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Introduction and Motivation of the Present 
Work: A Broad Outline of Metal 1,2-Dithiolene 
Chemistry and N-Heterocyclic Carbene 
Complexes 
 

1.1. Dithiolene Ligands and its Electronic Structure 
The term dithiolene refers to a ligand of the formula R2C2S2, which can exist in three 

different forms (depending upon their oxidation states). They are the dianionic “alkene-

1,2-dithiolate”, the neutral “1,2-dithione” and a monoanionic radical intermediate “1,2-

ene-dithiete” between the dianionic and neutral forms as shown in Scheme 1.1. When the 

later two are complexed to a metal centre, the oxidation state of the ligand (and therefore 

the metal centre) cannot be easily defined. Hence, dithiolene ligands are referred to as 

non-innocent ligands. According to Jorgensen definition,1 “ligands are innocent when they 

allow oxidation states of the central atoms to be defined”. Ward and McCleverty2 have 

pointed out that the term non-innocent is applied properly when it is referred to a 

particular combination of the metal and the ligand rather than redox-active ligands alone. 

When, metal-centered and ligand-centered orbitals lie at different energies, their redox 

potentials are well separated and the related redox processes can be assigned to the metal 

or the ligand without ambiguity; on the contrary, ambiguity is found where a significant 

mixing between the metal-centered and ligand-centered orbitals occurs. Thus the same 

ligand can behave as innocent or non-innocent depending on the metal involved in the 

complexes.  

 

 

Scheme 1.1. Olefinic (top) and aromatic (bottom) dithiolene ligand redox levels. 
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1.2. Nomenclature 
In the description of “dithiolene”, there is considerable irregularity, within the literature, 

which is generally decided by the substituent(s) on dithiolene and the oxidation state of the 

concerned metal.3 The term dithiolene was initially introduced by McCleverty and co-

workers4 and Balch et al.5 to give a general name for the ligand that does not specify a 

particular oxidation state. After that, this suggestion was generally accepted, and 

“dithiolene” is now universally accepted term. The general formula of 1,2-dithiolate 

dianion is R2C2S2
2−. Nomenclature, such as, 1,2-ethenedithiolate or 1,2-benzenedithiolate 

as base terminology is useful as a reliable naming practice for the free ligands. However, 

the term dithiolate does not specify that dithiolenes are different from saturated 1,2-

dithiolate ligands and does not group structures that have related electronic configurations 

and bonding tendencies. This 1,2-dithiolene can also be described by different 

nomenclatures such as 1,2-alkenedithiol or 1,2-dithiete or 1,2-dithione depending on the 

oxidation states. This concept can be expressed by the Scheme 1.1.  

 

1.3. Types of Dithiolene ligands 
The unsaturated dithiolato ligands have been divided into groups of having odd and even 

numbers of π–orbitals, respectively. 

Z

S

S S

S

odd even

S

S

Z

Z

Z

Z

Z

odd  
                                                 
Above mentioned 1,1-dithiolene (odd), 1,2–dithiolene (even), and 1,3–dithiolene (odd), 

ligands form complexes with four-membered rings, five-membered rings, and six-

membered rings, respectively, which have been shown in Scheme 1.2.  
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Bis(1,1-dithiolene) complex Bis(1,2-dithiolene) complex Bis(1,3-dithiolene) complex  
Scheme 1.2. Formation of metal complexes with different dithiolene ligands. 
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1,1'–dithiolates         

N

R

R

Alkyl dithiocarbamate

OR

Alkyl Xanthate

S

S

S

S

 

 

1,3–dithiolates 

S

S

1,8-Napthalene-dithiolate

                                                                                    
 

1,2-dithiolates 

There is a considerable interest in 1,2-dithiolate ligands and more number of 1,2-dithiolate 

ligands are reported in the literature.3a  Due to the broad range of 1,2-dithiolenes in the 

literature, these can be further classified into following categories. 

 

Arene-1,2-dithiolates 

N

N S-

S-

{qdt}2-

Quinoxaline-2,3-dithiolate
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Pyrazine-2,3-dithiolate
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S

N
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S-
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2,1,3-Thiadiazole-4,5-dithiolate
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N S-
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Benzene-1,2-dithiolate
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Toluene-3,4-dithiolate 
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S

S

Toluene-3,4-dithiolate

S

S

Toluene-3,4-dithiolate

Cl

Cl

Cl

Cl

Fe

S

S

1,1'-dithiolatoferrocene [FcS2]2  
 

Alkene-1,2-dithiolates 
S-

S-

H

H

Ethene-1,2-dithiolate
{edt}2-

S-

S-

Propene-1,2-dithiolate

S-

S-
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Inorganic-1,2-dithiolates 
S-

S-

NC

NC

1,2-Malonitrile-1,2-dithiolate

{mnt}2-

S-

S-

F3C

F3C

1,2-Bis(trifluormethyl)ethylenedithiolate

{tfd}2-

 
S-

S-

{dmit}2-

S

S

S
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S S-
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5,6-Dihydro-1,4-dithiine-2,3-dithiolate  
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1.4. Classification of Metal 1,2–Dithiolene Complexes  
Metal dithiolene complexes can be classified in terms of the structure and bonding of the 

bidentate sulfur chelate of the dithiolene ligand. Unlike free saturated 1,2-dithiolene 

ligands, dithiolene ligands in complexes form relatively rigid and roughly planar five-

membered ring with considerable electronic flexibility. This flexibility allows the redox 

state of the complex to be varied without significant alternation of the basic geometry of 

the structure. The use of dithiols and dithiolates for analytical purpose was known as early 

as the 1930s; the field did not become active and expand rapidly until the 1960s when  

three groups (Schrauzer at Munich, Gray at Columbia, and Davison/Holm at Harvard) 

independently came to realize the unique nature of dithiolene ligands.6-8 First they 

established that the square–planar nature, redox activity, and broad scope of the highly 

colored bis(dithiolene) complexes of late transition metals, such as Fe, Co, Rh, Ir, Ni, Pd, 

Pt, Cu, Au and Zn. Later on, this area has  further been explored in terms of  synthesis and 

structural characterization of tris and tetrakis(dithiolene) complexes, whereby, their 

geometries were established by Wieghardt and Wiyhermuller.9 In the last three decades, 

remarkable progress in this research  arose because of their immense contributions in the 

areas of materials science, enzymology, analytical science and reactivity, which broadened 

the impact and importance of dithiolene chemistry.10  Metal dithiolene complexes  often 

exist in numerous oxidation states. This is due to the more delocalized nature of dithiolene 

ligands. However, differences in C–C and C–S bond distances have been used to 

understand electronic configuration of a dithiolene complex.  
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S

S S

S

M

G  

Scheme 1.3. Various bonding description of M(dithiolene)2 complexes.  

The Scheme 1.3 represents the oxidation state of the five-membered ring, that  is often 

better described as a combination of dithiolate and dithiolene forms (D, E, and F), whereas 

in G, the electron density is distributed over the five-membered ring atoms. Despite the 

uncertainty in dithiolene ligand and metal oxidation state, a metal oxidation state 

formalism will occasionally be used in the dithiolene chapter. This formalism considers 

the ligands as “dithiolates” (A / C) that form complexes as in “D”. A discussion of this 

formalism is presented by Alavarez et al.11  Dithiolene ligands are coordinated to the 

metal, and it may allows for the possibility of interligand S–S bonding interactions, which 

helps to stabilize the particular structures and/or affect specific molecular distortions. The 

dithiolene ligand π orbitals interact with the metal dπ orbitals to give frontier orbitals of 

mixed-ligand and of metal character. In both the bis- and tris(dithiolene) complexes, 

electrons are not localized at the ligands, but are delocalized throughout the metal-

dithiolene five-membered rings and exhibit a certain degree of aromaticity.  

Classification  

Various dithiolene complexes, that have been developed so far, are mainly classified into 

three main categories: 

(a) Homoleptic dithiolene complexes: These type of complexes have the MLn formulae, 

in which L = dithiolene ligand (1,1-, 1,2-, or 1,3-), and n = 2 [bis(dithiolene)] or 3 

[tris(dithiolene)]. Some of the homoleptic dithiolene complexes are recently prepared by 

Fourmigue’s and Boucekkine groups.12 Some of these homoleptic fashion type complexes 

are represented below.  
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(b) Heteroleptic dithiolene complexes: These type of complexes have the XmMLn 

formulae, where m = 1, 2 or 3; n = 1, 2 and X is a non-dithiolene ligand (i.e. heteroleptic 

dithiolene complexes contain at least one dithiolene and one other ligand). It has several 

classes (I) Carbonyl complexes:13 [M(CO)4(S2C2Z2)], [M(CO)2(S2C2Z2)2]; in these 

complexes carbonyl groups are labile and can be displaced by a variety of other ligands, 

such as chalcogenide, phosphine, and halogen ligands. (II) Nitrosyl complexes:14 

[Fe(NO)(S–S)2]–; these species are stable toward aerial oxidation but are often attacked by 

two-electron donor ligands (L), such as pyridine (py), DMF, or PPh3, resulting  in 

expulsion of NO and formation of the corresponding adduct [Fe(L)(S–S)2]–. (III) 

Complexes with metal-ligand multiple bonds:15 generally it has two type of complexes 

metal-oxo, and metal-nitrido complexes, with the formulae [M(L)(S–S)2]z– (L = N, O; Z = 

1, 2). (IV) Organometallic complexes:16 cyclopentadienyl moiety with another dithiolene 

ligand complexes. 
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1.5. Properties and Applications of Metal 1,2–Dithiolene Complexes 
1.5.1. Solid-State Properties 
 
Fascinating properties are demonstrated in metal dithiolenes, based on molecular 

coordination compounds. These exhibit  unusual solid-state properties, such as magnetic,17 

conducting and nonlinear optics (NLO) properties.18 Indeed, the existence of these many 

properties are  due to the high degree of π–electron delocalization throughout ligand-metal 

center, depending  on the substitutents on the ligand. This class oc compounds also have 

ability to carry a molecular charge that depends upon the nature of the central metal ion 

and of the ligand.  

1.5.2. Conducting Properties 

 Since the discovery of the first organic semiconductor perylene-bromine complex 

in 1954,19 a large number of molecular conductors, including more than 100 moleuclar 

superconductors have been prepared. Conducting molecular materials are characterized by 

the following features: 

– Clear and simple electronic structure which can be well described by the tight-binding 

band picture based on the extended Huckel molecular orbital caluculation.20 

– A variety of physical properties that originate from low-dimensionality strongly 

correlated electron-electron interaction, frustration effect, and so on. 

– Softness of the crystal lattice and sensitivity to external stimuli. 

– Plenty of possibilities for chemical design.    
 In general, π-conjugated system associated molecular conductors are divided into 

two categories: electron donor and electron acceptor. In order to obtain the metallic state, 

the formation of at least one partially filled energy band is required. A straight forward 

access to the molecular metal can be achieved by arranging open-shell molecules 

(radicals) to facilitate intermolecular electron transfer. In most cases, cation radicals or 

anion radicals, generated from the donor or the acceptor, have been used for the formation 

of metallic molecular crystals and the conduction band originates from HOMO of the 

donor or LUMO of the acceptor. It should be added that electron transfer between HOMO 

and LUMO bands in a single-component molecular crystal can also generate partially 

filled energy bands, which is observed in the first single-component molecular metal 

Ni(tmdt)2. 
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 Since planar π-conjugated molecules tend to stack to form the column structure, 

molecular metals, developed in the early stage, have the one-dimensional electronic 

structure which is characterized by a pair of planar Fermi surfaces and is associated with a 

metal-insulator transition at low temperatures. An organic donor BEDT-TTF (Figure 1.1), 

where sulfur containing six-membered rings are attached to the TTF moiety, effectively 

enhance the 2-D intermolecular interaction and provides various types of metallic and 

superconducting cation radical salts.21 

 In the early stage of the development of molecular conductors based on metal 

complexes, partially oxidized tetracyanoplatinate salts (for example, KCP; 

K2[Pt(CN)4]Br0.30·3H2O) and related materials were intensively studied.22 In this system, 

the square-planar platinum complexes are stacked to form a linear Pt-atom chain. The 

conduction band originates from the overlap of 5dz2 orbitals of the central platinum atom 

and exhibits the 1-D character. Metal dithiolene complexes posses a delocalized electron 

system as a planar central core M(C2S2)2. The conduction band is formed by the ligand π 

orbitals or mixed-metal-ligand orbitals where the sulfur atoms play an important role.23 

Depending on the choice of substituent groups attached to the central core, metal 

dithiolene complexes behave as both the donor and the acceptor. Development of 

molecular conductors based on the dithiolene complexes was triggered by the discovery of 

the metallic behavior in an anion radical salt (H3O)0.33Li0.8[Pt(mnt)2]·1.67H2O (Figure 

1.2).24 Among metal dithiolene complexes, the metal-dmit complexes M(dmit)2 (M = Ni, 

Pd) have been the most studied system. In the M(dmit)2 molecule, HOMO and LUMO 

have the b1u and b2g symmetry orbitals. The metal d orbitals can mix into the LUMO, but 

cannot contribute to the HOMO due to the symmetry constraints which destabilize the 

HOMO and leads to a small energy splitting between HOMO and LUMO. The side-by-

side intermolecular interaction, which leads to the formation of the 2-D electronic 

structure, is strong for the HOMO and weak for the LUMO. This is because some of 

overlap integrals for the intermolecular S···S pairs are canceled out due to the b2g 

symmetry of the LUMO. Although the M(dmit)2 molecule is belonged to the acceptor, the 

nature of the conduction band in their anion radical salts strongly depends on the central 

metal. In general, the conduction band of the Pd system originates from the HOMO, while 

the conduction band of the Ni system originates from the LUMO. This unusual feature of 

the Pd system is the HOMO-LUMO band inversion. This is due to the strong dimerization 

and the small energy splitting between HOMO and LUMO.25 In a series of anion radical 
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salts with closed-shell cations (cation)[Pd(mnt)2]2 (Cation = EtxMe4-xZ+; Z = N, P, As, Sb 

and x = 0,1,2), the dimer units [Pd(mnt)2]2
– form a strongly correlated 2-D system with a 

quasi triangular lattice and exotic properties derived from frustration and strong 

correlation are reported.23  
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Figure 1.1. Examples of component molecules for molecular conductors  
 
In these Pd salts, the choice of the counter cation tunes the degrees of frustration and 

correlation which are associated with the molecular arrangement. On the other hand, in the 

Ni salts, the choice of the counter cation provides a variety of molecular arrangements. 

Apart from these dithiolene complexes, the organic−inorganic hybrid materials of 
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dithiolene-polyoxometalate complexes have also been reported in 1989.26,27 These 

complexes exhibited singular, non-centrosymmetric character which originates in a set of 

“interfacial” C−H···O hydrogen bonds with the top and bottom closed-packed oxygen 

atom surface layers of the polyoxometalate anions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. Crystal structure of (H3O)0.33Li0.8[Pt(mnt)2]·1.67H2O. 

