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Abstract

The reaction of 2-benzimidazolethiole (L) with copper dichloride in the presence of two equivalents of triphenylphosphine
led to a binuclear complex of the type [Cu(L),(PhsP),Cl,]: dichloridobis(u-1,3-dihydro-2H-benzimidazole-2-thione)
bis(triphenylphosphine)-di-copper. The Cu(I) compound has been fully identified by elemental analysis, molar con-
ductivity, FT-IR, UV/Vis, and single-crystal X-ray diffraction (XRD). The XRD study reveals that the complex has dis-
torted tetrahedral geometry around the Cu(I) center, which contains two bridge sulfur atoms. The Hirshfeld surface
mapped over d, ., shape index, and curvature revealed important H...H, H...C/C...H, and H...Cl/Cl...H intermolec-
ular interactions as the main contributors to crystal packing. The natural bond orbital (NBO) was applied to understand
the strength of nucleophilic and electrophilic attack between ligands and Cu(I) ions. Furthermore, density functional
theory (DFT) was employed to demonstrate the molecular reactivity and stability of the ligands and copper complex.
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1. Introduction

The extensive study currently conducted in Cu(I) co-
ordination compounds is due to the interactions of this
cation in particular chemical redox reactions and can uti-
lize a variety of coordination modes.! Cu(I) halides pro-
duce complexes with triphenylphosphine as ligands that
have copper halide to ligand ratios of 1:2, 2:2, 1:3, 2:3, and
2:4 with the geometry typically being controlled by steric
instead of electronic properties of the phosphine ligands.>?
Due to their lower toxicity, greater availability, and compa-
rably lower cost compared to third-row transition metal
compounds including rhenium, iridium, platinum, and
gold, Cu(I) complexes with irregular square planar and
tetrahedral geometry are in perpetual interest.* For a long
time, there is a continuous interest about chelating agents
comprising nitrogen and sulfur-donor atoms among with
their metal complexes.>® This consideration results from
their antimicrobial,” antitumour®® activities along with
other numerous potential pharmaceutical applications.?
Several mixed-ligand coordination complexes of Cu(I)

halides with thione compounds and triphenylphosphines
were synthesized and structurally determined during our
previous study on the interaction of univalent group IB
metals with biologically important molecules.!'? In such
complexes, neutral thione ligands that contained both ni-
trogen and sulfur as donor atoms regularly adopted the
unidentate coordination mode, coordinating with the
metal ions via the exocyclic sulfur atom in a bridging or
terminal form .!> However, an incredible variety of com-
plexes, ranging from mononuclear three- or four-coordi-
nate thiones with square planar and tetrahedral Cu(I), re-
spectively, to dimers with distorted tetrahedral geometry,
are produced by bridging thione ligands through sulfur
atoms.'*!°> For decades, mixed-ligand complexes have
pinched a lot of attention as a result of their serious func-
tion in biological processes. Numerous studies'®-?? have
discussed the production and spectral investigation of
mixed-ligand complexes. It was found that the insertion of
heterocyclic nitrogen donor ligands, such as nitrogen, ox-
ygen-donors like 8-hydroxyquinoline or nitrogen, nitro-
gen-donors like 1,10-phenanthroline, significantly en-
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hanced the biological and pharmacological actions of the
complexes.'®23 In the current study, a new Cu(I) complex
based on a 2-benzimidazolethiole ligand (L) was synthe-
sized and investigated. This complex was characterized
using elemental analysis, molar conductivity, FT-IR, UV-
Vis, and X-ray analysis. Hirshfeld surface analysis was also
used to confirm the crystal structure, which is useful for
interpreting the intermolecular forces in crystal packing.
DFT simulations were also carried out to forecast the com-
plex’s electronic and geometrical structure.

