPPH) showing moderate potential.

Keywords: 1,3-diisobutyl thiourea; polynuclear complexes; Cu(I)/Ag(I) complexes; X-ray diffraction;
antioxidant potential

1. Introduction

Thiourea derivatives are active molecules acting as ligands in the development of
coordination, bioorganic and bioinorganic chemistry [1]. Their complexes have been found
to be potent antioxidant agents and enzyme inhibitors [2–4]. Generally, thiourea ligands
are monodentate in nature, however, additional coordination sites at appropriate positions
may afford chelates which exhibit extra stability [5] while bulk of the ligand saturates
the coordination sphere of the central metal ion [6]. The chemistry of high nuclearity of
polynuclear complexes of copper and silver has engrossed a great consideration from
scientists in the last decade due to their role in catalysis [7–9], luminescence [10], nanopar-
ticles [11–13], medicines [14,15], gas storage [16,17] and molecular magnet [18]. Thiourea
based polynuclear complexes of copper(I) and silver(I) have been of particular interest
due to their structures [19,20]. Studies reveal that in addition to the bonding mode of the
ligand, metal to ligand ratio, solvent and temperature [21,22] and the steric bulk of the
ligand plays the most significant role in determining the nuclearity of the cluster [23–26].
Sulfur atom of thiourea could provide bridges between metal ions due to its flexible coordi-
nation mode [27–31]. Thus, thiourea derivatives are among the most suitable ligands for
integrating many metals ions in small molecular crystals [28–30,32–34].

In this study, keeping in mind the above mentioned advantages and exciting chemistry
of thiourea derivatives, 1,3-diisobutyl thiourea (L) having low steric bilk was used for
the synthesis of high nuclearity metallic clusters of copper(I) and silver(I) complexes,
[Cu3L3Cl3] (1), [Ag2L6](NO3)2 (2) and [Ag6L8Cl4] (3). The choice of the title ligand, 1,3-
diisobutyl thiourea (L) is based on flexible coordination behavior of sulfur atom of thiourea.
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The structure of polynuclear metal complexes was determined by X-ray diffraction and all
the complexes were tested for their antioxidant potentials. Hirshfeld surface analyses were
used to get insights of the strength of the intermolecular interactions.

2. Experimental
2.1. General

All solvents and chemicals were acquired from commercial sources and were used as
received without further purification. Solution of carbon disulphide (CS2) in pet. ether (ca.
100 mL) was cooled to 0 ◦C in an ice bath. A two equivalent excess amount of isobutylamine
was added over a period of 10 min, with constant stirring. The reaction mixture was stirred
for 12 h, after completion of the reaction all readily volatile material were removed under
reduced pressure. Pure crystals of the compound were obtained and structurally confirmed
as described in literature [35].

2.2. X-ray Diffraction Crystallography

Single crystals X-ray diffraction data (Mo-Kα, λ = 0.71073 Å) of 1 and 2 were collected
using a Bruker kappa APEXII CCD diffractometer and of for 3 the data were collected
using STOE-IPDS II diffractometer fitted with low temperature unit. Crystal structures
were refined with the help of SIR97 [36], SHELXL97 [37], WinGX [38], SAINT [39] and
PLATON [40]. Crystallographic data of selected structural features and refinement details
for the new complexes 1–3 presented in this study are summarized in Tables 1 and 2.

2.3. Syntheses of Complexes

[Cu3L3Cl3] (1): CuCl2.2H2O (0.2 g, 1.1 mmol) was treated with 1,3-diisobutyl thiourea
(0.44 g, 2.2 mmol) in methanol and the reaction mixture was stirred overnight. The reaction
mixture was kept for slow evaporation at room temperature. After several days colorless
block-like crystals of 1 (shown in Figure 1) were obtained and were accordingly character-
ized by EIMS, infrared spectroscopy and X-ray diffraction. Yield: 77%; MS(EI): m/z (%):
188 (99) tu, 253 (8) Cu-tu; IR (KBr) 3203 cm−1 (w) N-H, 2956 cm−1 (s) C-H, 2869 cm−1 (s)
1653 cm−1 (s) C = S 207 cm−1 (s) Cu-S.
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Figure 1. Trimeric copper complex, 1.