 
 

Figure 1.3. Polyoxometalate and BEDT-TTF based molecules in monoclinic, space group. I2 α-(BEDT-

TTF)4(SiW12O40). 
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1.5.3. Near-IR Dithiolene Complexes: 

Back ground: The near-infrared (NIR) region of the electromagnetic spectrum, usually 

defined between 750 and about 2500 nm, was discovered by the German and British 

scientists Friedrich-Wilhelm (Sir Frederick William) and  Herschel (1738-1822) in 1800. 

Its association with heat (calorific rays) gave rise to one of the contemporary uses of this 

kind of radiation. However, in recent years the near infrared has become of additional 

interest in quiet diverse areas, which are mentioned below: 

–In atmospheric chemistry, the NIR absorption of “greenhouse gases” is responsible for 

the global heat balance and temperature, and the increasing anthropogenic release of such 

substances is causing worldwide concern over their climatic consequences.  

– In astronomy, near-infrared spectroscopy can be used for searching potentially life-

sustaining molecules on planets and for studying the origin of galaxies. 

– Since much of the solar radiation reaching the surface of the earth lies in the NIR region 

there is a continuing interest in developing NIR dyes as sensitizers for solar cells.28 

– Glass fibre efficiency in communications technology as recently honored through the 

Nobel Prize in Physcis (Charles K. Kao, 2009) is possible mainly due to the attenuation 

minimum of pure silica in certain NIR bands, such as, the 1300-1350 and 1500-1600 nm 

regions. The low cost of NIR irradiation sources has also contributed to their use in liquid 

crystal devices and other systems designed for optical signal proceesing (e.g. switching, 

wavelength conversion, memory).29 

– NIR spectroscopic analysis of food and related biological materials has become an 

indispensable and efficient technique in process monitoring and quality control.30  

– Medical applications of NIR radiation make use of the partial transparency of tissue at 

such wavelengths and include diagnostics aspects (e.g. non-invasive thermal or biological 

imaging as well as therapy).31 

 From the above-described facts, it follows that NIR dyes are sought among right 

materials, and coordination compounds, such as, the well established dithiolene 

complexes, that offer absorption and emission activity in the near-IR  spectral region.  

Favorable conditions for near-IR absorbing dyes: 

Dyes for applications in the NIR region require small differences in the energy 

between HOMO and LUMO. The donor–acceptor concept was established by König32 and 

Ismailsky.33 It was further developed by Dilthey and Wizinger34 and incorporated into the 

perturbation molecular orbital theory (PMO) model by Dewar.35 According to this 
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concept; long–wavelength absorption is expected if π–systems are substituted with donor 

(D) and acceptor (A) groups. Very strong donor and acceptor groups can be applied in a 

double arrangement according to building principle (D — π — A — π — D) and can 

cause long–wavelength absorption. 

The literature provides extremely limited data about the near-IR dyes. The first near–

infrared (NIR) absorbing organic compounds (some of phenylenediamine derivatives) 

were synthesized at the beginning of this century. The usage of NIR dyes has an 

prominent feature, because they serve as excellent indicators of the progress of novel 

technologies, especially the development of NIR semiconductor lasers, optical data 

storage field DRAW (Direct Reading After Writing) or WORM (Write Once Read Many). 

Metal bis(dithiolene) complexes have been used as good candidates for near-IR dyes, 

because (1) metal bis(dithiolene) complexes show intense electronic absorption in the NIR 

region, especially Ni-dithiolene complexes. (2) Metal dithiolene complexes have ability to 

exist in several clearly defined oxidation states which are fully connected through 

reversible redox steps. (3) Another characteristic property of dithiolene coordination 

complexes is their high thermal and photochemical stability. Based on this research, it 

leads to conclusion that the dithiolene complexes should contain following reqirements 

(Scheme 1.4 & 1.5): 

(1) Coplanarity of ligand π-system and dithiolene;  

(2) Presence of an extended π-system;  

(3) Presence of electron donating substituents;  

(4) Fixing of the substituents into rigid coplanarity with the ligand;  

(5) Attachment of sterically bulky substituents to increase solubility;  

(6) Variation of the central metal to obtain different shifts and to tune the relaxation time. 
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Although the dithiolene metal complexes show an absorption band in the NIR region, they 

are not useful as colorants in the recording layer of the optical DRAW disk,36 due to their 

low reflectivity of the GaAlAs diode lasers. But the nickel based dithiolene complexes has 

been applied to the optical DRAW disk as an inhibitor of laser induced fading.37 The metal 

dithiolene complexes have also attracted much interest as Q–switching NIR dyes 

applications. 

 

1.5.3.1. {M[(mnt)2]}n– 
 (n = 1,2 and 3) Based Dithiolene Complexes:  

 The transition metal ion in a bis(1,2-dithiolato)metal complex favors a planar 

coordination environment. However, the distorted square planar coordination geometry 

around a metal centre has also been observed.38 For example, in the cases of the metal 

center being Mn2+, Fe3+ or Co2+ ions in the complexes [RBzPy]2[Fe2(mnt)4], 

[Bu4N]2[Fe2(mnt)4], [Bu4N]2[Fe2(edt)4], [Et4N]2[Mn2(edt)4], Co2[S2C2(CF3)2] and 

[Bu4N]2[Co2(S2C6Cl4)4],39 the deviation from planarity is mainly caused by dimerization 

via M···S interactions. For bis(1,2-dithiolato)cuprate(II) complexes, notably, there are few 

cases of a significantly non-planar environment around a tetra-coordinate Cu2+ centre 

resulting from the weakly intermolecular interactions between the cation and anion.40 

Theoretical investigation for the [Cu(mnt)2]2− complex further disclosed that the energy 

gap between distorted and perfect square-planar coordination geometry is not much higher 

than the values of the crystal packing forces.41 As a result, the configuration preference for 

the [Cu(mnt)2]2− complexes will be controlled by the combination of a variety of 

intermolecular interactions.41 For the bis(1,2-dithiolato)nickelate(II) species, reports of 

significant non-planar environment around a tetra-coordinate Ni2+ ion are very rare, based 

on CCDC literature (until August 2007); only eight complexes having dihedral angle more 

than 10° between the mean planes of two S–Ni–S chelate rings have been reported.42 

According to DFT calculations of [Ni(mnt)2]2− anion moiety, the square-planar geometry 

is more stable configuration for the nickel atom.43  

Cation role: 

 It is well known that the donor–acceptor type salt could give rise to a charge 

transfer (CT) transition band in its electronic absorption spectrum, with band position 

depending on the energy gap between acceptor LUMO and donor HOMO. Consequently, 

the spectral property for such a charge transfer transition band is tunable via systematic 

modification of the acceptor/donor molecular structure.44 The bis(1,2-dithiolato)metal 
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complexes show intense near-IR absorbance,45,46 and the origin of this transition may be 

discussed under two headings: (1) the HOMO and LUMO are delocalized over two 

dithiolate ligands, and electronic transition between these orbitals gives rise to a strong 

absorption in the near-IR region. Donor substituents in the parent dithiolate raise the 

energy level of HOMO more than that of LUMO, resulting in a shift of the near-IR 

absorbance to lower frequencies; (2) the electronic transition from the HOMO of the 

bis(1,2-dithiolato)metal anion to the LUMO of the cation gives rise to an intense ion-pair 

charge transfer (IPCT) band in the near-IR region.40a Therefore, modifying the molecular 

structure of the cation provides a useful strategy for the fine-tuning of IPCT band. 
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Scheme 1.6. Nickel based dithiolene complexes 1–5. 

 In the nickel based dithiolene complexes (R-benzylidene-1-aminopyridinium 

derivatives and [Ni(mnt)2]2–), cation is different from one compound to another compound 

(Scheme 1.6). Based on cationic moiety, properties of dithiolene complex has been 

modified. For example, from the above mentioned compounds, compound 1 exhibit only 
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distorted square-planar geometry (Figure 1.4) around nickel metal atom and remaining all 

four compounds exhibit perfect square-planar geometry around nickel atom. Apart from 

this, in the solid state complexes 2–5 show the intense absorption in the UV-vis region 

(200-700 nm) with a moderately intense absorption band. The spectral shape of compound 

1 is strikingly different from the other four, in which a very strong absorption is obsereved 

from the UV-vis to near-IR region and its low energy absorption tail extends up to 1200 

nm (Figure 1.5). The UV-vis-NIR spectra of 1–5 were recorded in acetonitrile solution. In 

this spectra, there are two bands centered at 473 nm (π → π* transition within the cation 

and anion) and ~862 nm (IPCT transition). The first band (473 nm) is independent on the 

concentration of cation, whereas the intensity of second band is dependent on 

concentration of cation (Figure 1.6).  

 

Figure 1.4. (a) ORTEP view of 1 with thermal ellipsoids at the 30% probability level; (b) the molecular 
configuration shows a distorted anionic geometry. 

 
Figure 1.5. Diffuse reflactance spectra of compounds 1–5. 
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Figure 1.6. (a) UV-vis-NIR absorption spectra for the compounds 1–5, (b) [TBA]2[Ni(mnt)2] (c = 5.0 X 10–5 

mol L–1) with different concerntration of [p-NO2Bz-1-Apy]I.  

 
1.5.3.2. Substituent Effect on Dithiolene Complexes: 
 
(I) 
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Scheme 1.7. 

 
 Dithiolene complexes are much influenced by the substituent groups which are 

present in dithioelene core moiety; due to the delocalization in chelate ring system, this 

factor plays key role to exhibit absorption in NIR region in the concered electronic spectra. 

For example: based on Scheme 1.7, there are four types of nickel based dithiolene 

complexes, in which A, B, and C exhibit intense absorption bands below 400 nm and 

broad absorption bands with high molar extinction coefficients in the NIR region (700–

1100 nm).47 The bands below 400 nm originate from the ligand-to-metal charge-transfer 

(LMCT) transsition and intra ligand transitions. The intense feature absorption bands in 
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the NIR region are generally assigned to the →π* transition between HOMO and 

LUMO. The λmax values of A, B and C are 857, 884 and 868 nm respectively. The 

maximum absorption data of A, B, and C in different solvents are shown in Table 1.1. The 

positive solvatochromism is confirmed with increase in  polarity of the solvent. From this, 

one can interpret that the polar excited molecules of the complex are more susceptible to 

the solvation effect than ground state molecules when combined with the polar solvent, 

resulting in the lower energy of the excited molecules. Correspondingly, the decreased 

energy difference is achieved and the red-shifted λmax can be observed. Furthermore, C 

suffers a larger effect when DMF and DMSO were used causing the peak to fall upto 944 

nm in DMF and 957 nm in DMSO. 

 The functional group, attached to benzene ring, influences the absorption 

maximum of dithioelene complexes. The methyl-substituted phenyl derivative B exhibits 

the maximum absorption band at 884 nm in CH2Cl2. It is red-shifted by 27 and 16 nm 

compared with H-substituted complex A and methoxy carbonyl- substituted phenyl 

derivative C, respectively. This can be explained by the fact that the methyl group, being 

the electron donating substituent, increases the electron density of the dithiolene moiety 

and decreases the gap of HOMO and LUMO, which then results in the red-shift of the NIR 

absorption maximum of B. This result is consistent with the conclusion of the recent 

review. For C, it is blue-shifted by 16 nm compared with B and red shifted by 11 nm 

compared with A. This can be explained as follows: the methoxy carbonyl group, being 

the electron withdrawing substituent, decreases the electron density of the dithiolene 

moiety as compared with B. When compared with A, the methoxycarbonyl group of C 

increases the conjugation of the whole molecular plane and extends p delocalization. The 

results show that the λmax of nickel bis (dithiolene) complexes are affected by the 

substitution. 

 
Table 1.1. Absortion data of compounds A−C in different solvents.  

Sample Ether DCM THF CHCl3 DIOXANE DMF DMSO 

A 844 857 856 858 856 871 871 

B 869 884 880 883 880 895 896 

C 861 868 867 871 869 944 957 
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  A nickel dithiolene complex system containing 3,5-C6H3Br2 substituted phenyl 

groups,48 is shown in Scheme 1.8. The electronic spectroscopy is an excellent tool to 

define the neutral or anionic nature of the Ni-dithiolene complexes. A strong absorption 

band at the low energy region is a distinctive of neutral complex, which shifts to a lower 

energy with less intensity in the monoanionic complex and this band is not present in the 

electronic spectrum of dianionic complex. Electronic spectra of 1a and 1b were recorded 

in DCM. Compounds 3b and 3c were insoluble in DCM and hence spectra were recorded 

in acetonitrile. Based on DFT calculations on Ni(S2C2Me2)2,
49 the HOMO for this neutral 

species is the b1u orbital (it was fully occupied which is primarily ligand based with minor 

contribution from the metal). The intense charge transfer absorption is due to the b1u→b2g 

transition.  The b2g orbital in the one-electron reduced monoanionic species is singly 

occupied (Figure 1.7). The contribution of electrons from nickel to these b2g orbital 

increases with reduction, and the band positions also shift. Because of the involvement of 

the dithiolene orbitals, the position of the low energy transition is dependent on the 

substituent on the dithiolene ligand itself. For example, in monoanionic complexes, the 
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low energy band shifts to low energy with increasing electron-releasing character of the 

substituent.  

 

 
 
Figure 1.7. Frontier orbitals of [Ni(S2C2R2)]n– (n = 2, 1, 0) relevant to their redox and low-energy electronic 
absorption properties. The ground state electronic configurations of the dianion, anion, and neutral are 
shown, as well as the lowest-energy triplet state of the neutral. 
 

 
Figure 1.8. Electronic spectra of Ni-complexes recorded at room tempertature. 1a, 1b, 2a and 2b were 

recorded in CH2Cl2. 3b and 3c were recorded in CH3CN.  

 

From the electronic absorption spectra (Figure 1.8), the first band near 852 nm for the 

compound 2a shifts to 834 nm in 1a  a shift of 18 nm, while 935 nm band in 2b  moves 

to 927 nm in 1b, which is only an 8 nm shift. However, this band shifts to 863 nm in the 

case of 3b. Thus the low energy band maxima follow the order: 1b ~ 2b > 3b. The 

intensities of these bands in three compounds are different; the band in 3b is the least 
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intense. Because the intensity comes from the mixing of the orbital coefficients involved 

in the optical transition, it is suggestive that the orbitals of ground and the excited states 

are not mixed as effectively in these three compounds. Some of the results on neutral 

complexes with general formula,50 Ni[S2C2(p-C6H4X)2]2 have also been related to the 

above discussion part.     
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Scheme 1.9 

 Metal complexes with sulfur-rich dithiolene ligands are ineresting in the field of 

conductive materials, because intermolecular sulfur-sulfur interactions of the ligands.51 

Based on this aspect, Boon-Chuan et.al.52 prepared multi-sulfur dithiolene ligand metal 

complexes (Scheme 1.9). In complex 7, the closest Ni···Ni distance is 6.977 Ǻ, which is 

the length of the b axis. The shortest interstack S···S contact is 3.687 Ǻ, which is about the 

sum of the van der Waals radii (3.70 Ǻ).53 The large separation between stacks is due to 

the phenyl substitution on the external part of the ligand. Figure 1.9 shows the NIR spectra 

of complexes 6 and 7. Complex 6  in acetonitrile solution shows a strong broad absorption  

at 1172  nm , while  complex  7  in  benzene  solution exhibits this  absorption  at  1028 

nm. Table 1.2, lists the near-IR absorption maxima and absorbances of these complexes. 