2. Experimental

2. 1. Materials and General Methods

In this study, methanol (99%), dichloromethane
(99.7%), and dimethyl sulfoxide (99.8%) were bought
from Alfa Aesar and used without further purification.
The Sigma-Aldrich product 2-benzimidazolethiole (L)
was used directly. At 296 K, a Bruker Kappa Apex II dif-
fractometer was used to measure the single-crystal X-ray
structure with a radiation wavelength of (A = 0.71073).
The EURO EA 300 CHNS analyzer was used to determine
the percentages of C, H, N, and S. Infrared spectra in the
4000-400 cm™! and 600-200 cm™! range as KBr and Csl
discs, respectively, were taken using a Shimadzu FT-IR-
8400S spectrophotometer. On the AEUV1609 LTD Shi-
madzu spectrophotometer, the UV-visible spectra of the
compounds in DMSO were measured. On a Meter CON
700 Benchtop Conductivity Meter, the molar conduc-
tivities of 10~ M solutions of the complex and ligands
in DMSO were measured at 25 °C. The Scientific Stuart
SMP3 melting point apparatus was used to determine the
melting point of the complex.

2. 2. Synthesis of [Cu(L),(Ph;P),Cl,]

Dropwise under stirring, a solution of CuCl,.H,O
(0.341 g, 2.0 mmol) in methanol (20 mL) was added to a
solution mixture of 2-benzimidazolethiole (L) ligand (0.300
g, 2.0 mmol) and triphenylphosphine ligand (0.524 g, 2.0
mmol) in dichloromethane (25 mL). After that, the mixture
was stirred for 4 h. at room temperature, resulting in the for-
mation of a clear solution, which was then slowly evaporated
at room temperature to produce white crystalline products
within two weeks. m.p. 238-239 °C. Yield: 0.947 g (81.60
%). Anal. Calcd. for C5,H,,Cl,Cu,N,P,S,: C 58.65, H 4.10,
N 5.47,S 6.25. Found: C 58.58, H 4.12, N 5.48, S 6.22. Molar
conductivity: 7.31 x 107 S cm? mol™!. FT-IR (KBr) 3138,
3097, 3055, 1620, 1508, 1458, 1348, 734, 697, 457 cm™. UV-
Vis data in DMSO [M/nm, (cm™)]: 316(31645), 247(40485).

2. 3. X-ray Crystal Structure Determination

A Bruker Kappa Apex II X-ray diffractometer
with graphite monochromated Mo-Ka radiation (A =

0.71073) at 296 K was used to measure the X-ray diffrac-
tion of the Cu(I) complex. The crystallographic software
SHELXT-2018 was used to solve the structure using a du-
al-space algorithm, and SHELXL-2018/3 was used to re-
fine it using least-squares procedures. All C, N, Cl, S, and
Cu atoms were anisotropically resolved.?#?> All of the C,
N, Cl, S, and Cu atoms were resolved anisotropically. The
hydrogen atoms bound to the C atoms were permitted to
rotate geometrically and were treated as a riding mod-
el with a C-H distance of 0.93 A (aromatic), 1.72 A (C-S
group), and 0.84 A (-NH group).?® The complex’s crystal
data and structure refinement details have been collected
in Table 1.

Table 1. Crystal data and structure refinement of the complex

Formula C50H4,CL,Cu,N,P,S,
Formula weight 1022.94
Temperature, K 296

Wavelength, A 0.71073

Crystal system triclinic

Space group P-1 (No. 2)
Crystal size, mm 0.18x0.43x0.47
alA 12.4699(7)

b/A 13.7519(7)

c/A 14.0572(6)

al® 95.051(2)

B/° 91.866(2)

y/° 103.818(2)

V /A3 2328.2(2)

VA 2

D./gcm™ 1.459

p(Mo-Ka) (mm™!) 1.227

0 range for data collection, ° 1.5,284

Dataset -16:16; -18:18; -18:18
F 000 1048

No. of reflections 11605

No. of parameters 575

R 0.022

R,, wR, 0.0320, 0.0855

S 1.04

[I>20(D)] 9718

APrins APy | €A™ -1.08,1.02

2. 4. Computational Details

Density functional theory (DFT) calculations were
performed using the Gaussian 09 software program to
better understand the structure of the copper complex.
The Gauss View 6.0 program at the B3LYP level of theory
was helpful in determining the frontier molecular orbitals
of the ligand and the Cu(I) complex.?” In particular, the
6-31G(d) basis set for non-metal elements (C, H, N, S, and
Cl) and the LANL2DZ basis set for the copper metal atom
were both studied.?® Using the same level of theory, the
complex’s neutral bond orbital (NBO) analysis was carried
out using the Gaussian 06 program.?
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2. 5. Hirshfeld Surface