[Ag2L6](NO3)2 (2): AgNO3 (0.1 g, 0.588 mmol) in water was mixed with 1,3-diisobutyl
thiourea (0.2 g, 1.06 mmol) in ethanol and the reaction mixture was stirred overnight at
room temperature. Slow evaporation of the reaction mixture resulted in colorless crystals
after 3 days and were characterized by X-ray structure analysis (Figure 2). Yield: 72%.
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[Ag6L8Cl4] (3): A solution of AgCl (0.1 g, 0.7 mmol) was mixed with 1,3-diisobutyl
thiourea (0.15 g, 0.79 mmol) in acetonitrile. After overnight stirring, the solvent was
allowed to evaporate at room temperature. The colorless needle-like crystals of 3 (Figure 3)
appeared in the solution after 3 days, they were separated from the mother liquor and the
structure of the complex was determined by X-ray diffraction.
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2.4. Hirshfeld Surface Analysis

The Hirshfeld surfaces and 2D fingerprint plots were generated using Crystal Explorer
17.50 [41]. The X-ray single-crystal crystallographic information files were used as input
files. The default setting used for Hirshfeld Surface/fingerprint generation in Crystal
Explorer is: property: none; resolution: High (standard). For fingerprint generation (di vs.
de plot) we used; range: standard, filter: by elements and fingerprint filter options is both
inside-outside elements including reciprocal contacts. The interactions with normalized
contact distance in crystal structure shorter than the sum of the corresponding van der
Waals radii of the atoms, are highlighted by red spots and the longer contacts with the
positive dnorm value are represented in blue color.

2.5. Antioxidant Assay

Complexes 1–3 have been tested for their antioxidant activity. The DPPH free radical
scavenging method has been employed to investigate representative compounds as antiox-
idant agents. When compounds donate hydrogen or electrons to the free DPPH radical,
the initial absorbance of the corresponding solution decreases. These observations are
taken as a key to measure radical scavenging activity. A solution of DPPH was prepared
(39 mg/100 mL), absorbance was measured under normal conditions at 517 nm for blank
(Ao). Specific amount of complex solution was mixed with DPPH, solutions were incubated
in dark for 30 min at room temperature. The absorbance of each sample was measured
at the same wavelength, 517 nm (ASample). Percent inhibition (I) % of DPPH radical was
calculated for the various concentrations of compounds as given below [42].

Percent Inhibition I% =
A0 − A

A0
× 100

3. Results and Discussion

In our previous study, we treated acetonitrile solution of the ligand with CuCl salt
under normal conditions. In reaction, mononuclear complex was exclusively obtained
and the reactions worked in the same way with other metal salts, namely CuI, ZnCl2 and
HgCl2 [3]. When the reaction of Cu(II) salt with the identical ligand in ethanolic medium
was carried out, reduction of the metal ion was observed and the trinuclear Cu(I) complex
was obtained. The metal salt in repeated experiments under identical conditions with two
equivalents of the ligand did not give expected mononuclear complex of general formula
[CuL2Cl2]. The same ligand with AgNO3 salt in a 2:1 molar ratio, respectively, did not
afford [AgL2]NO3 as an expected precursor, rather reduction of Ag(I) ion (as evident from
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development of black coloration in the solution) afforded binuclear complex 2, bearing
general formula [Ag2L6](NO3)2. The reaction solution contained trace amounts of some
unknown impurities which did not allow for collection of other data to determine exact
purity of the reaction. However, crystals of suitable dimensions were selected under
microscope for structure determination. The effect of Cl− radical in Ag salt was totally
different and following the same procedure gave a cluster containing six Ag ions, in a 6:8
molar ration, metal to ligand, respectively. The cluster [Ag6L8Cl4]Cl2 stabilization was
achieved as a result of partial reduction of Ag(I) ion as was observed in complex 2. The
role of both Cl− and thiourea ligand as bridging ligands was found prominent in cluster
formation. The work described hereunder indicates that the presence of anion and reaction
medium is crucial in describing coordination chemistry around Cu and Ag metal ions. The
reactions of Ag salts in the presence UV radiation can also lead to unexpected products.