The EHMO calculations assigned to this  strong electronic absorption band is due to a 

π→π* transition (2Au, 2Bu, 3B3u, 2B3u → 3B2g) of  the  delocalized ligand.54 The electron 

delocalization in the coordination ring and the central metal is made possible by the 

stronger overlap involving d-orbitals of sulfur and this  leads to bathochromic shifts of the 

multi-sulfur 1,2-dithiolene complexes. Based on data  in  Table 1.2,  it can  be  noted  that 

complexes 6,  8 and 10 exhibit NIR absorption  bands  at  1172, 1177 and 1175  nm, 

respectively. This indicates the electron-donating ability of the substituents is in the order 
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Me > H > Ph. But this effect is not significant in [Ni(medt)2] (9) and [Ni(phdt)2] (7). 

Attachment of bulky substituents, such as phenyl and methyl groups, would increase 

solubility, which is favorable for the use of Q-switching dyes.55 

 
Figure 1.9. Absorption spectra of 6 in acetonitrile (–) and 7 in benzene (----). 

 
Table 1.2 Absorbance bands of the complexes of dithiolenes (at 25 °c). 

Comlex Name Complex Solvent λmax (nm) 

6 [TBA][Ni(Phdt)2] Acetonitrile 1172 

7 [Ni(Phdt)2] Benzene 1028 

8 [TBA][Ni(Medt)2] Acetonitrile 1177 

9 [Ni(Medt)2] Benzene 1029 

10 [TBA][Ni(dddt)2] Acetonitrile 1175 

11 [TBA][Ni(pddt)2] Acetonitrile 938 

 

1.5.4. Nonlinear Optical Materials 

Second-Order NLO 
Optical properties, in particular, nonlinear optical properties are of interest for a number of 

photonic applications, including high speed optical switching, telecommunication, optical 

data processing and storage.56 Nonlinear optical properties arise when the interaction of 

radiation with the matter occurs, which at small field induces an instantaneous 
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displacement (polarization: P0 =  = αE where α is the linear polarizability) of the 

electronic density away from the nucleus (linear optics), involving  high fields (laser 

light). 

The basic requirements for NLO active molecules, that possess large β values, 

include an electron donor group (D) connected with an electron acceptor group (A) by a 

π–conjugated polarizable bridge.57,58 The nonlinear optical properties of such dipolar, 

polarizable (D–π–A) molecules are characterized by low energy, D→A intermolecular 

charge transfer (ICT) excitations. 

 In this context, metal dithiolene complexes have attracted interest in terms of  

NLO properties owing to their highly delocalized electron configuration and the 

possibility of the transfer of electron density between metal and ligand which induces an 

intense near-IR absorption transition.59 Among these, symmetric and asymmetric square-

planar d8 metal–dithiolene complexes can be suitable to generate third order NLO 

properties,60 but only asymmetric complexes at the molecular level, such as mixed-ligand 

complexes with push/pull ligands, and a non-centrosymmetric crystal packing for a bulk 

material, are required to generate second order NLO properties.61,62 

Interestingly, some of the unsymmetrical bis(dithiolene) complexes (12–15) and 

heteroleptic dithiolene complexes (16–19), which exhibit second order NLO properties are 

shown in Schemes 1.11 and 1.12, respectively.  In those, most promising and extensively 

studied compounds are heteroleptic Ni(diimine)(dithiolate) complexes as shown Scheme 

1.12.18,63 In order to increase hyperpolarizability of the complexes, the best candidate 

system should be Pt, with electron donating substituents on the dithiolate ligands (to 

increase the donor strength), whereas electron withdrawing substituents should be placed 

on diimine as for as Pt atom is concerned. These compounds exhibit β0 values within the 

range from 0 to –16 × 10–30 esu, depending upon the substituents. 

 

 

 

 

 
Scheme 1.10. 
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Third Order NLO 

Recently, more and more symmetrical bis(dithiolene) complexes with third-order optical 

nonlinearity or optical limiting effects have been explored because third order NLO effects 

do not require any symmetry restriction.64 Some of the metal bis(dithiolene) complexes 

exhibiting third order NLO are shown in Scheme 1.13. Third order NLO properties of 

dmit-based and mnt-based metal complexes with sandwiched organometallic cations 

[CpFe(η-C6H6)]+ have also been reported.65  
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Scheme 1.13. 

 

Heteroleptic dithiolene complexes have also been studied for their third-order NLO 

properties that involve the dmit and mnt ligands as shown in Scheme 1.14,66 in which, 

only the dmit based compounds exhibit a large third-order optical nonlinearity, due to their 

large planar conjugated system compared to the mnt analogues.  
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Scheme 1.14. 

 

1.5.5. Metal Dithiolene Complexes in Catalysis  

The recent research on studying metal dithiolene complexes is a growing field in the sense 

of catalysis also. The metal dithiolene complexes are useful catalyst for organic 

transformations. However, there are very few reports on organic transformations that use a 

metal bis(dithiolene) complex as a catalyst. Yokoyama and co-workers67 described that, 

the cobaltadithiolene is effective catalyst for synthesis of γ,δ–unsaturated 

cyanofluoroamide and the reaction is shown in Scheme 1.15. This synthetic reaction 

proceeded smoothly under mild reaction conditions and only the cyanofluoroamide 
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product was obtained. Interestingly, without cobaltadithiolene complex, no target product 

was obtained. Another compound tin-bis(1,2-benzenedithiolene) (Scheme 1.16) has been 

used as an effective catalyst for the reduction of azides to amines, which was reported by 

Bosch et al.68 They observed that a series of primary, secondary, tertiary aromatic, and 

heteroaromatic azides can be reduced in excellent yields under very mild conditions in the 

presence of NaBH4. Thus, borohydride ion was a reasonable choice for the reduction of 

azides to amines, but it is not sufficiently active against azides and favorably the use of 

tin-bis(1,2-benzenedithiolene) as a catalyst has solved the problem.  

  

 

 

 

 

                                                                                                                                                              

                                                                               

   

                                
                     R1 = Ph; R2 = H           → Yield = 29%,       R1 = Me; R2 = Me → Yield = 10%. 

                         R1 = CO2Me; R2 = H   → Yield = 19%,       R1 = Ph; R2 = Ph   → Yield = 23%.  

Scheme 1.15. Synthesis of γ,δ–unsaturated cyanofluoroamide with cobaltadithiolene complex as catalyst. 
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Scheme 1.16. 

1.5.6. Metal Dithiolenes in Biology 

In contrast to their long history of dithiolene complexes and the studies of their properties 

towards material science with respect to photonics and electronic conductors, only since 

last three decades, biological aspects of metal dithiolene systems have been explored. It is 

now established that dithiolene-chelate is involved / present in the active site of certain 

metalloenzymes, especially Mo- and W- containing enzymes. Depending upon the active-

site of the structure dithiolene-containing molybdenum and tungsten enzymes, these are 

classified into four families as shown in Scheme 1.17.69 
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Dithiolenes play an important role in natural systems. Thus, a dithiolene group is 

present as an integral component of molybdopterin (MPT), the moiety that binds the 

molybdenum (or tungsten) at the catalytic center of enzymes that transfer an oxygen atom 

to or from the substrate. A wide range of reactions are present in virtually all living 

systems catalyzed by these enzymes, and many of these enzymes are structurally 

characterized. Each catalytic centre is shown to involve a single metal atom bound to one 

or two MPT groups, plus other donor atoms. Spectroscopic information indicates that the 

oxygen atom transfer reaction takes place at the metal centre, the oxidation state of which 

changes from M(VI) to M(IV) (or vice-versa). This chemistry has been replicated by low 

molecular weight analogues of these centers. However, challenges remain in 

understanding the coordination chemistry of these centers;   the role of the pterin and 

pyran ring that together with the dithiolene to form MPT is not very clear. Whether other 

roles for dithiolene complexes will be found in Nature remains to be seen. However, the 

present knowledge should encourage further investigations of dithiolene complexes as 

catalysts, especially when the process involves a redox change.    

Xanthine dehydrogenase
 / Xanthine oxidase
 (XDH/XO) family (X= S or O)

Sulfite oxidase 
(SO) family

DMSO reductase 
(DMSOR) family
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S S
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Aldehyde ferredoxin 
oxidoreductase (AOR)
 family  

Scheme 1.17. The four families of dithiolene-containing molybdenum and tungsten enzymes based on 
structure of the catalytic reaction centers. 
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Molybdopterin guanine dinucleotide (MGD) 

 

Scheme 1.18.  Schematic representation of the 1,2-dithiolene containing molybdenum and tungsten  
cofactors in relevant metalloenzymes. 

More significantly, the complexes [MO2(bdt)2]2–and [MO2(mnt)2]2– (M = Mo or W) 

constitute reasonable structural models for the active site of this class of enzymes.70 The 

Mo containing enzyme is called molybdopterin and the crystal structure of one 

molybdenum-pterin cofactor enzyme, shows coordination of two pterin units to one 

molybdenum center.71 Some schematic representations of the 1,2-dithiolene containing 

molybdenum and tungsten enzymes are depicted in Scheme 1.18.  

Rajagopalan and his co-workers72 have proposed a structure for the molybdenum 

cofactor from the various spectroscopic measurements.The proposed structure for the 

molybdenum cofactor depicts it as a complex of molybdopterin and Mo, with the metal 

linked to the dithiolene sulfurs. They have suggested that, the molybdopterin is not a 

unique molecule, since it is found in several forms that differ in the phosphate terminus of 

the side chain. 
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1.6. N-Heterocyclic Carbene Complexes 

1.6.1. Classification of Carbenes 
Metal carbene complexes are frequently classified in to two types: (1) Fischer carbenes, 

named after Ernst Otto Fischer which are characteristics strong π-acceptors at the metal 

and being electrophilic at the carbene carbon atom. (2) Schrock carbenes, named after 

Richard R. Schrock, are characterized by more nucleophilic carbene carbon centers; these 

species classically attribute higher valent metals. N-Heterocyclic carbenes (NHCs) were 

popularized, when Arduengo’s group isolated the first stable carbene in 1991. Often it is 

not possible to classify a carbene complex with regards to its electrophilicity or 

nucleophilicity. 

Fischer carbenes: 

These type of carbenes are typically found with: low oxidation state metals,  and middle 

and late transition metals (Fe(0), Mo(0), Cr(0)) with  π-electron acceptor ligands, π-donor 

substituents on methylene group such as alkoxy and alkylated amino groups. According to 

Scheme 1.19, the chemical bonding is based on σ-type electron donation of the filled 

methylene lone pair orbital to an empty metal d-orbital, and π-electron back bonding from 

a filled metal d-orbital to the empty p-orbital on carbon. An example for this type of 

carbene complex is (CO)5Cr=C(NR2)Ph. 

Schrock carbenes: 

Schrock carbenes are classically found with: high oxidation states with early transition 

metals (Ti(IV), Ta(V)), and with π-donor ligands. Bonding in such type of complexes can 

be considered as coupling of triplet state metal and triplet carbene. These bonds are 

polarized towards carbon and consequently, the methylene group act as a nucleophile, 

which has been shown in Scheme 1.19. An example for this Schrock crabene complex is 

Ta(=C(H)But)(CH2But)3. 
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:

M
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Fischer Schrock  
Scheme 1.19. General representation of Fischer and Schrock carbene complexes. 

 

 



 
Chapter 1 

 

(31) 
 

1.6.2. N-heterocyclic Carbenes: 

N-heterocyclic carbenes (NHCs), are cyclic carbenes (Figure 1.10) that are usually derived 

from the deprotonation of imidazolium/benzimidazolium salts. NHC chemistry was first 

investigated by Wanzlick et al.73 in the early 1960s leading to the synthesis of first NHC 

transition metal complexes of chromium and mercury (20 and 21) by Ofele74 and 

Wanzlick and Schonherr75 in 1968. In the following decades, Lappert and co-workers  

synthesized several NHC-metal complexes from electron-rich olefins (22).76 The isolation 

of the first persistent carbene (also known as stable carbene / Arduengocarbene) 1,3-

diadamantylimidazol-2-ylidene was isolated in 1991 by Arduengo et al.77  

N N
RR

..

N

N

Cr(CO)5

N N

N N

Hg

PhPh

Ph Ph

2ClO4

2+

N

N

Rh

Cl N

N
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..

Ad = Adamantyl

(a)

(b)

20 21 22 23  
Figure 1.10 (a) General representation of NHCs, (b) Early examples of NHC-complexes and Arduengo’s 

isolated free carbene. 

 When bound to metals, N-heterocyclic carbenes are significantly less reactive than 

two major classes of carbene ligands, Schrock carbenes and Fischer carbenes. Among 

these two types of ligands, NHC’s can be considered to be spectator ligands, because they 

do not undergo metathesis reactions, cyclopropanations, or many of the other reactions 

typically attributed to metal carbene.78 NHCs are strong necleophiles and bind to both 

main group and transition metals often with greater stability than phosphines.79 The 

carbene carbon atom of NHCs is stabilized by the pπ–pπ electron donation of the two 

adjacent nitrogen atoms, and which are good σ-donors. Recent theoretical and structural 

studies suggest  the existence of some π-backbonding for certain metal centers80,81 as 

shown in Scheme 1.20. Hence, the bond between the carbon and the metal center is 
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commonly represented by a single dative bond, whereas Fishcer and Schrock carbenes are 

usually depicted with double bonds to metal.  

M C

N

N

:

:

: :
:

 
Scheme 1.20. Bonding of NHCs to metal centers 

 Because of the usefulness of the metal-NHC complexes, many synthetic methods 

have been explored. Based on the literature on metal-NHCs, the most widely used 

preparation methods can be divided broadly into five types:(a) reaction of free NHCs with 

metal precursors,82a (b) rection of electron-rich olefin dimers with organometallic 

fragments,82b (c) reaction of imidazolium salts with suitable basic transiton metal salts,82c 

(d) reaction of azolium salts with metal precursors under basic phase transfer catalysis 

(PTC) conditions,82d  and (e) transmetallation with Ag(I)-NHCs.82e The last method is now 

well established for the preparation of various transition metal-NHCs including Au(I), 

Pd(II), Rh(I), Pt(II) etc.83 Out of these five methods, two methods have been discussed in 

below section.  

 (a) Reaction of free NHCs with metal precursors: 

In 1991, unexpectedly Arduengo et al. discovered stable carbenes. That time onwards, this 

area is well established for the preparation of NHC complexes. For this type of complexes, 

it requires a straight forward and high-yielding synthetic route. Imidazolium salts are 

heteroaromatic, ionic compounds, which can be deprotonated by strong bases such as 

potassium tert-butylate, NaH, or n-butyllithium to give N-heterocyclic carbenes. 