For the Hirshfeld surface visualization of the Cu(I)
complex, a crystallographic information file (CIF) ob-
tained from single-crystal X-ray diffraction studies used as
the input file. Using the program Crystal Explorer 21.5, the
Hirshfeld surface analysis was generated in order to better
understand the intermolecular interactions in the complex
crystal structure.®® Using the same program, 2D finger-
print plots with dean d, and d; distances were calculated,
Hirshfeld surface visualization was performed, and results
were presented as d,,,,m, shape index, and curvedness.!

3. Results and Discussion

The 2-benzimidazolethiole (L) and triphenylphos-
phine ligands react with Cu(II) chloride to produce the
Cu(I) complex, as illustrated in Scheme 1. In this reac-
tion, Cu(Il) is reduced to Cu(I) by triphenylphosphine,
which acts as a reducing agent. Under atmospheric condi-
tions, the synthesized Cu(I) compound complex is stable.
The metal complex was successfully synthesized as white
crystals with a good yield suitable for single-crystal X-ray
structure analysis. The complex dissolves in common
organic solvents such dimethyl sulfoxide, dimethylfor-
mamide, and chloroform at ambient temperature but not
in ethanol, acetone, methanol, or water.

SH

N? “NH

CH;0H, CH,Cl,

respectively. These higher bond angles are counterbal-
anced by the bond angles Cul-S1-Cul_a and Cu2-S3-
Cu2_b, whose values are all less than the ideal tetrahedral
value of 109.5°. The bulky triphenylphosphine and the
2-benzimidazolethiole (L) ligands often interact sterically
to cause this tetrahedral distortion in a large number of
dimeric copper (I) complexes that also contain one heter-
ocyclic thione and two monodentate triphenylphosphine
ligands.?? The bond lengths between Cul-P2 (2.2379(5))
and Cu2-P4 (2.2371(5)) are shorter than those between
Cul-S1 (2.3256(6)) and Cu2-S3 (2.3580(5)), showing that
the interaction between Cu(I) metal center and P donor
atom is stronger than that between Cu(I) and S donor
atom. The torsional angles of Cl1-Cul-S1-Cul_a, P2-Cul-
S1-C17, and Cl1-Cul-P2-C211 are 100.94(2)°, 130.32(7)°,
and 179.75(7)°, respectively, which results in steric repul-
sion between triphenylphosphine and thione rings and
electron repulsion of chlorine and nitrogen atoms. In the
crystal structure of the Cu(I) complex, there are intermo-
lecular N11-H11...Cl1, N12-H12...Cl2, N31-H31...CI2,
N32-H32...Cl1, C212-H212...N11 and C433-H433...
CI1 hydrogen bonds, the nitrogen and carbon atoms of the
ligand acts as proton donors, whereas the chlorine acts as
proton acceptors.

=
T
NH
HN\&
L\‘S cl

2 CUC12.2H30 2 +2 PhyP

4 hrs. stirring

2-benzimidazolethiole Triphenylphosphine

Scheme 1. Synthetic route of the Cu(I) complex.

3. 1. Description of the Cu(I) Crystal
Structure

The main bond lengths and angles for the Cu(I)
complex are given in Table 2, and Table 3 shows the de-
tails of the hydrogen bonding. Figure 1 display molecu-
lar plots that display the atom numbering schemes. The
two copper atoms are surrounded by one P and one Cl
atom in a distorted tetrahedral coordination, producing
a binuclear complex. The two copper atoms are bridged
by two sulfur atoms. The largest variation from the ideal
tetrahedral geometry is reflected by the Cl1-Cul-S1, Cl1-
Cul-P2, S1-Cul-P2, and CI2-Cu2-S3 bond angles, with
values of 113.40(2), 114.65(2), 116.40(2), and 112.67(2),

Table 2. Selected bond lengths (A) and angles (°) of the complex.