3.1. Description of Crystal Structure of [Cu3L3Cl3] (1)

The crystal structures of complexes 1, 2 and 3 are elucidated by single crystal X-ray
diffraction. The molecular crystal structure of complex 1 is given in Figure 4. Selected bond
lengths and bond angles are enlisted in Table 1 and the crystallographic refinement data
are given in Table 2. The tri-nuclear copper cluster crystallizes in triclinic crystal system
with a space group P-1. The unit cell reveals non superimposable conformers of complex 1.
According to X-ray analysis the complex 1 is trimeric having two daughter diastereomers in
unit cell of the said complex, the same has also been reported in other similar complexes [17].
The monomeric portion (L-M-Cl) of the complex is connected through bridging bond via
sulfur atom of C = S moiety of thiourea, providing Cu3S3 six membered metalacyclic ring
adopting chair conformation. Chlorine atom is coordinated to Cu at axial position. The
geometry around each Cu ion is distorted trigonal planner with varying angles around Cu
center (in the range of 116.61◦–124.36◦). The bond distance between Cu-S is 2.258 Å and is
comparable to the analogous compounds [17,43]. The Cu-Cl bond distance of 2.182 Å is
shorter than that of the mononuclear metal complex [2.272(3) Å] with the identical ligand2.
The trigonal arrangement of Cu-Cu in tri-nuclear unit is stabilized by Cu—Cu interaction
with distance of 2.850 Å [44,45]. The supramolecular structure is stabilized via regular
pattern of intra- and intermolecular hydrogen bonding N-H—Cl interactions as shown in
Figure 5. The intermolecular N-H—Cl interactions [3.122 and 3.210 Å] are shorter than
the intramolecular interactions [3.256 and 3.291 Å], which are in turn shorter than those
for recently reported mononuclear copper complexes [3.349 Å]6. Attempts to get more
insight into the strength of intermolecular interactions using Hirshfeld surface analyses
were unsuccessful due to the disordered structure.
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3.2. Description of Crystal Structure of [Ag2L6](NO3)2 (2)

The molecular crystal structure of complex 2 is shown in Figure 6 and the selected bond
lengths and bond angles are enlisted in Table 1. The bimetallic silver complex crystallizes
in triclinic crystal system with space group P-1. The binuclear complex 2 consists of two
Ag(I) ions and six thiourea ligands. Both silver ions are bridged by S-atom of the two 1,3-
diisobutyl thiourea ligands, forming four-membered Ag-S-Ag-S ring. Thiourea derivatives
have different coordination mode for silver(I) ions. Two thiourea ligands are linked in
terminal fashion to each metal ions and the remaining two thiourea ligands bridged both
metal ions together. In this binuclear complex each silver atom is tetrahedrally coordinated
through S-atom of the two terminal thiourea and two bridging thiourea molecules. The
interatomic distance between Ag and S(bridged) is 2.622 Å. As expected, this distance is
longer than the respective Ag-S (terminal) bond (2.491 Å) and is because of the electron
deficient bond characters between Ag and bridging thiourea ligand [46–48]. The plane of
Ag-S (terminal) and Ag-S (bridged) are mutually twisted by 83.88◦. In a crystalline state,
the molecules of the complex are stabilized by regular intermolecular hydrogen bonding
i.e., N-O—H-N making a supramolecular structure. Different units are interlinked through
nitrate ions as shown in Figure 7.

Hirshfeld surface analyses were used to get insights into the detailed information about
the strength of intermolecular interactions. The interactions with normalized contact distance
in crystal structure shorter than the sum of the corresponding van der Waals radii of the
atoms, are highlighted by red spots and the longer contacts with the positive dnorm value are
represented in blue color (Figure 8). The significant intermolecular interactions are mapped
in Figure 9. On the Hirshfeld surfaces, the H···H interactions appear as the largest region
(76.1%) of the fingerprint plot. The O···H/H···O contacts with a contribution of 18.8% due
to the intermolecular N–H···O [2.037, 2.307 and 2.404 Å] and C–H···O [2.554 and 2.574 Å]
hydrogen bonding give rise to a pair of characteristic wings in the fingerprint plot. The pair of
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segregated sharp spikes represents the S···H/H···S contacts with a contribution of 4.3%. The
N···H and C···H interactions are found to be negligible (0.3 and 0.1%, respectively).
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3.3. Description of Crystal Structure of [Ag6L8Cl4] (3)

The molecular structure of polynuclear silver complex 3 was confirmed by X-ray
diffraction analysis as shown in Figure 10. The complex crystallizes in monoclinic crystal
system with space group P 21/c. The single crystal analysis reveals that there are two types
of silver ions, one is 5-coordinated and the other is 4-coordinated. The thiourea ligands are
either terminal or bridged as discussed for complex 2. The cluster structure is composed of
six silver ions, four chlorine ligands and eight thiourea ligands. The chlorine ligands also
show variable coordination modes, one of them bridges three silver ions and the other one
is bridged to two silver ions (µ3- and µ2-Cl, respectively). The overall charge on the complex
is +2 and every individual silver is present as +1 ion. Four Cl− ions present in the molecule
neutralize +4 charge internally leaving +2 as overall charge on the complex. The geometry
around one of the silver ions is distorted tetrahedral. The complex can be regarded as
dimer of the two tri-nuclear cationic clusters bridged together with the help of two thiourea
ligands. The coordination environments around all silver ions (Ag1, Ag2 and Ag3) in
asymmetric unit are different but geometry around silver atoms is distorted tetrahedral.