Generally, free N-heterocyclic carbenes in mixtures containing liq. ammonia has many 

advantages. According to Scheme 1.21, deprotonation of dissolved imidazolium salts in 

NH3/THF or NH3/acetonitrile (5:1) using stoichiometric amounts of base, yields the free 

carbenes. We can also prepare 1,3-dialkylimidazole-2-thiones from imidazolium salts and 

sulfur in the presence of a base, but in this case, the imidazolium salt should not be 

interacted with the base in the absence of sulfur.84 There are several reports, which show 

1,3-disubstituted imidazoline-2-ylidenes coordinated to transition metals in low and high 

oxidation states (e.g., Cr0, Mo0, W0, Fe0, ReI, MnI, HfIV, NbIV, ReVII).85  
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Scheme 1.21. Rapid deprotonation of imidazolium salts in liquid ammonia. 

 

(c) Reaction of azolium salts with metal precursors under basic phase transfer 

catalysis (PTC) conditions: 

Phase transfer catalysis is a special form of heterogeneous catalysis. Ionic reactants are 

often soluble in an aqueous phase but insoluble in an organic phase in the absence of the 

phase transfer catalyst. Hence, for the migration of a reactant from one phase to another 

phase “Phase Transfer Catalyst or PTC” can be used as catalyst in the reactions.86 Initially, 

for the preparation of gold-carbene complexes, 1,3-disubstituted imidazolium cation was 

treated with AgOAc, NaH or BuLi in dry THF.  In this type of methods, yields are very 

low, and care had to be taken to avoid extensive decomposition. For this reason, Ivan J. B. 

Lin et al. group used phase-transfer catalysis (PTC) techniques in the synthesis of metal 

ylides.87 By this new method, Au(SMe2)Cl was treated with 1,3-

disubstitutedimidazolium/benzimidazolium cation under the PTC 

(Cetyltrimethylammonium bromide, Tetrabutylammonium bromide, 

Triethylbenzylammonium chloride, Tetrabutlammonium bisulfate, 

Hexadecyltrimethylammonium bromide) in basic conditions leading to the formation gold-

carbene complexes with greater than 80% yield.88,89 

1.6.3. Silver-carbene Complexes: 
 Herrmann and Bertrand published excellent reviews in the year of 2000 concerning 

the synthesis of metal-NHCs; at that time very few Ag(I)-NHCs were reported.90  Later on 

synthesis of Ag(I)-NHCs and their application in transmetallation reactions have greatly 

been increased in recent years. Lin, Garrison and Youngs et.al. published a review on 

Ag(I)-NHCs.91 Based on literature,91a the silver-NHCs comprise of various NHC systems 

ranging from five membered to seven membered rings, including imidazolium, 

benzimidazolium, triazolium, pyrazolium, qunioxaline and naphtha anellated imidazolium, 

imidazo[1,5-a]pyridine, bipiperidine and biisoqunioline derived imidazolium, 
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bisimidazoliums with arene backbone, six-membered ring pyrimidinium, seven membered 

ring amidinium moieties, etc. Bertrand in 1997, reported that the reaction between 

triazolium triflate salt and a silver base such as Ag(OAc), yielded a polymeric Ag(I)-

NHC.92 Lin and co-workers published first example of Ag(I)-NHC by using Ag2O as a 

base.82e  

 Recently Rourke and co-workers published new type of Ag(I)–NHC complexes. 

They reported crystal structures with NHC ligands with the 2:1:1 (ligand: silver: halide) 

stoichiometry.93 According to Scheme 1.22, there are three types of silver carbene 

complexes. In the crystal structure of 24, the direct silver to chloride bond is 2.369 Ǻ, the 

Ag–Ag distance is 3.994 Ǻ and the Ag1–Cl–Ag1A angle is 94.5°. In the structure of 25, 

the Ag–Ag distance is 3.486 Ǻ. In the structure of 26, the planar arrangement of the two 

coordinating carbons is found, with the C–Ag–C angle being 157°. The Ag–Br distance is 

really quite long 2.893 Ǻ, which is shorter than the average Ag–Br distance (2.91 Ǻ) from 

the literature. Ag-NHC complexes have also several applications in the field of catalysis, 

biological activity and transmetallation. 94  
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Scheme 1.22. Synthesis of Ag(I)-NHC complexes. 

 
1.7. Motivation of the work 
A great deal of coordination chemistry has emerged because inorganic chemists are 

curious to find out what happens when metals are coordinated by new ligands. Ion pair 

dithiolene complexes comprise of a special class of compounds in metal-dithiolne 

chemistry. New chemistry has been generated by the choice of versatile counter cations 

and substituents on the dithiolene ligands in ion pair dithiolene complexes, where nature 

of counter cations and substituents play an important role.  In order to develop such new 

chemistry, there is a need to design and synthesize new ligands with various substituents. 

Modeling the active sites of metallo-enzymes with respect to their electronic properties, 

structure and reactivity represents another motive for new ligand synthesis. Since last five 

decades, metal-dithiolene complexes have proved to be an interesting subclass of 

inorganic coordination compounds that have generated continued interest in structure, 

bonding and reactivity. The findings show that the dithiolene complexes have useful 

reactivity and sensing properties and they display remarkable solid state properties, such 

as, super conductivity, magnetic, and optical properties. Because of their rich properties, 

the literature on metal-dithiolene complexes is so vast.  

 The geometry around the metal ion, in dithiolene complexes, mainly depends on 

the interactions of dithiolene ligands with the surrounding cations.41 Based on literature,95 

catalytic activity of enzyme, porous networks of metal organic frameworks (MOFs), 

porous coordination polymers (PCPs) architectures  depend mainly on the selection of the 

flexible ligand. Ruiz-Perez and co-workers systemically studied the flexible nature of 

malonate ligand for the self assembly of different structures. The flexibility of ligands is 

essential in achieving some particular properties, such as breathing ability in the solid 

state, adaptive recognition for coexisting counterions etc. This has inspired us to choose 

various counter cations in ion-pair dithiolene complexes as a structural determination of 
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the metal ion, which mainly, depends on the balanced/un-balanced supramolecular 

interactions around the anion. Apart from this, we choose another type of cations to study 

the geometry of the counter cations with the respective spherical BF4
 and metal-

bis(dithiolato) complex anions. 

 Also N-containing based meta-dithiolene complexes are present in active sites of 

many metallo-enzymes. In this context, particularly qdt (quinoxaline-2,3-dithiolate) ligand 

and its molybdenum-oxo complexes have been investigated for modeling the active sites 

of molybdenum hydroxylase enzymes.96 These studies have explored the changes in the 

redox properties and the electronic absorption spectra of relevant metal dithiolene 

complexes upon reversible protonation of the coordinated qdt ligand.97 The electronic 

spectral studies and redox properties would be of greater interest in this area of 

heterocyclic based dithiolene chemistry. The photo-physical (luminescence) properties of 

platinum complexes of qdt-type ligand have been studied extensively by Eisenberg’s 

group.98 Furthermore, H. B. Gray et al. studied the effect of different substituents on the 

electronic structure of the {MS4} group in a systematic manner.7a These facts prompted us 

to design and synthesize new type of qdt-based ligands and to synthesize its metal 

bis(dithiolene) complexes followed by the physical properties. Currently, the generation of 

field-effect transistors (FET) is of further interest in charger carrying semiconductor 

materials. Recently, qdt-based systems have been used in the development of field-effect 

transistors by introducing the fused qdt-based systems to the TTF-skeleton.99 Based on 

this, only limited reports have been observed in the literature. This would be a good area 

of synthesizing new TTF-fused derivatives with new hetrocyclic based ligands in greater 

extent. 

N-heterocyclic carbenes (NHCs) are a novel class of electron-donating ligands, which 

have the advantage of forming strong metal-ligand bonds and have become universal 

ligands in organometallic and coordination chemistry. NHCs have found tremendous 

application in the field of catalysis; for example, C–H activation, C–C, C–O and C–N 

bond formation. It is not always convenient to employ the free NHCs as they are air and 

moisture sensitive. It is also not that easy to selectively deprotonate the imidazolium salts 

with strong bases; to avoid these difficulties in 1998 Au–NHCs complexes had been 

prepared from Ag–NHCs by carbene transfer.100 In this regard, Ag–NHCs are used as 

transmetalation to produce Au, Pd, Cu–NHCs etc. This area stimulated us to prepare the 

silver based NHCs as a part of this thesis work. 
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Abstract:– Twelve new ion-pair metal-bis(dithiolene) complexes with the formulae,  

[C9H14N4][Cu(mnt)2] (1a), [C10H16N4][Cu(mnt)2] (1b), [C11H18N4][Cu(mnt)2] (1c), [C12H20N4][Cu(mnt)2] 

(1d), [C13H22N4][Cu(mnt)2] (1e), [C14H24N4][Cu(mnt)2] (1f) and similar type of nickel(II) complexes (2a–

2f) have been synthesized starting from  M(II) salt (M = Cu, Ni), Na2mnt (disodium 

maleonitriledithiolate) and bromide salts of alkyl-bis(imidazolium) cations [C8H12(CH2)nN4Br2] (n = 1–6, 

a–f). In this series of ion-pair compounds 1a–1f and 2a–2f, a common [M(mnt)2]2– complex anion is 

associated with alkyl imidazolium cations of varied alkyl chain lengths. We have described a systematic 

study of deviation from square planar geometries (in terms of distortion) around the metal ion in 

customary square planar metal-dithiolene complexes. The distortion in the geometry around the metal ion 

can be explained on the basis of centre of symmetry along C–H···M (M = Cu, Ni) supramolecular 

interaction and un-balanced supramolecular interactions, such as, S···H, N···H and M···S type weak 

contacts. Dianionic copper(II) complexes 1a–1f show an electronic absorption in the near infrared (NIR) 

region, which has been attributed to the charge transfer transition from the HOMO level of copper 

dithiolate anion [Cu(mnt)2]2– to the LUMO level of alkyl imidazolium cation [C8H12(CH2)nN4]2+.  All 

these compounds are unambiguously characterized by single crystal X-ray crystallography, and further 

characterized by IR-, 1H NMR-, ESR-, LCMS-spectroscopic techniques, and electrochemical-studies. 
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2.1. Introduction 
Transition metal bis(dithiolene) complexes have attracted considerable research attention for 

more than three decades,1-3 because of  their brilliant redox behavior and favorable solid state 

interactions in their corresponding metal coordination complexes. Metal bis(1,2-dithiolene) 

complexes have been studied extensively in terms of their conducting, super conducting, 

nonlinear optical and magnetic behavior.4 Ion-pair dithiolene complexes have also been used 

as near-IR dyes and in Q-switching lasers studies.4f Planarity / non-planarity of the metal-

dithiolene complex moiety is one of the important factors to exhibit absorption in the near-IR 

region.1f,5 Generally dithiolene ligands form square-planar transition-metal bis(dithiolato) 

complexes;6,7 some metal-dithiolene complexes show deviation from this planarity.8,9 This 

deviation is usually caused by the constraints of the metal-chelate rings.10 This sort of 

distortion is also found in metal-thiolato complex, for example, the asymmetric unit in the 

crystal structure of the complex [Ni{iPr2P(S)NP(S)Ph2}2], consists of two independent 

molecules: one of them is square planar and the other one is distorted square planar.11 This 

was explained by the orientation of methyl groups and the supramolecular interactions that 

involve Ni···H–C hydrogen bond. The relevant square planar complex exhibits centre of 

symmetry along Ni···H–C hydrogen bond with a bond distance of 2.607 Å, and in the 

distorted molecule, two different Ni···H–C (2.722, 2.734 Å) supramolecular interactions are 

present, that indicates lack of centre of symmetry along Ni···H, resulting in distortion around 

meal ion. This study suggests that the geometry around the metal ion is influenced by intra-

molecular hydrogen bonding interactions. Besides these asymmetric hydrogen bonding 

interactions, there are other factors that can influence the geometry around the metal ion, for 

example, varying alkyl chain length of the associated ligand can cause distortion of a square 

planar geometry around a metal ion by varying metal-ligand bond lengths.12 The presence of 

bulky group can also influence the geometry around the metal ion, because packing of these 

bulky groups plays an important role.13 In an iron-porphyrin system FeTPP(N-MeIm)2 (TPP = 

tetrakis(o-pivalamidophenyl)porphyrins), when the bis-N-MeIm (N-methylimidazole) ligands, 

coordinated to iron, are replaced by bulky ligands DCHIm (1,5-dicyclohexylimidazole), the 

visible absorption bands are significantly red-shifted for the ααββ and αβαβ atropisomers of 

the relevant complex.14 This shift has been explained on the basis of a change in porphyrin 
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structure from a planar to a nonplanar conformation.15 The blue copper sites of copper blue 

protein exhibit a number of characteristics that arise from distorted coordination geometries at 

the metal centre.16  

Thus the deviation of a square planar geometry around a metal ion can be caused by a 

number of factors that include centre of symmetry along M····H bond, increasing the chain of 

alkyl groups of the associated cation, presence of bulky groups and the supramolecular 

interactions of the types N····H, S····H, M····H and M····S weak contacts. The theme of the 

present work is, how increasing length of alkyl chain of imidazolium cation affect the 

geometry of a square planar copper bis(dithiolato) complex anion in solid state. We report 

here twelve new ion pair metal-bis(dithiolato) complexes [C8H12(CH2)nN4][M(mnt)2] [n = 1 to 

6, 1a-1f and 2a-2f] (M = Cu, Ni) in which the counter cations are varied by increasing chain 

length of the cation retaining the same complex anion [Cu(mnt)2]2 and [Ni(mnt)2]2– in all 

compounds 1a-1f and 2a-2f respectively. The geometry around the metal ion can be tuned by 

supramolecular interactions of the complex anion with the surrounding organic cations in 

respective ion-pair complexes. The non classical M····H bonding interactions are observed in 

organometallic compounds,17 and in ion-pair dithiolene complexes.18  In their diffuse 

reflectance spectra, there is a trend (the shift of the absorption maxima) among these 

complexes  1a-1f. More specifically, if the distortion angle between two SCuS planes1f (of the 

complex anion) is more, the band in near-IR region shifts towards more low energy region. 

Thus, more is the distortion around the metal ion, the relevant absorption maximum shifts to 

more red region. All compounds 1a-1f, 2a-2f have been characterized by routine elemental 

analysis, 1H NMR, LC-MS, EPR spectroscopy and cyclic voltammetry and finally 

characterized (except 2f) by single crystal X-ray diffraction. 

2.2. Experimental Section 

2.2.1. Materials and Methods  
All chemicals were purchased from commercial sources and used without further purification. 

Micro analytical (C, H, N) data were obtained with a FLASH EA 1112 Series CHNS Analyzer. 

The IR spectra (with KBr pellets) were recorded in the range of 400-4000 cm-1 on a JASCO 

FT/ IR-5300, and NICOLET 380 FT-IR spectrometer. UV-Vis spectra were recorded on a Cary 
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100 Bio UV-Vis spectrophotometer. Diffuse reflectance and near-IR absorption spectra were 

recorded on a UV-3600 Shimadzu UV-Vis-NIR spectrophotometer. The electron spin resonance 

(ESR) spectra were recorded on a (JEOL) JESFA200 ESR spectrometer. 1H NMR spectra was 

recorded on Bruker DRX- 400 and 500 spectrometer using Si(CH3)4 (TMS) as an internal 

standard. Solution mass spectra (LCMS) were obtained on a LCMS-2010A Shimadzu 

spectrometer. Powder X-ray diffraction patterns were recorded on a Bruker D8-Advance 

diffractometer using graphite monochromated CuKα1 (1.5406Å) and Kα2 (1.54439Å) 

radiations. A Cypress model CS-1090/CS-1087 electroanalytical system was used for cyclic 

voltammetric experiments. The electrochemical experiments were measured in acetonitrile solvent 

containing [Bu4N][ClO4] as a supporting electrolyte, using a conventional cell consisting of two 

platinum wires as working and counter electrodes and a Ag/AgCl electrode as a reference. 