Bond Distances, A Bond Angle, °

Cul-Cll 2.3402(5) Cl1-Cul-S1 113.40(2)
Cul-S1 2.3256(6) Cl1-Cul-P2 114.65(2)
Cul-P2 2.2379(5) Cll-Cul-Sl_a  93.49(2)

Cul-Sl_a  2.6203(6) S$1-Cul-P2 116.40(2)
Cu2-CI2 2.3563(7) $1-Cul-S1_a 105.63(2)
Cu2-$3 2.3580(5) S1_a-Cul-P2 110.35(2)
Cu2-P4 2.2371(5) $3-Cu2-S3_b 103.82(2)
Cu2-S3. b 2.4727(5) $3_b-Cu2-P4 114.30(2)
S1-C17 1.7094(19) CI2-Cu2-S3 112.67(2)
P2-C211 1.8237(18) CI2-Cu2-P4 107.02(2)
P2-C221 1.8236(19) Cl2-Cu2-S3.b  101.37(2)
P2-C231 1.822(2) Cul-S1-Cul_a  74.37(2)

$3-C37 1.721(2) Cu2-$3-Cu2. b 76.18(2)
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Table 3. Hydrogen bonding (A, °) for Cu(I) complex.

D-H...A d(D-H) /A dH...A)/ A dD...A)/A <(DHA)/°
N11-H11...Cl1 0.84(2) 2.28(2) 3.1076(17) 166(2)
N12-H12...CI2 0.840(18) 2.52(2) 3.2323(18) 143(2)
N31-H31...CI2 0.86(2) 2.24(2) 3.0648(19) 159(2)
N32-H32...Cl1 0.855(19) 2.376(19) 3.2021(19) 163(2)
C212-H212...N11 0.9300 2.5300 3.255(3) 135.00
C433-H433...Cl1 0.9300 2.8200 3.548(3) 136.00

Figure 1. Crystal structure of [Cu(p-S-2-BIT),(Ph;P),Cl,] shown at
20% ellipsoid probability, H atoms are omitted for clarity.

3. 2. FT-IR Spectra

The medium intensity peak at 3155 cm™ in the IR
spectrum of the ligand (2-BIT) can be attributed to the
stretching vibration of the NH group, which is shifted by
17 cm™ to a lower frequency due to hydrogen bonding be-
cause hydrogen bonding weakens the N-H bond, result-
ing in its absorption frequency being lower.>* The infra-
red spectrum of the Cu(I) complex lacked the stretching
vibration of the thiol (SH) group at 2562 cm™!, indicating
that the sulfur atom is coordinated to the metal center and
the thione tautomer is more dominant than the thiol tau-
tomer.* The strong band at 1458 cm™! related to v(P-C) of
the triphenylphosphine ligand.’® The band at 457 cm™ in
the complex’s IR spectrum may be attributed to C=S-Cu
vibrations, whereas the band at 343 cm™! is considered to
be related to Cu-Cl vibrations.” Furthermore, the com-

plex IR spectrum showed a high intensity band at 697 cm™!
corresponding to v(Cu-P).3®

3. 3. Electronic Spectra and Conductivity
Study

The electronic absorption spectrum of the Cu (I)
complex in dimethyl sulfoxide is dominated by two broad
bands at 247 and 316 nm.* The first one is due to intra-
ligand transitions of the triphenylphosphine ligand be-
cause uncoordinated triphenylphosphine shows a strong
absorption band at 245 nm, which normally stays unshift-
ed upon coordination to Cu(I).*? The free 2-BIT ligand
exhibits a band at 304 nm, whereas the absorption spec-
trum of the Cu(I) coordination complex is red-shifted by
12 nm, indicating C=S coordination to the Cu(I) center
in the LMCT transition.*! The molar conductivity value
in DMSO (7.31 x 10 S cm? mol™!) of the synthesized
complex was found to be very low, suggesting that it is
non-ionic in nature.*?