Ag1 is coordinated to one bridging thiourea (µ-S), one terminal thiourea and two
bridging Cl ligands in which one chlorine is present as µ2 and the other one is µ3. Ag2 is
surrounded by three bridging thiourea and a chlorine ligand (µ3-Cl) in the same manner
as for Ag1. The Ag3 is coordinated to two bridging thiourea (µ-S) and two bridging Cl
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ligands, µ2 and µ3. The structural parameters of the complex are summarized for selected
atoms in Table 1. The Ag-S bond distance around the tetrahedrally coordinated Ag1 atom
is 2.446 Å for terminal thiourea and 2.602 Å for bridged thiourea ligand, respectively. The
slight elongation in the later bond may be traced by the electron delocalization of a single
electron pair among the three nuclei. Such bonds are also called electron deficient bonds.
Ag1-Cl1 and Ag1-Cl2 bond distances are 2.644 Å and 2.642 Å, respectively. Ag2-S1, Ag2-S3
and Ag2-S4 bond distances are 2.543 Å, 2.507 Å and 2.642 Å, respectively, and Ag2-Cl1
bond distance is 2.682 Å. Similarly, the Ag3-S4 and Ag3-S3 bond distances are 2.505 and
2.529 Å. Ag3-Cl1 and Ag3-Cl2 bond distances are 2.862 and 2.711 Å, respectively. The data
show that Ag3 has relatively weak interaction with Cl− ligands as compared to Ag1 and
Ag2 [49–51].

The angles around Ag1 center S2-Ag1-Cl1, S1-Ag1-Cl1, S2-Ag1-Cl2, S1-Ag1-Cl2 and S1-
Ag1-S2 are 113.13◦, 107.23◦, 119.42◦, 100.30◦ and 107.23◦, respectively. The two asymmetric
units are interconnected by bridging thiourea forming six-member ring. The crystallo-
graphic data show that the complex has Ag–Ag interactions with an average distance of
3.120 Å and the cluster is stabilized by argentophillicity. The complex formation is an
unexpected result, but the data set obtained for the complex is in close agreement with the
reported silver complexes bearing Ag-S and Ag-Cl ligands [29,52].
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Hirshfeld surface analyses (Figure 11) show that the fingerprint profiles are dominated
by H···H contacts (85.1%). The contributions due to the Cl···H/H···Cl interactions are the
maximum (11.1%) that have been observed as segregated sharp spikes (Figure 12). Other
contributions are due to S···H/H···S and N···H/H···N interactions (1.8 and 1%, respectively).
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Table 1. List of selected bond lengths (Å) and bond angles (o) of compound 1–3.

Compound Atoms Bond Length Atoms Bond Angle

1

Cu1-S1 2.221(17) S1-Cu1-Cl1 123.17(7)
Cu1-Cl1 2.233(19) S1-Cu1-S3 117.41(6)
Cu1-S3 2.2697(18) S3-Cu1-Cl1 119.21(7)

Cu1-Cu2 2.889(10) Cu1-Cu2-Cu3 54.87(3)

2

Ag1-S4 2.5329(15) S4-Ag1-S3 113.30(5)
Ag1-S3 2.5568(14) S4-Ag1-S1 113.51(5)
Ag1-S1 2.5941(14) S3-Ag1-S1 115.49(5)
Ag1-S2 2.6451(10) S4-Ag1-S2 100.16(5)

Ag1-Ag2 3.3539(6) S3-Ag1-S2 112.00(5)

3

Ag1-S1 2.602(15) S2-Ag1-Cl1 113.13(5)
Ag1-S2 2.446(14) Cl1-Ag1-S1 107.23(6)
Ag1-Cl1 2.462(13) S2-Ag1-Cl2 119.42(5)
Ag1-Ag2 3.120(6) S1-Ag1-Cl2 100.30(7)
Ag2-S1 2.543(11) S1-Ag1-S2 107.23(5)
Ag2-S4 2.642(10) Ag2-S3-Ag3 93.88(5)
Ag2-S3 2.507(14) Ag3-Cl2-Ag1 89.43(6)
Ag3-S4 2.505(15) Ag1-Cl1-Ag2 72.01
Ag3-S3 2.529(12) Ag1-S1-Ag2 89.17