 
Scheme 2.1. Synthetic procedure of the complexes 

 

2.2.2. Synthesis  

General procedures for alkyl imidazolium derivatives (a-f) (see also Scheme 2.1).  

Preparation of imidazolium derivates are modified from literature procedure.19 To the 1-

methyl imidazole (2 mmol) solution of toluene (30 mL), 1,n-dibromo alkane (1 mmol) (n = 1 

to 6) was added. This reaction mixture was refluxed for overnight and toluene was removed 

by rotary evaporator and the crude product was washed with n-hexane and air-dried and 

finally stored in freeze for solidification.                   
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3,3’-Methylenebis(1-methyl-1H-imidazol-3-ium) (a). Yield: 79% (based on N-Me). Anal. 

Calc. for C9H14Br2N4: C, 31.97; H, 4.17; N, 16.57. Found: C, 32.24; H, 4.26; N: 16.88. IR 

spectrum (KBr pellet, ν/cm–1): 3458, 3049, 1788, 1641, 1548, 1460, 1331, 1172, 866. LCMS 

(m/z): 178, 180 M, (M+2). 1H NMR (400 MHz, δ ppm) (DMSO-d6): 9.57 (s, 2H, Ar-H), 8.10 

(s, 2H, Ar-H), 7.81 (s, 2H, Ar-H), 6.77 (s, 2H, aliphatic-H), 3.89 (s, 6H, N-Me).  

3,3’-(Ethane-1,2-diyl)bis(1-methyl-1H-imidazol-3-ium) (b). Yield: 73% (based on N-Me). 

Anal. Calc. for C10H16Br2N4: C, 34.11; H, 4.58; N, 15.91. Found: C, 34.38; H, 4.68; N: 16.27. 

IR spectrum (KBr pellet, ν/cm–1): 3435, 3145, 3079, 2854, 2071, 1638, 1556, 1364, 1019, 

827. LCMS (m/z): 192, 194 M, (M+2). 1H NMR (500 MHz, δ ppm) (DMSO-d6): 9.22 (s, 2H, 

Ar-H), 7.80-7.82 (d, 2H, Ar-H), 7.74 (s, 2H, Ar-H), 4.24 (s, 4H, aliphatic), 3.86 (s, 6H, N-

Me).  

3,3’-(Propane-1,3-diyl)bis(1-methyl-1H-imidazol-3-ium) (c). Yield: 82% (based on N-Me). 

Anal. Calc. for C11H18Br2N4: C, 36.08; H, 4.95; N, 15.30. Found: C, 36.43; H, 4.84; N: 15.79. 

IR spectrum (KBr pellet, ν/cm–1): 3427, 3148, 3092, 2864, 2069, 1574, 1460, 1340, 1093, 

1022, 841. LCMS (m/z): 206, 208 M, (M+2). 1H NMR (500 MHz, δ ppm) (DMSO-d6): 9.32 (s, 

2H, Ar-H), 7.86 (s, 2H, Ar-H), 7.77 (s, 2H, Ar-H), 4.27 (s, 2H, aliphatic-H), 3.87 (s, 6H, N-

Me).  

3,3’-(Butane-1,4-diyl)bis(1-methyl-1H-imidazol-3-ium) (d). Yield: 71% (based on N-Me). 

Anal. Calc. for C12H20Br2N4: C, 37.91; H, 5.30; N, 14.73. Found: C, 37.58; H, 5.36; N: 15.11. 

IR spectrum (KBr pellet, ν/cm–1): 3430, 3150, 3073, 2958, 2854, 2235, 2054, 1627, 1578, 

1326, 1167, 865. LCMS (m/z): 220, 222 M, (M+2). 1H NMR (500 MHz, δ ppm) (DMSO-d6): 

9.19 (s, 2H, Ar-H), 7.79 (s, 2H, Ar-H), 7.73 (s, 2H, Ar-H), 4.22 (s, 4H, aliphatic), 3.86 (s, 6H, 

N-Me), 1.78 (s, 4H, aliphatic-H).  

3,3’-(Pentane-1,5-diyl)bis(1-methyl-1H-imidazol-3-ium) (e). Yield: 76% (based on N-Me). 

Anal. Calc. for C13H22Br2N4: C, 39.61; H, 5.62; N, 14.21. Found: C, 39.89; H, 5.50; N: 14.59. 

IR spectrum (KBr pellet, ν/cm–1): 3424, 3150, 3095, 3947, 2865, 2476, 1632, 1457, 1167, 

838. LCMS (m/z): 234, 236 M, (M+2). 1H NMR (500 MHz, δ ppm)) (DMSO-d6): 9.14 (s, 2H, 

Ar-H), 7.77 (m, 4H, Ar-H), 4.17 (s, 4H, aliphatic-H), 3.84 (s, 6H, N-Me), 1.82 (m, 4H, 

aliphatic-H), 1.22 (m, 2H, aliphatic-H).  
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3,3’-(Hexane-1,6-diyl)bis(1-methyl-1H-imidazol-3-ium) (f). Yield: 81% (based on N-Me). 

Anal. Calc. for C14H24Br2N4: C, 41.19; H, 5.92; N, 13.72. Found: C, 40.94; H, 6.01; N: 14.26. 

IR spectrum (KBr pellet, ν/cm–1): 3435, 3148, 3078, 2934, 2085, 1616, 1460, 1338, 1167, 

856, 785. LCMS (m/z): 248, 250 M, (M+2). 1H NMR (400 MHz, δ ppm) (DMSO-d6): 9.21 (s, 

2H, Ar-H), 7.81 (s, 2H, Ar-H), 7.73 (s, 2H, Ar-H), 4.17 (t, 4H, aliphatic-H), 3.86 (s, 6H, N-

Me), 1.78 (m, 4H, aliphatic-H), 1.27 (m, 4H, aliphatic-H).  

General synthetic procedure for ion-pair compounds 1a-1f and 2a-2f (see also Scheme 

2.1). To a 10 mL MeOH solution of Na2mnt20 (2.0 mmol), 5 mL MeOH solution of MCl2 (1.0 

mmol, M = Cu, Ni) was added, stirred for 30 min. at room temperature and filtered. To this 

solution, 15 mL MeOH solution containing [C8H12(CH2)nN4] (n = 1 to 6, 1.0 mmol) was 

added, stirred at room temperature for 2 h and it was filtered off. The crude (black colored 

precipitate) product was crystallized from CH3CN/ether by diffusion method to give dark-

brown crystals for compounds 1a-1f and 2a-2e. Single crystals from each compound, suitable 

for X-ray diffraction study, was selected and characterized structurally. The elemental 

analyses and routine spectral data for 1a–1f and 2a-2f are described below.  

[C9H14N4][Cu(mnt)2] (1a). Yield: 62% (based on copper). Anal. Calc. for C17H14N8S4Cu: C, 

39.10; H, 2.70; N, 21.46. Found: C, 39.38; H, 2.68; N: 21.87. IR spectrum (KBr pellet, ν/cm–

1): 3101, 3073, 2263, 2197, 1578, 1545, 1452, 1161, 1117, 793. LCMS (m/z): 179 (M+H)+. 1H 

NMR (400 MHz, δ ppm) (DMSO-d6): 9.34 (s, 2H, Ar-H), 7.94 (s, 2H, Ar-H), 7.80 (s, 2H, Ar-

H), 6.62 (s, 2H, aliphatic-H), 3.91 (s, 6H, N-Me).  

[C10H16N4][Cu(mnt)2] (1b). Yield: 58% (based on Cu). Anal. Calc. for C18H16N8S4Cu: C, 

40.32; H, 3.00; N, 20.89. Found: C, 39.98; H, 3.08; N, 20.45. IR spectrum (KBr, ν/cm–1): 

3090, 2262, 2191, 1552, 1460, 1147, 1103, 837, 748. LCMS (m/z): 193 (M+H)+. 1H NMR 

(400 MHz, δ ppm)   (DMSO-d6): 9.00 (s, 2H, Ar-H), 7.72 (s, 2H, Ar-H), 7.58 (s, 2H, Ar-H), 

4.67 (s, 4H, aliphatic-H), 3.86 (s, 6H, N-Me). 

[C11H18N4][Cu(mnt)2] (1c). Yield: 60% (based on Cu). Anal. Calc. for C19H18N8S4Cu: C, 

41.18; H, 3.29; N, 20.36. Found: C, 41.56; H, 3.23; N, 20.69. IR spectrum (KBr, ν/cm–1): 

3144, 3105, 2359, 2193, 1620, 1572, 1464, 1147, 1049, 862, 760. LCMS (m/z): 207 (M+H)+. 
1H NMR (400 MHz, δ ppm) (DMSO-d6): 9.11 (s, 2H, Ar-H), 7.75 (s, 4H, Ar-H), 4.23 (s, 4H, 

aliphatic-H), 3.88 (s, 6H, N-Me), 2.40 (s, 2H, aliphatic-H). 
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[C12H20N4][Cu(mnt)2] (1d). Yield: 57% (based on Cu). Anal. Calc. for C20H20N8S4Cu: C, 

42.57; H, 3.57; N, 19.85. Found: C, 42.89; H, 3.51; N, 19.47. IR spectrum (KBr, ν/cm–1): 

3146, 3088, 2197, 1595, 1562, 1464, 1149, 839, 744. LCMS (m/z): 221 (M+H)+. 1H NMR 

(400 MHz, δ ppm) (DMSO-d6): 9.10 (s, 2H, Ar-H), 7.72-7.74 (m, 4H, Ar-H), 4.21 (s, 4H, 

aliphatic), 3.86 (s, 6H, N-Me), 1.79 (s, 4H, aliphatic-H). 

[C13H22N4][Cu(mnt)2] (1e). Yield: 61% (based on Cu). Anal. Calc. for C21H22N8S4Cu: C, 

43.62; H, 3.83; N, 19.37. Found: C, 43.30; H, 3.88; N, 18.91. IR spectrum (KBr, cm–1): 3144, 

2932, 2355, 2262, 2193, 1556, 1454, 1147, 831, 748. LCMS (m/z): 235 (M+H)+. 1H NMR 

(400 MHz, δ ppm) (DMSO-d6): 9.11 (s, 2H, Ar-H), 7.24 (d, 4H, Ar-H), 4.18 (s, 4H, aliphatic-

H), 3.87 (s, 6H, N-Me), 1.86 (s, 4H, aliphatic-H), 1.26 (s, 2H, aliphatic-H). 

[C14H24N4][Cu(mnt)2] (1f). Yield: 59% (based on Cu). Anal. Calc. for C22H24N8S4Cu: C, 

44.61; H, 4.08; N, 18.91. Found: C, 44.89; H, 4.12; N, 18.59. IR spectrum (KBr pellet, ν/cm–

1): 3092, 2361, 2195, 1572, 1462, 1168, 1147, 862, 761.  LCMS (m/z): 249 (M+H)+. 1H NMR 

(400 MHz, δ ppm) (DMSO-d6): 9.11 (s, 2H, Ar-H), 7.73 (d, 4H, Ar-H), 4.16 (s, 4H, aliphatic-

H), 3.86 (s, 6H, N-Me), 1.86 (s, 4H, aliphatic-H), 1.30 (s, 4H, aliphatic-H). 

[(C9H14N4)(CH3CN)][Ni(mnt)2] (2a). Yield: 67% (based on Ni). Anal. Calc. for 

C19H17N9NiS4: C, 40.87; H, 3.06; N, 22.57. Found: C, 40.48; H, 2.99; N: 22.17. IR spectrum 

(KBr pellet, ν/cm–1): 3101, 3073, 2262, 2193, 1556, 1464, 1149, 839, 793. LCMS (m/z): 179 

(M+H)+. 1H NMR (400 MHz, δ ppm) (DMSO-d6): 9.32 (s, 2H, Ar-H), 7.92 (s, 2H, Ar-H), 

7.82 (s, 2H, Ar-H), 6.64 (s, 2H, aliphatic-H), 3.93 (s, 6H, N-Me), 1.91 (s, 3H).  

[C10H16N4][Ni(mnt)2] (2b). Yield: 56% (based on Ni). Anal. Calc. for C18H16N8S4Ni: C, 

40.69; H, 3.03; N, 21.08. Found: C, 40.25; H, 3.08; N, 20.48. IR spectrum (KBr, ν/cm–1): 

3144, 2359, 2193, 1552, 1464, 1147, 1049, 837, 748. LCMS (m/z): 193 (M+H)+. 1H NMR 

(400 MHz, δ ppm)   (DMSO-d6): 9.02 (s, 2H, Ar-H), 7.70 (s, 2H, Ar-H), 7.56 (s, 2H, Ar-H), 

4.64 (s, 4H, aliphatic-H), 3.88 (s, 6H, N-Me). 

[C11H18N4][Ni(mnt)2] (2c). Yield: 64% (based on Ni). Anal. Calc. for C19H18N8S4Ni: C, 

41.85; H, 3.32; N, 20.54. Found: C, 41.56; H, 3.28; N, 20.89. IR spectrum (KBr, ν/cm–1): 

3090, 2262, 2191, 1578, 1545, 1452, 1049, 858, 762. LCMS (m/z): 207 (M+H)+. 1H NMR 

(400 MHz, δ ppm) (DMSO-d6): 9.08 (s, 2H, Ar-H), 7.72 (s, 4H, Ar-H), 4.20 (s, 4H, aliphatic-

H), 3.85 (s, 6H, N-Me), 2.37 (s, 2H, aliphatic-H). 
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[C12H20N4][Ni(mnt)2] (2d). Yield: 63% (based on Ni). Anal. Calc. for C20H20N8S4Ni: C, 

42.94; H, 3.60; N, 20.03. Found: C, 42.59; H, 3.53; N, 19.47. IR spectrum (KBr, ν/cm–1): 

3144, 2932, 2262, 2193,1595, 1562, 1454, 1147, 831, 740. LCMS (m/z): 221 (M+H)+. 1H 

NMR (400 MHz, δ ppm) (DMSO-d6): 9.12 (s, 2H, Ar-H), 7.70-7.74 (m, 4H, Ar-H), 4.19 (s, 

4H, aliphatic), 3.88 (s, 6H, N-Me), 1.76 (s, 4H, aliphatic-H). 

[C13H22N4][Ni(mnt)2] (2e). Yield: 68% (based on Ni). Anal. Calc. for C21H22N8S4Ni: C, 

43.99; H, 3.86; N, 19.54. Found: C, 43.30; H, 3.90; N, 18.91. IR spectrum (KBr, cm–1): 3092, 

2361, 2195, 1572, 1450, 1168, 1147, 862, 748. LCMS (m/z): 235 (M+H)+. 1H NMR (400 

MHz, δ ppm) (DMSO-d6): 9.10 (s, 2H, Ar-H), 7.22 (d, 4H, Ar-H), 4.20 (s, 4H, aliphatic-H), 

3.86 (s, 6H, N-Me), 1.88 (s, 4H, aliphatic-H), 1.24 (s, 2H, aliphatic-H). 