3. 4. DFT Studies

The electronic characteristics of the ligands and
Cu(I) complex were investigated using frontier molecular
orbitals. The highest occupied molecular orbital (Eyono)
and lowest unoccupied molecular orbital (E; o) energies
are used to calculate the HOMO-LUMO energy gap (AE =
Erumo- Enonmo)- The energy gaps of the ligands and Cu(I)
complex are displayed in Table 4 and Figure 2. One of the
most important theories for predicting complex reactivity
and stability is the theory of frontier molecular orbitals. A
reaction between two chemical compounds is shown by
the interaction of one compound’s HOMO orbital and an-
other compound’s LUMO orbital, according to this idea.*?
The energy gaps (AE) of the free 2-BIT and Ph;P ligands
are 6.573 eV and 6.706 eV, respectively, whereas the Cu(I)
complex has an (AE) of 3.194 eV. Therefore, compared to
ligands, the synthesized Cu(I) complex in our study is less
stable and more reactive. The 2-BIT ligand appears to be
less stable and more reactive than the triphenylphosphine
ligand. Table 3 shows the computed NBO atomic charges
for the free ligands and their complexes. The Natural Bond
Orbitals (NBO) are used to compute electron densities
(distributions) in atoms as well as bonds between atoms.**
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The natural charges of the Cu atom reduce when 2-BIT is However, the Cu-P complexes have changed slightly (from
connected to Cu by its S atoms, which also become more 0.842e to 0.977e and from 0.842 to 1.000e for P37 and
positive (moved from 0.022e on the ligand alone to 0.226, P71), suggesting electron transfer from the Ph;P ligand to
0.225e on the ligand coordinated to the Cu complex). the metal center.*

- ¥
| ’7 @ LEmr ligand
9

9
Emonmio=-7.513 eV AE=6.573 eV Eiunio=-0.940 eV

AE=6.706 eV

Exomo= -3.817 eV AFE=3.194 eV Eruomo= -2.623 eV

Figure 2. Surface plots of HOMO and LUMO orbitals of ligands and Cu(I) complex
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Table 4. Energy properties (eV) and NBO Charge (e) of ligands and
their Cu(I) complex.

Parameter Ph;P 2-BIT Cu(I) complex
eromO -6.853 -7.513 -5.817
Erumo -0.147 -0.940 -2.623
AE 6.706 6.573 3.194

The NBO Charge of ligands and Cu(I) complex

Atom Ph;P 2-BIT Atom Cu(I) complex
NI12 - -0.480 Cul, Cu2 -0.120, -0.166
N13 - -0.580 S3, S4 0.226, 0.225
S - 0.022 Cl5, Cl6 -0.553, -0.535
P 0.842 - P37, P71 0.977, 1.000

3. 5. Hirshfeld Surfaces Analysis (HAS)

The Crystal Explorer 21.5 program was used to cre-
ate the Hirshfeld surface analyses (HSA) and fingerprints
of the Cu(I) complex.*® The complex’s fingerprint plots are
shown in Figure 3. In a similar manner, Figure 4 displays
the complex’s Hirshfeld surface (HS). The d,,, surfaces
are mapped in the range of -0.4424 to 1.5180 A, while
the shape index, and curvedness are mapped over ranges
-1.0 to 1.0 A, and -4.0 to 0.4 A, respectively. The 2D fin-

gerprint plots of the copper complex show that the major
intermolecular interactions are H...H, H...C/C...H, H...
Cl/CL...H, C...C, and H...S/S...H as shown in Figure 4.
The largest contribution to the overall Hirshfeld surface is
due to H...H close contacts with 60.3%. The percentages of
H...H, H...C/C...H, H...CI/Cl...H, C...C, H...S/S...H,
C...N/N...C, H...N/N...H, and Cl...C/C...Cl interac-
tions are 60.3, 24.1, 7.0, 3.2, 3.1, 1.2, 1.0, and 0.1% of the
complex surface, respectively. The d, ., surface detected
very close intermolecular interactions, which were dis-
played as red spots and indicated short C-Cl...H, C-H...
Cl, and C-C...H, C...H-C interactions. The stacking in-
teraction can be investigated using the shape index and
curvedness of HS, where blue areas represent convex re-
gions of the compound inside the surface and red areas
represent concave regions above the surface due to the
-1t stacked complex’s phenyl groups of triphenylphos-
phine and 2-benzimidazolethiole (L) ligands. Green flat
areas on the curvedness surface also show the presence of
-7 interaction in the Cu(I) complex.?”