3.4. Determination of Antioxidant Activities by DPPH Radical Scavenging Test

The inhibitory effect of polynuclear thiourea complexes of copper and silver (1–3)
has been studied using DPPH as free radical. Thiourea complexes with transition metals
are known for their antioxidant potentials [2]. Thus, we were interested in studying the
synthesized complexes for their antioxidant activities. We observed that these complexes
upon addition to the DPPH solution show a habitual variation in absorbance (concentration
range 00–100 ppm) in Table 3. On addition of compounds, the absorbance of DPPH
decreases with increase in concentration in a regular expected pattern. The percent radical
scavenging activity (DPPH) of compounds increases from top (zero concentration of tested
compound) to bottom (maximum concentration of tested compound, 100 ppm). The
DPPH free radical scavenging activity of compounds (1–3) at 100 ppm of the compounds
in reaction mixture were determined to be 19.5%, 29.3% and 19.2%, respectively. The
inhibition caused by complexes (1–3) are diagrammatically shown in Figures 13–15. In
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these compounds, the antioxidant ability of compound 2 is higher (29.3%) than the other
compounds, which was also reflected by the color change of the solution mixture during
the course of the experiment (Figure 16).

Table 2. Crystal structure determination and structure refinements of compound 1–3.

1 2 3

Empirical formula C54H120N12Cu6Cl6S6 C54H120N14Ag2O6S6 C72H160N16Ag6Cl6S8
Formula weight 1603.97 1479 2366.57
Temperature (K) 296 296 296
Wavelength (Å) 0.71073 0.71073 0.71073
Crystal system Triclinic Triclinic Monoclinic

Space group P-1 P-1 P 21/c
Aa 11.016(4) 11.611(6) 11.7020(11)
Bb 18.227(7) 15.499(8) 16.5310(14)
Ac 21.634(8) 24.149(13) 28.0730(3)
Aα 89.832(2) 99.159(3) 90
Bβ 86.125(2) 102.357(2) 99.096(5)
Γγ 81.288(2) 108.098(3) 90

Volume Å3 4284.0(3) 3988.8(4) 5362.3(9)
µ (mm−1) 1.83 0.70 1.422

Z 2 2 2
Density (Mg m−3) 1.243 1.277 1.466

F (0, 0, 0) 1562 1624 2432
(h, k, l) min (−13, −22, −27) −14, −18, −30 (−13, −19, −33)
(h, k, l) max (13, 22, 27) 14, 19, 30 (13, 19, 33)
Theta (max) 26.5 27.0 24.999
R (reflection) 0.069 (17650) 0.057 (17072) 0.0853 (5485)

wR2 0.236 0.180 0.1706

Table 3. DPPH radical scavenging activities (% RSA) of compound (1–3).

Concentration (ppm) 1 2 3

20 5.2 9.4 6.5
40 13.7 16.8 12.5
60 18.2 18.2 15.6
80 19.2 27.9 16.0

100 19.5 29.3 19.2
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Figure 16. Naked eye detection of anti-DPPH radical scavenging activity shown by compound 2.
The solution having purple color on right hand side is blank (without antioxidant agent) and that on
left hand side contains 100 ppm of the antioxidant agent.
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Graphical representation of the antioxidant potentials of complexes 1–3 reveals that the
activity is dose dependent. With the increase in concentration of the complex in its solution,
the scavenging activity increases. As a result of greater activity, a decrease in absorbance
intensity was observed. Among the three complexes, complex 2 is comparatively more
active at the concentration range of 100 ppm. The compound (2) is capable of showing
naked-eye detection of the same activity, as made evident from the Figure 16. Solution
without complex (blank/control) at the right is dark purple in color, there is almost no
change in the color when 20 and 40 ppm complex solution is mixed. The color changes
abruptly from purple to yellow with the addition of 60 and 80 ppm complex solution and to
green at 100 ppm. The efficiency of the complex is predominantly because of the presence
of nitrate ion out of the coordination sphere which makes the complex more soluble in
the given solvent. The counter anion (chloride) in complexes 1 and 3 possesses a different
coordination behavior and the activity is therefore poor.

4. Conclusion

The presence of anion in metal salts and reaction medium (solvent) plays a pivotal
role in nuclearity of resultant complexes. Three new heteroleptic polynuclear complexes
[Cu3L3Cl3] (1), [Ag2L6](NO3)2 (2) and [Ag6L8Cl4] (3) were successfully synthesized by
treating 1,3-diisobutyl thiourea with CuCl2, AgNO3 and AgCl, respectively. The formation
of 1 was independent of applied reaction conditions (temperature and concentration) and
metal to ligand molar ratio. All complexes were characterized by single crystal X-ray
diffraction. Crystal analyses show that 1 has two non-super imposable diastereomers in
trimeric form, while 2 is dimeric with two-fold axis of rotation and 3 is consisting of two
asymmetric units [Ag3L3Cl2] bridged by two thiourea ligands with two-fold axis of rotation.
These complexes show moderate antioxidant potential against DPPH.
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