[C14H24N4][Ni(mnt)2] (2f). Yield: 56% (based on Ni). Anal. Calc. for C22H24N8S4Ni: C, 

44.98; H, 4.11; N, 19.07. Found: C, 44.59; H, 4.16; N, 18.69. IR spectrum (KBr pellet, ν/cm–

1): 3092, 2358, 2189, 1568, 1460, 1160, 1142, 862, 761.  LCMS (m/z): 249 (M+H)+. 1H NMR 

(400 MHz, δ ppm) (DMSO-d6): 9.10 (s, 2H, Ar-H), 7.72 (d, 4H, Ar-H), 4.14 (s, 4H, aliphatic-

H), 3.84 (s, 6H, N-Me), 1.86 (s, 4H, aliphatic-H), 1.32 (s, 4H, aliphatic-H). 

2.2.3. Crystal structure determination 

 Data were measured at room temperature for compounds 1a-1f and 2a-2e on a Bruker 

SMART APEX CCD, area detector system [λ (Mo Kα) = 0.7103 Å], graphite 

monochromator, 2400 frames were recorded with an ω scan width of 0.3°, each for 10 s, 

crystal-detector distance 60 mm, collimator 0.5 mm.21 Data reduction was performed with the 

SAINTPLUS software,21a absorption correction using an empirical method SADABS,21b 

structure solution using SHELXS-97 program,21c and refined using SHELXL-97 program.21d 

Hydrogen atoms on the aromatic rings were introduced on calculated positions and included 

in the refinement riding on their respective parent atoms.  

 
  Scheme 2.2. (a) The bending anlge (η) in bent ligand, (b) the c1–M–c2 angle. 
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2.3. Results and Discussion  

2.3.1. Synthesis 
We have succeeded in preparing a new series of ion pair compounds with a range of 

imidazolium cations of varied alkyl chain length (n = 1 to 6) leading to compounds 1a-1f and 

2a-2f (see Scheme 2.1).  Compounds 1a-1f and 2a-2f are characterized by routine elemental 

analyses, IR, NMR, UV-Visible-NIR spectroscopic techniques, cyclic voltammetry and 

unambiguously characterized by single crystal X-ray structure determinations (except 2f). 

Geometry around the metal ion in complexes 1a-1e and 2a, 2c is distorted square planar 

whereas geometry of the metal ion in complexes 1f and 2b, 2d, 2e is perfectly square planar. 

Distortion of these complexes (1a-1e and 2a, 2c) can be explained on the basis of angle 

between MSS and SCCS planes,1f angle  c1-M-c2 (c1, c2 are the mid points between two 

sulfur atoms from two chelate rings in the anion [M(mnt)2]2–), and the angle between two 

SMS planes (S1MS2 and S3MS4) as shown in Scheme 2.2. 

 

2.3.2. Description of Crystal Structure 

Compound [C9H14N4][Cu(mnt)2] (1a). Crystals of this compound, suitable for X-ray 

analysis, have been grown from CH3CN/ether by diffusion method. Compound 1a crystallizes 

in triclinic system with P-1 space group. The asymmetric unit contains a full molecule; an 

ORTEP diagram with labeled atoms has been shown in Figure 2.1(a). The basic 

crystallographic data are presented in Table 2.1. Here, the overall charge of this Cu(II) 

complex anion [Cu(mnt)2]2– as expected is –2, and this anionic charge is compensated by a 

one [C9H14N4]2+ cation as observed in the crystal structure. In [Cu(mnt)2]2– anion, the bond 

lengths of Cu–S are in the range of 2.254(1) to 2.269(1) Å and the bond angles in a chelate 

ring of SCuS are 92.01°(2) and 92.32°(2). The dihedral angle (λ), which can be defined by the 

angle between two five membered rings i.e S1–Cu–S2 and S3–Cu–S4 is 38.13°, indicates that 

the copper center in this complex 1a is deviated from the square-planar coordination 

geometry. The c1–Cu–c2 angle is 176.89°; c1 and c2 are the mid points of the two sulfur atoms 

in the five membered chelate rings (usually for a perfect square planar complex, the c1–M–c2 

is 180°). The bending angle (η) between the S3CuS4 and S3C5C6S4 plane is 4.21°, and in the 

other chelate ring the angle between S1CuS2 and S1C1C2S2 plane is 0.50°. 
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Figure 2. 1. (a) Thermal ellipsoidal diagram of the complex 1a (with 40% pobability), (b) packing diagram of 
complex 1a, and (c) hydrogen bonding interactions around the anion [Cu(mnt)2]2– (Hydrogen bonding interaction 
are present in unit cell, remaining are for omitted for clarity). 

This indicates that one chelate ring is comparatively more planar than the other chelate ring in 

the complex anion [Cu(mnt)2]2–. In the solid state, the [Cu(mnt)2]2– anions (A) and 

[C9H14N4]2+ cations (C) are alternately stacked along crystallographic c-axis with a repeating 

order of ACACAC,22 and form one dimensional columns through the π···π interactions 

(centroid-centroid) with an range of  3.841 to 3.966 Å separation between  the imidazole 

moiety from cation and the chelate ring from the anion, which has been shown in Figure 

2.1(b). In this complex 1a, the d(H···A) distance of C–H···Cu hydrogen bond is 3.14 Å (which 

is more than the reported value 3.01Å)23; the d(D···A) separation of C–H···Cu hydrogen bond 

is 3.943 Å, and the C–H···Cu angle (θ) is 140.7° (see Table 2.2). In compound 1a, there is 

only one cation which is situated towards the anion through metal-hydrogen bond (C–H···Cu) 

with a distance of 3.14 Å, and within the same distance and along that axis no other cation is 

available on other side of the anion. This implies that there is no centre of symmetry along the 

metal-hydrogen bond through the anion. Around the anion [Cu(mnt)2]2–, there are seven C–

H···N and two C–H···S un-balanced interactions, present within the range of 2.34–2.70 Å, and 

2.89–2.95 Å, respectively which has been shown in Figure 2.1(c). In its crystal packing, each 

anion is surrounded by five cations with an un-balanced C–H···S, C–H···N supramolecular 

interactions. Based on this data, there is a lack of centre of symmetry (Ci) along Cu···H 

hydrogen bond and unbalanced interactions around the anion. As a result, the geometry of 

metal is deviated from square planar coordination. The closest Cu···Cu and Cu···S interactions 

are 7.688(1) Ǻ and 6.217(3) Ǻ, respectively.  
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Compound [C10H16N4][Cu(mnt)2] (1b). Suitable sized-single crystals of compound 1b were 

obtained from CH3CN/ether diffusion method. Compound 1b crystallizes in monoclinic 

system with C2/c space group. In its crystal structure, the asymmetric unit contains half of the 

molecule indicated with labeled atoms. The relevant ORTEP diagram is shown in Figure 

2.2(a). The bond lengths of Cu–S are in the range of 2.252(8) Å to 2.265(17) Å and the S–

Cu–S angle is 91.63(3)°; this angle is relatively smaller than the corresponding angle in 

complex 1a. The dihedral angle (λ) between two SMS planes in [Cu(mnt)2]2– anion is 32.0°, 

which is smaller than the corresponding angle in complex 1a. Thus complex anion 

[Cu(mnt)2]2– in 1b is also not planar. The c1–Cu–c2 angle in [Cu(mnt)2]2– anion of 1b is 

176.66°, indicating that there is a deviation from square-planar geometry at copper center. 

The bending angle (η) between S1CuS2 and S1C1C2S2 is 4.28°; it indicates that the chelate 

ring is near-planar (η<6° indicates highly planar nature of a dithiolene-ligand chelate).1f The 

supramolecular interactions between cation and anion through S···H and N···H hydrogen 

bonds lead to the formation of a 2-D network. In this network, the cations and anions are 

arranged in a slippage fashion;3a,5a as a consequence there is no significant π···π interactions 

between cation and anion (Figure 2.2(b)). This slippage fashion interactions in complex 1b, 

between cation and anion through S···H and N···H hydrogen bonds (2.84 to 2.87 Å and 2.52 to 

2.75 Å respectively) leads to shorter intermolecular contacts, 3.614(4) Å for C(7)···S(1) and 

3.340(5) Å for C(6)···N(1); rest of the hydrogen bonding interactions are described in a Table 

2.3.  
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Figure 2.2. (a) Thermal ellipsoidal diagram of the complex 1b (with 40% pobability), (b) packing diagram of 
complex 1b, and (c) hydrogen bonding interactions around the anion [Cu(mnt)2]2–.  

The C–H···Cu  hydrogen bond in compound 1b is characterized by  H···Cu separation (d) 3.05 

Å, C–H···Cu distance (D) 3.920 Å and the C–H···Cu (θ) angle  150.9°, which are closed to the 

relevant literature values.23 In this compound, there are two cations  are present at the same 

side of the anion with a distance of 3.05 Å through metal-hydrogen interactions, which clearly 

indicates that there is no centre of symmetry (Ci) along  metal-hydrogen bond. Around the 

complex anion, there are balanced S···H and N···H interactions (Figure 2.2(c), each chelate 

ring is interacted with identical distances); but in case of Cu···S contacts, these are un-
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balanced interactions.  In complex 1b, the Cu1···S1 separation is 7.18 Å and Cu1···S2 

separation is 7.09 Å, which indicates sulfur atoms (S1 and S2) from two chelate rings in the 

anion interact with copper differently. Based on the lack of centre or symmetry and 

unbalanced supramolecular interactions, structure of the anion in complex 1b, is deviated to 

distorted square planar.    
   
Compounds [C11H18N4][Cu(mnt)2] (1c) and [C12H20N4][Cu(mnt)2] (1d). Dark brown 

crystals of these two complexes suitable for X-ray structure analysis have been grown from 

CH3CN/ether by diffusion method. Both compounds 1c and 1d crystallize in P2(1)/c space 

group in monoclinic system. In their crystal structures, the asymmetric unit contains full 

molecule as represented with labeled atoms in Figures 2.3(a) and 2.4(a) respectively. The Cu–

S bond lengths in compounds 1c and 1d are in the range of 2.246 to 2.266 Å and 2.258 to 

2.273 Å, respectively. Notably, there is a short Cu–S bond length (Cu(1)–S(4) = 2.246(18) Å)  

in compound 1c, which is shorter than Cu–S bonds in the crystal structures of compounds 1a 

and 1b. On the other hand, the Cu(1)–S(1) bond length of 2.273(1) Å in compound 1d is 

longer than Cu–S bonds in the crystal structures of compounds 1a and 1b.  The S–Cu–S bond 

angles in the anion [Cu(mnt)2]2–  of compounds 1c and 1d are in the range of 91.39(6)° to 

91.81(7)° and 91.37(3)° to 91.56(3)° respectively.  
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Figure 2.3. (a) Thermal ellipsoidal diagram of the complex 1c (with 30% pobability), (b) packing diagram of 
complex 1c, and (c) hydrogen bonding interactions around the anion [Cu(mnt)2]2–.  

The deviation angles (λ) with respect to perfect square-planar geometry, that can be measured 

as the angle between two S–Cu–S planes in two chelate rings present in [Cu(mnt)2]2– anions 

of the compounds 1c and 1d, are  found to be 26.73° and 19.91° respectively. These angles 

are relatively smaller as compared to those in above discussed compounds 1a and 1b. The c1–

Cu–c2 angles in compounds 1c and 1d are 179.22° and 178.48° respectively. The related 

bending angles (η) in the anion [Cu(mnt)2]2– of 1c and 1d are 6.45°, 3.28° and 2.49°, 3.59° 

respectively. Thus each chelate ring deviates from the planar arrangement. The 

supramolecular interactions between cation and anion through S···H and N···H contacts lead to 

2-D network structures (Figures 2.3(b) and 2.4(b) for compounds 1c and 1d respectively). As 

shown in Figure 2.3(b) for the crystal structure of compound 1c, there are two different 

arrangement (named as X and Y) of cations and anions. In both arrangements X and Y, there 

is a stacking of cation-anion (C-A). The C-A in the X column is mirror image to the C-A of Y 

column. The packing arrangement of crystal structure of compound 1c can be described as X 

Y X Y X Y and so on (Figure 2.3(b)). In the crystal structure of 1d, there is a slippage 

arrangement of the cations and anions, which is similar to that in the crystal structure of 

compound 1b (vide supra), except there is a small change in alignment of cations compared to 

that in compound 1b. The Cu···H separation (d), C–H···Cu distance (D) and C–H···Cu angle 

(θ) are 2.98 Å, 3.86 Å and 151.6° respectively for compound 1c, and 3.067 Å (d)  3.828 Å (D)  

and 137.2° (), respectively for compound 1d. The intermolecular separations of Cu···Cu and 

Cu···S are 6.774 Å, 5.376 Å and 7.357 Å, 6.975 Å, for the compounds 1c and 1d respectively.   
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Figure 2.4. (a) Thermal ellipsoidal diagram of the complex 1d (with 30% pobability), (b) packing diagram of 
complex 1d, and (c) hydrogen bonding interactions around the anion [Cu(mnt)2]2–.  

 In compound 1c, two cations are present at top and bottom of the complex anion 

[Cu(mnt)2]2– with a different distances (2.98 Å and  3.06 Å) of C–H···Cu interactions. This 

clearly indicates that there is no centre of symmetry along metal-hydrogen bond interaction. 

Sulfur atoms (S1, S2 and S4) from the chelate rings interact with two different surrounding 

cations with symmetry code (#10, #11) operations. From the complex anion [Cu(mnt)2]2–, S1 

and S4   interact with a common cation [C11H18N4]2+ through C–H(19)···S1, C–H(10)···S4 

hydrogen bonds with  distances of 2.93 and 2.98 Å respectively. A seven membered ring 

consisting of Cu1S1H19C19C10H10S4 with C–H···S interactions is observed and around the 

anion there are totally seven different S···H and N···H interactions that are present with three 



                                                                                                            
                                                                                                                                                              Chapter 2 

(63) 
 

surrounding cations, as shown in Figure 2.3(c). In compound 1c, the structure of the anion is 

deviated from planarity due to lack of centre of symmetry (Ci) along the interaction of metal-

hydrogen bond and unbalanced supramolecular interactions around the anion. In compound 

1d, there are two metal hydrogen bonding interactions of the complex anion with surrounding 

huge  cations [C12H20N4]2+, that are situated at top and bottom of the anion with   3.07 Å and 

3.11 Å of distances. Thus, there is no centre of symmetry along metal-hydrogen bond in the 

complex 1d. Seven cations interact with the anion through eight C–H···N and three C–H···S 

supramolecular interactions. A four membered ring (Cu1S2H11S4) is observed in which  two 

sulfur atoms (S2 and S4) from the two chelate rings are connected to the cation through 

common hydrogen bonds (C–H(11)···S2, C–H(11)···S4) with  distances of 2.95 Å and  3.00 Å 

respectively as shown in Figure 2.4(c). Because of this interaction, movement of two chelate 

rings is restricted (S2 and S4 atoms are interacted to the cation with a common hydrogen 

bond). This indicates, there is no centre of symmetry along metal-hydrogen bond in 

compound 1d, and due to un-balanced supramolecular interactions, coordination geometry of 

metal ion is deviated to the distorted square planar. 