4. Conclusion

In conclusion, a new copper(I) complex was synthe-
sized using triphenylphosphine and 2-benzimidazolethiole

de

2.4
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1.8

1.6

1.4

1.2

1.0 :

J_S i | Il )_8 Il | | :)'8 +

26 All interactions 56 H...H 60.3% bl H...C/C...H24.1%
di di di

Ub UB T.UT.L T A TD0 1.6 LU LS K3 UbUSs T UT.. T AT 0o 1.8 LU.ZS . 2 Ub UGS TUT.. T 410 1.6 L U223
de de 2.4 s

2.4 A =

2.2 2.2 ! 2.2

2.0 2.0 2.0

1.8 1.8 | 1.8

1.6 1.6 1.6

1.4 1.4 1.4

1.2 1.2 1.2

1.0 1.0 1.0

1.8 1 0/ 1.8 1.8 J | | |

H...Cl/CL..H 7% C...C 32% H...S/S...H3.1%

2.6 - 2.6 ELTI 2.6 -

di di di
Vb U8 T.UT.. T. 81T b 1.6 LU LSL K. 3 VO UB TV T.. T3 1.01.6 LU 23 UbUos T UT. 2 T 3T o1.6LU . .5

Figure 3. Fingerprint plots for the C(I) complex, showing percentages of major contact contributions to the total Hirshfeld surface analysis (HAS).
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Shape Index

Curvedness

Figure 4. Hirshfeld surfaces mapped with dnorm, shape index, and curvedness of the Cu(I) complex.

(L) ligands in a dichloromethane/methanol mixture. The
spectroscopic techniques and X-ray crystallographic data
revealed the synthesis of a binuclear copper complex with
a 2-benzimidazolethiole ligand acting as a bridging ligand
in thione form. The electronic spectrum of the complex
displayed a peak at 31645 cm™!, which corresponded to the
ligand-to-metal charge transfer (LMCT) transition. The
NBO analysis showed that the charge on the copper met-
als surrounded by the sulfur and phosphine atoms of the
ligands (Cul=-0.120 e, Cu2 = -0.166 e) is found to be less
than the formal charge of the copper ion (+1) due to the
transfer of electrons from the ligands to the metal center.
According to the DFT study, the copper complex (AE=
3.194 eV) was less stable and more reactive than ligands.
The Hirshfeld surface and 2D fingerprint plots analysis in-
dicated that noncovalent interactions, such as H...H...H

(60.3%), H...C/C...H (24.1%), and H...Cl/ClL...H (7%),
constitute the driving force in stable crystal packing.

Supplementary material

Crystallographic data for the Copper(I) complex
have been deposited with the Cambridge Crystallographic
Data Center (CCDC), with the deposit number
1991210. The data can be obtained free of charge at http://
www.ccdc.cam.ac.uk/conts/retrieving. html.
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Povzetek

Z reakcijo med 2-benzimidazoltiolom (L) in bakrovim dikloridom v prisotnosti dvakratne mnoZine trifenilfosfina
smo sintetizirali nov dvojedrni kompleks [Cu(L),(Ph;P),Cl,]: dikloridobis(u-1,3-dihidro-2H-benzimidazol-2-tion)
bis(trifenilfosfin)-di-baker. Spojino bakra(I) smo karakterizirali z elementno analizo, meritvami molske prevodnosti,
FT-IR, UV/Vis in monokristalno rentgensko difrakcijo. Strukturna analiza je pokazala, da ima kompleks popaceno
tetraedri¢no geometrijo okoli centralnega Cu(I), z dvema mostovnima atomoma Zvepla. Hirschfeldova povr§inska anal-
iza na d, je pokazala, da so medmolekulske interakcije H...H, H...C/C...H in H...Cl/Cl...H klju¢ne za pakiranje
kristalov. Za razumevanje nukleofilnih in elektrofilnih interakcij med ligandom in Cu(I) ioni smo uporabili naravno
vezno orbital (NBO). Za prikaz molekularne reaktivnosti oziroma stabilnosti ligandov in kompleksa smo uporabili iz-
racune DFT.
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