Compound [C13H22N4][Cu(mnt)2] (1e). Compound 1e crystallizes in P-1 space symmetry 

(triclinic) with half of the molecule present in its asymmetric unit (Figure 2.5(a)). The average 

Cu–S bond length and S–Cu–S bond angle in [Cu(mnt)2]2– anion are 2.261 Å and 92.19° 

respectively. The dihedral angle (λ) in the [Cu(mnt)2]2– anion is 37.06°, which is larger than 

those in  compounds 1b–1d, but this angle is comparable to that in compound 1a. 
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Figure 2.5. (a) Thermal ellipsoidal diagram of the complex 1e (with 50% pobability), (b) packing diagram of 
complex 1e, and (c) hydrogen bonding interactions around the anion [Cu(mnt)2]2–.  

 In compound 1e, [Cu(mnt)2]2– anion is a non-planar structure and all the nitrogen 

atoms are deviated from mean plane of {S1S2S3S4} ( N1: 0.878 Å, N2: 0.408 Å, N3: 0.990 Å 

and  N4: 0.565 Å). The bending angle (η) in one chelate ring (Cu1S1C1C2S2) is 4.21°, and in 

the other chelate ring (Cu1S3C5C6S4) it is 0.56°, which indicates that one of the chelate ring 

in the [Cu(mnt)2]2– anion is more deviated from the planarity than the other chelate ring. The 
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bending angles in compound 1e are similar to those in compound 1a (η = 4.21°, 0.50°). In the 

cationic part of its molecular structure, the angle between planes of two imidazole moieties is 

67.07°, which is 55.11° in compound 1a. The supramolecular S···H and N···H interactions 

lead the formation of a 2-D network, in which cations and anions are arranged in slippage 

fashion as shown in the case of compound 1b (vide supra). There are π····π (Cg1–Cg2) 

stacking interactions between imidazole moieties (Cg1 = {C9C10C11N5N6}, and Cg2 is 

symmetry related equivalent of Cg1) from individual cations, in which each cation is 

positioned in between two [Cu(mnt)2]2– anion moieties as shown in Figure 2.5(b). 

Intermolecular Cu···Cu and Cu···S separations are 6.940 Å and 6.025 Å, respectively. The 

d(H···A) distance of C–H···Cu hydrogen bond in compound 1e is 2.91 Å, with an angle (θ) of 

112.6°. The cationic moiety laying above the plane of the [Cu(mnt)2]2– anion interacts with  

the complex anion [Cu(mnt)2]2– via C–H···Cu distance of 2.91 Å. The non-appearance of any 

cationic moiety just below the plane of the complex anion [Cu(mnt)2]2– (i.e., other side of the 

plane of the complex anion) indicates the lack of centre of symmetry along metal hydrogen 

interaction. In the crystal structure of compound 1e, each anion interacts with five cationic 

units through C–H···S and C–H···N type of hydrogen bonding interactions as shown in Figure 

2.5(c). The unbalanced supramolecular interactions around complex anion [Cu(mnt)2]2– 

results in the distorted square planar geometry of the complex anion [Cu(mnt)2]2–. 

Compound [C14H24N4][Cu(mnt)2] (1f). Compound 1f crystallizes in triclinic space group P–

1. Figure 2.6(a) shows the asymmetric unit with half of the molecule. The angle between two 

SMS planes is zero i.e. the c1–Cu–c2 angle is 180º, which indicates that the dihedral angle 

between two SCuS planes is 0°; therefore in compound 1f, the complex anion [Cu(mnt)2]2– is 

perfectly square planar. This is in contrast to the situation in compounds 1a–1e. In 1f, the 

bending angles (η) between two chelate rings in the [Cu(mnt)2]2– anion is 0° which supports 

the non deviation from planarity in the complex anion. The molecular structure shows π···π 

interactions between Cg1 and Cg2 chelated rings (Cg1= Cu1S1S2C1C2 from coordination 

complex anion moiety and Cg2 = N3C5C6C7N4 from imidazole cation moiety) with a 

distance of 3.785 Å (Figure 2.6(b)). The supramolecular interactions (S···H, N···H and Cu···S) 

around each chelate ring in the complex anion are identical resulting in balanced interactions 

around the complex anion. The d(H···A) separation and the d(D···A) distance of C–H···Cu 
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hydrogen bond and C–H···Cu angle (θ) are 2.72 Å, 3.614 Å and 156.2° respectively. These 

supramolecular interactions lead to the formation of a 1-D chain. The geometrical parameters 

for the above-mentioned metal hydrogen supramolecular interactions for all the compounds 

1a-1f are described in Table 2.2.  
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Figure 2.6.  (a) Thermal ellipsoidal diagram of the complex 1f (with 30% pobability), (b) packing diagram of 
complex 1f, and (c) hydrogen bonding interactions around the anion [Cu(mnt)2]2–. 

 
Figure 2.7. Plot between angles (Å) of MSC and SCC in the anion [Cu(mnt)2]2– of the complexes 1a-1f. 

 

In 1f, around the complex anion there are two cations are present: one cation is situated at the 

top of the complex anion and the other cation at the bottom of the complex anion with a same 

distance of 2.72 Å for C–H····Cu interactions. This clearly indicates there is a centre of 

symmetry (Ci) along the interaction of metal hydrogen bond through the anion. In this 

compound, six cations interact to the anion through equivalent distances of two C–H···S and 

four C–H···N hydrogen bonds as shown in Figure 2.6(c). In addition to these, we observe 

equivalent distances out of metal and sulfur interactions. All these indicate that there are 
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balanced equivalent interactions, present around the complex anion. Hence, the geometry 

around the central metal ion of the complex anion is perfectly square planar. Following 

Scheme 2.2, the MSC and SCC angles in complex anion [Cu(mnt)2]2– of compound 1f are 

102.0° and 122.71 respectively. The same parameters in the complex anion [Cu(mnt)2]2–  of 

compound 1a are 100.71° and 123.15° respectively. As shown in Figure 2.7, the larger MSC 

angles are offset by smaller SCC angles.1f 

Compounds [(C9H14N4(CH3CN)][Ni(mnt)2] (2a), [C10H16N4][Ni(mnt)2] (2b), 

[C11H18N4][Ni(mnt)2] (2c), [C12H20N4][Ni(mnt)2] (2d), [C14H22N4][Ni(mnt)2] (2e). 

Crystals of these compounds 2a–2e are grown from CH3CN/ether by diffusion method. 

Compounds 2a, 2c and 2e are crystallized in monoclinic with P2(1)/c and C2/c space group; 

compounds 2b, 2d are crystallized in triclinic P-1. In the ion-pair dithiolene compounds 2a 

and 2c there are un-balanced supramolecular interactions are present around [Ni(mnt)2]2– 

anion, due to these interactions the geometry around nickel metal is distorted square planar 

(4.89° and 3.21° for 2a and 2c respectively), which are resembles to the copper complexes 

1a–1e. In the case of other compounds 2b, 2d and 2e the balanced supramolecular 

interactions are present around [Ni(mnt)2]2– anion, hence the sulfur atoms in the two chelated 

rings of the anion moiety are not affected by these interactions, which leads to an perfect 

square-planar around nickel metal, these complexes are similar nature of the copper complex 

1f. Explanation of all these nickel complexes is similar to the copper complexes, the 

diagrammatic representation of nickel complexes 2a–2e is shown in Figure 2.8. 

Crystallographic and hydrogen bonding tables for these compounds 2a–2e are represented in 

Table 2.4 and 2.5.   
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   (e) 

 

Figure 2.8. Balanced and un-balanced supramolecular interactions around [Ni(mnt)2]2– anion: (a) to (e) indicates 
the compounds 2a to 2e respectively.   

Scheme 2.3. (a) Centre of symmetry along metal-hydrogen interaction, (b) Equivalent and un-equivalent 
hydrogen bonding interactions, (c) Bulkiness around the anion [Cu(mnt)2]2–.    
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2.3.3. Discussion about the Distortion in Square-Planar Complexes 

The deviation from the planarity in the series of above described square planar complexes can 

be explained by considering the following factors: lack of centre of symmetry (Ci) along 

metal hydrogen bond, unbalanced supramolecular interactions and crowdedness around the 

complex anion [Cu(mnt)2]2–. If a line is drawn through a point in the molecule in one direction 

and extended to equal distance in opposite direction meeting another similar group or atom, 

then the point (generally the central metal ion) is called as centre of symmetry (Ci). As shown 

in scheme 2.3(a), there is a centre of symmetry along the interaction of metal hydrogen bond 

in which the metal is Cu2+ ion of the complex anion [Cu(mnt)2]2–, showing an identical 

hydrogen bonds from  both sides of the anion with an identical distance. There are 

symmetrical or balanced interactions around the anion that are shown in purple color in 

scheme 2.3(b). The same scheme 2.3(b) also shows un-balanced supramolecular interactions 

involving different groups with dissimilar distances as indicated in green color. This leads to a 

change in spatial orientation of the chelate rings of the anion. Scheme 2.3(c) presents the 

possibility that in the crystals of the above mentioned compounds (1a-1f), the required cations  

are present closed to the complex anion and interact from top / bottom of molecular plane of 

the complex anion with a metal hydrogen bond. The geometry around the metal ion of the 

coordination complex anion [Cu(mnt)2]2–, naturally, depends on the crowdies or bulkiness of 

the cations in the relevant ion pair compound. Now we discuss the deviation of the molecular 

plane of the complex [Cu(mnt)2]2– in compounds 1a-1f with respect to the geometry around 

copper ion based on the above described factors, namely center of symmetry, unbalanced / 

unsymmetrical interactions and crowdedmess / bulkiness of the interacting groups.   

 In compound 1a, there is one non-covalent metal hydrogen bond (C–H····Cu) with a 

distance of 3.14 Å; this indicates within this distance, there is a cation [C9H14N4]2+ hydrogen 

bonded to [Cu(mnt)2]2– anion from one side. Moreover, there are un-balanced supramolecular 

S···H, N···H interactions around the complex anion [Cu(mnt)2]2– (Figure 2.1c). The 

combination of these two factors leads to considerable amount of distortion around copper ion 

with a dihedral angle of 38.13°. In the case of compound 1b, there are two non-covalent metal 

hydrogen bonds (C–H···Cu) with a distance of 3.05 Å; however, both cation moieties 

[C10H16N4]2+ are hydrogen bonded from same side of the [Cu(mnt)2]2– anion (Figure 2.2c).  
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Figure 2.9. (a)–(e) indicates, cationic groups are attached through metal-hydrogen bond interaction in 
compounds 1a–1f. 

Thus the occurrence of a center of symmetry along the metal-hydrogen bond is not possible in 

this case. Unbalanced supramolecular interactions are relatively lesser than those in 

compound 1a. So the dihedral angle (λ) for the complex anion in 1b is decreased to 32.0°. In 

the case of compound 1c, two cation moieties [C11H18N4]2+ are attached to the [Cu(mnt)2]2– 

anion by C–H···Cu hydrogen bond from opposite sides (e.g., from top and bottom) of the 

molecular plane (Figure 2.3c). Similarly two cationic moieties of [C12H20N4]2+ are glued to 

[Cu(mnt)2]2– by two C–H···Cu hydrogen bonds from top and bottom of the molecular plane in 

compound 1d (Figure 2.4c). Thus the potential of unbalanced supramolecular interactions is 

considerably reduced and thereby the deviation of the chelate rings in [Cu(mnt)2]2– is 

accordingly reduced. This leads to further decrease in deviation angle (26.73°) in complex 1c 

in comparison to that in 1a and 1b. In the case of compound 1d, two chelate rings of 
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[Cu(mnt)2]2– anion are linked by a common C–H···S interaction (bifurcated hydrogen bonds), 

thereby restricting the chelate rings considerably from deviation. Therefore the relevant 

deviation angle is drastically reduced to 19.91° in compound 1d.  For the compound 1e, the 

non-covalent C–H···Cu hydrogen bond separation is 2.91 Å, which is too short distance for a 

huge cation [C13H22N4]2+ to interact with the complex anion [Cu(mnt)2]2–; thus it affects the 

distortion of the chelate rings to a larger extent resulting in the deviation angle of 37.06° 

(Figure 2.5c). Finally in compound 1f, two cationic moieties of [C14H24N4]2+ are hydrogen 

bonded to [Cu(mnt)2]2– with C–H···Cu hydrogen bond separation is 2.72 Å. Even though this 

distance is too short for a huge cation, these two cation moieties [C14H24N4]2+ are glued from 

opposite sides of the molecular plane maintaining same distance of 2.72 Å leading to the 

center of symmetry along metal hydrogen bond. In addition, there are balanced C–H···S, C–

H···N and Cu···S supramolecular interactions around [Cu(mnt)2]2– anion. The combination of 

center of symmetry and balanced supramolecular interactions lead to the perfect square planar 

arrangement of [Cu(mnt)2]2– with zero deviation angle.              

 Based on the above discussion, it can be concluded that un-balanced supramolecular 

S···H, N···H and Cu···S interactions are observed in compounds 1a-1e. Bulkiness or 

occupancy nature of cations increase from compound 1a to compound 1f. The flexibility of 

chelate rings of the [Cu(mnt)2]2– anion is restricted through surrounding supramolecular 

interactions. Movement of the chelate ring depends on the number of interactions with 

surrounding cations in ion-pair compounds. In case of compound 1f, we observe that there is a 

centre of symmetry along metal-hydrogen bond and there are equivalent or balanced C–H···S, 

C–H···N, and Cu···S supramolecular interactions around [Cu(mnt)2]2– resulting in perfect 

square planar arrangement  of [Cu(mnt)2]2– in compound 1f. There is an equivalent force 

along all the sides of anion [Cu(mnt)2]2–, which implies that there is no more distortion from 

square planar nature. Diagrammatic representation of the cations which are linked to the anion 

through the interaction of metal hydrogen bond has been shown in Figure 2.9.  
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Figure 2.10. (a) & (b) are the UV-vis absorption spectra of the compounds 1a–1f, (c) near-IR absorption spectra 
of the compounds 1a–1f. 

2.3.4. Spectroscopic and Electronic Characterization 

Electronic Absorption Spectra 
Absorption spectra of the title compounds are measured in acetonitrile. For the entire ion-pair 

compounds 1a-1f, we have observed five absorption bands in the range of 200-1300 nm, in 

which there are four intense bands due to allowed transitions. Bands at 270, 370 nm are 

assigned due to the L → M charge transfer transitions of [M(mnt)2]2− (M =  Cu(1), Ni(2)). 

Bands at 320 nm and 470 nm can be attributed as L → L* and M → L charge transfer 

transition respectively, as shown in Figure 2.10 (a) & (b).24  
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Figure 2.11. Diffuse reflectance spectra of complexes 1a-1f and [TBA]2[Cu(mnt)2]. 
 

Based on literature25 copper based dithiolene complex, [TBA]2[Cu(mnt)2] shows an 

absorption band in the near-IR region at 1205 nm (ε = 70 M–1 cm–1). In the present study, 

copper based ion-pair dithiolene compounds 1a-1f show a moderate absorbance at near-IR 

region (1210 nm) with a slight variation of molar extinction coefficient (ε = 76 to 122 M–1 

cm–1), which has been shown in Figure 2.10(c). Absorption spectra, that are characteristic of 

metal-bis(dithiolene) ion-pair complexes, are generally assigned to π→π* transition between 

the highest occupied molecular orbital (HOMO) of the [Cu(mnt)2]2–  anion and lowest 

unoccupied molecular orbital (LUMO) of the alkyl chain imidazolium cation. In the solution 

absorption spectra, there is no shifting of the peak position for the complexes 1a-1f.    

In the diffuse reflectance spectra (Figure 2.11), we observe the band in the near-IR 

region for the all compounds 1a-1f. Usually square-planar copper complexes show a peak at 

1150 nm in the near-IR region. But, from the Figure 2.11, we observe that the peak positions 

for the complexes 1a-1f vary within the range 1121 to 1268 nm. This indicates that the copper 

complexes with more deviation angle exhibit a strong bathochromic shift of the near-IR band 

compared to the copper complexes with less deviation angle. This shift amounts to 147 nm in 

the case of dithiolato-complexes from 1a to 1f. The deviation angle for the complex 1a is 
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more (λ = 38.13º) than those for the remaining complexes; thus the peak position for 1a is 

1268 nm. For the remaining complexes 1b to 1d, the decrease in deviation angle order is 1b > 

1c > 1d, hence the peak position also decreases in the similar manner 1218 > 1163 > 1137 

nm, respectively. In the case of complex 1e, the deviation angle is 37.06º, which is almost 

identical to that of complex 1a, so that peak position is shifted accordingly to longer 

wavelength 1258 nm region. Finally compound 1f having deviation angle of 0° shows the 

peak position at 1121 nm, which is comparable to that of the square planar complex 

[TBA]2[Cu(mnt)2] showing peak position at 1120 nm. From this solid state absorption studies, 

it can be concluded that the energy gap between HOMO of the anion and LUMO of the cation 

is decreased in the case of complexes with more deviated angles.5a The deviation angles in the 

nickel complexes is very smaller (<5°) when compared to the copper complexes (~38°), hence 

effect of the distortion angle on the diffuse reflectance spectra of the nickel complexes 2a–2f 

is very negligible, due to this all the nickel complexes exhibit band at nearly 850 nm, as 

shown in Figure 2.12. 

 
Figure 2.12. Diffuse reflectance spectra of complexes 2a-2f.  
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Figure 2.13. Cyclic voltammogram of the compounds 1a–1f in TBAP/Acetonitrile at a scan rate 50 mV s–1. 

 

2.3.5. Electrochemistry 

The electrochemical behavior of the complexes 1a-1f in acetonitrile solutions have been 

studied, each containing 0.10 M [Bu4N][ClO4] (TBAP) as supporting electrolyte at a platinum 

working electrode. The cyclic voltammograms of complexes 1a–1f are shown in Figure 2.13. 

The cyclic voltammograms of copper compounds 1a–1f, exhibit an oxidative response. The 

present electrochemical data can be explained on the basis of Scheme 2.4, proposed by 

McCleverty, Hoyer, and others.26 According to this scheme,  the  first oxidative response for 

compounds 1a–1f are ascribed due to the couple [CuIII(mnt)2]1─/[CuII(mnt)2]2─. Oxidative 

responses at E1/2 = +0.494, +0.461, +0.522, +0.511, +0.510, +0.504 V vs Ag/AgCl are for 

compounds 1a-1f respectively. We did not attempt to assign the second oxidative responses 

for these compounds. We undertook the electrochemical studies of title compounds 1a-1f to 

investigate the influence of alkyl imidazolium cation on the red-ox potential of complex anion 

[CuII(mnt)2]2─ by comparing present electrochemical data (compound 1a-1f) with  those of 

[TBA]2[Cu(mnt)2]. We found that first oxidative responses of compounds 1a-1f (present 

study) agrees quite well with that reported for the [TBA]2[Cu(mnt)2]  complex.25 This 

suggests that there is not much effect of alkyl imidazolium cation on the red-ox potential of 

complex anion [CuII(mnt)2]2─ in solution state. All the nickel complexes 2a–2f also shows 

oxidative response due to the couple [NiIII(mnt)2]1─/[NiII(mnt)2]2─. The E1/2 of nickel 

complexes 2a–2f is 0.50, 0.54, 0.56, 0.56, 0.48, 0.55 V vs Ag/AgCl respectively, as shown in 

Figure 2.14.  



                                                                                                            
                                                                                                                                                              Chapter 2 

(77) 
 

 
 

Scheme 2.4. 

 

Figure 2.14. Cyclic voltammogram of the compounds 2a–2f in TBAP/Acetonitrile at a scan rate 50 mV s–1. 

 

Figure 2.15. The EPR spectra of compounds 1a–1f: (a) solid state at room temperature, (b) solid state at liquid 
nitrogen temperature, and (c) in DMF (frozen state at liquid nitrogen temperature).  
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2.3.6. ESR Spectroscopy 

Figure 2.15 illustrates the representative EPR spectra of complexes 1a–1f in the solid state 

both at room temperature (Freq. range is: 9155.559 to 9161.153 MHz, Field range is: 324.00 

to 400.00 mT) and liquid nitrogen temperature (Freq. range: 9155.819 to 9162.786 MHz, 

Field: 324 mT), and frozen state at liquid nitrogen temperature (Freq. range: 9135.349 to 

3151.168 MHz, Field: 336 mT). The EPR features are almost identical at both ambient and 

liquid nitrogen temperature for the solid.  The ligand hyperfine structure provides direct 

information about the nature of the electronic ground state of the complex and the extent to 

electron spin delocalization over ligand orbitals.27 We have observed hyperfine splitting in the 

EPR spectra of compounds 1a-1f in frozen state at liquid nitrogen temperature as shown in 

Figure 2.15(c). HOMO level of the [Cu(mnt)2]2– consists of the 3dxy orbital of copper and 

hybrids of 3s, 3px, and 3py orbitals of sulfur atoms. These atomic orbitals are mixed with the 

pz orbitals of copper and sulfur, and such mixing has a direct effect on the copper hyperfine 

splitting.7a,9a,28  The g values (g║ >  g┴) of all these complexes are shown in Table 2.6, that are 

closed to those (g║ = 2.090, g┴ = 2.024 ; and g1 = 2.089, g2 = 2.024, g3 = 2.017) of the non-

planar Cu(II)-dithiolene complexes, [mb]2[Cu(mnt)2].Me2CO (mb = methylene blue)9a and 

[(Ph)4As]2[Cu(mnt)2]7a respectively . These g values are also  consistent (g║ = 2.08, g┴ = 2.02; 

g║ = 2.210, g┴ = 2.018; g║ = 2.21, g┴ = 2.04 and g║ = 2.095, g┴ = 2.033) of the planar 

copper complexes, [Bu4N]2[Cu(mnt)2], [TBA]2[Cu(bcd)2] (bcd2– = 1-benzoyl-1-

cyanoethylene-2,2-dithiolate), [Cu(gua)2].2DMF and [Co(phen)3][Cu(mnt)2].29,6g  From these 

data it can be concluded that there is an unpaired electron in the dx2-y2 orbital of copper (II) in 

the ground state.30 

2.3.7. XRPD 
 
To ensure the phase purity of the products, X-ray powder diffraction data for all the 

compounds have been recorded. Similar diffraction patterns for the simulated data (calculated 

from single crystal data) and observed data prove the bulk homogeneity of the crystalline 

solids, as shown in Figure 2.16. Although the experimental patterns have few unindexed 

diffraction peaks and some are slightly broadened and shifted in comparison to those 

simulated from the single-crystal data, it can still be regarded that the bulk as-synthesized 

materials represent compounds 1a–1f. 
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2.4. Conclusion 
In summary, we have reported twelve new ion-pair compounds 1a–1f and 2a–2f in which the 

complex anion [M(mnt)2]2– (M= Cu, Ni) is common but the length of the alkyl chain in 

cationic moiety is varied. The geometry around the central metal ion mainly depends on the 

supramolecular interactions with the respective cations in the ion-pair compounds. Distorted 

square planar and perfect square planar geometries of the metal centers depend on centre of 

symmetry (Ci) along metal-hydrogen bond through anion [M(mnt)2]2–, and 

balanced/unbalanced S···H, N···H and M···S  supramolecular interactions with the cations. The 

compounds 1a–1f, reported in this article, represent classic examples of ion pair compounds, 

in which the geometry of the metal ion in the complex anion / distortion from the planarity of 

the complex anion can be regulated by increasing / decreasing the alkyl chain length in 

between two imidazolium moieties in the cation. The complexes 1a-1f show diffuse 

reflectance spectra, in which, we  observe bathochromic shift (total span 147 nm) depending 

on angle between two SMS planes in the chelate rings of  the anion [Cu(mnt)2]2–. We have 

demonstrated that this shift range depends on geometry around the metal ion of the complex 

anion in each ion pair compound. More is the dihedral angle in [Cu(mnt)2]2– (or more is the 

distortion), more is the red shift in band maxima in their diffuse reflectance spectra (in the 

solid state). The significance of hydrogen bonding interactions in the solid state can be 

realized when we perform the solution electronic absorption studies for all compounds 1a-1f, 

when we do not observe any shift (red shift) of band maxima. In the case of nickel complexes 

2a-2f there is no much affect of the distortion angle (deviation angles are < 5°) on the diffuse 

reflectance spectra, hence we observe a peak at ~850 nm. The present study opens a new 

dimension in solid state coordination chemistry of metal-dithiolene complexes, in which the 

energy of the solid state electronic absorption of a series of ion pair compounds can be tuned / 

varied by choosing an appropriate imidazolium cation in the concerned synthesis. 
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Figure 2.16. Powder X-ray patterns of the complexes 1a-1f. 

 

 

 

 

 

 

 

 



                                                                                                            
                                                                                                                                                              Chapter 2 

(81) 
 

Table 2.1. Crystal data and structural refinement parameters for compounds 1a–1f. 

                                                                  1a                                       1b                                         1c 
 
Empirical formula                 C17H14N8S4Cu                  C18H16N8S4Cu  C19H18N8S4Cu 
Formula weight                     522.14                              536.17                      550.19 
T(K) / λ(Å)                             298(2), 0.71073               298(2), 0.71073                    298(2), 0.71073 
Crystal system                       triclinic                            monoclinic                monoclinic 
Space group                           P–1                              C2/c                               P2(1)/c 
a (Å)                                      7.683(7)              18.232(13)                12.2099(15) 
b (Å)                                      9.239(8)              7.228(5)                 7.5015(9) 
c (Å)                                      15.405(14)                       18.838(14)   26.639(3) 
α (°)                                       90.170(10)             90.00    90.000 
β (°)                                       91.718(10)             111.267(11)   96.688(2) 
γ (°)                                       106.935(10)                     90.00    90.000 
Volume (Å3)                          1046.29(16)             2313(3)    2423.3(5) 
Z, ρcalcd (g cm-3)                                 2, 1.637                           4, 1.539                                  4, 1.508 
µ (mm-1), F(000)                   1.466/530                         1.328/1092                 1.270/1124 
goodness-of-fit on F2             1.049               1.088                  1.050 
R1/ wR2 [I > 2σ (I)]               0.0262 / 0.0680                0.0367 / 0.0855   0.0741 / 0.1173 
R1/ wR2 (all data)                  0.0278/0.0690              0.0400/0.0874   0.1311/0.1361 
Largest diff peak/hole(e Å-3)            0.429/–0.291                   0.479/–0.176                          0.378/–0.377 
                                                                                   
 1d        1e           1f 
 
Empirical formula                 C20H20N8S4Cu      C21H22N8S4Cu                       C22H24N8S4Cu 
Formula weight      564.27                   578.25                                   592.32 
T(K)/ λ(Å)                              298(2), 0.71073                   298(2), 0.71073                     298(2), 0.71073 
Crystal system      monoclinic    triclinic                     triclinic                             
Space group      P2(1)/c                   P–1         P–1    
a (Å)       18.1795(12)    8.9511(5)        7.1078(10) 
b (Å)       7.6567(5)    11.5301(6)                             7.4995(11) 
c (Å)       24.6776(12)    12.8835(7)       13.2473(19) 
α (°)       90.00     104.497(10)                    94.209(2) 
β (°)       131.270(3)    95.597(10)      97.374(2) 
γ (°)                                        90.00     98.225(10)                    107.625(2) 
Volume (Å3)                           2480.6(3)    1261.69(12)                          662.71(16) 
Z, ρcalcd (g cm-3)   4, 1.511     2, 1.522                    1, 1.484 
µ (mm-1), F(000)                              1.243/1156                  1.224/594                    1.167/305 
goodness-of-fit on F2             1.058                    1.059                     1.051 
R1/ wR2 [I > 2σ (I)]    0.0398/0.0912                      0.0244/0.0620                      0.0410/0.1017 
R1/ wR2 (all data)  0.0472/0.0950                      0.0252/0.0625                      0.0458/0.1048 
Largest diff peak/hole (e Å-3)           0.311/–0.291                        0.272/-0.281                        0.387/ –0.290 
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Table 2.2. Supramolecular interaction between hydrogen from the cation to metal from the anion (bond lengths 
in Å and bond angles in °). 

 

Compound    D-H···A                          d(H···A)        d(D···A)           <(DHA)              Symmetry code 

  

1a     C(17)–H(17C)···Cu1          3.14            3.943(2)             140.7                    x, y-1, z         

1b               C(5)–H(5A)···Cu1             3.05            3.920(4)             150.9                    x+1, y, z 

1c               C(12)–H(12A)···Cu1         2.98            3.865(7)             151.6                     x, y-1, z 

                   C(12)–H(12B)···Cu1         3.06            3.877(7)             142.8                     x, y, z 

1d               C(12)–H(12C)···Cu1        3.07            3.828(3)              137.2                    x, -y+1.5, z+0.5 

                   C(20)–H(20C)···Cu1        3.11            3.708(4)              121.8                    x, y+1, z+1    

1e               C(20)–H(20)···Cu1           2.91           3.395(18)            112.6                    1-x, 1-y, 1-z 

1f               C(8)–H(8C)···Cu1             2.72           3.614(4)              156.2                     x, y, z   

                    

 
Table 2.3. Geometrical parameters of the CH···S and CH···N hydrogen bonds (Å, o) involved in 
supramolecular networks of compounds 1a–1f.a D=donor; A=acceptor. 
 

 D-H···A            d(D-H)             d(H···A)     d(D···A)              <(DHA) 
  

Compound-1a 
C(16)-H(16)...N(1)#1             0.95                2.51                       3.348(3)              147.6 
C(11)-H(11)...N(1)#1             0.95                2.37                       3.304(3)              168.9 
C(12)-H(12)...N(2)#1             0.95                2.34          3.177(3)              147.0 
C(13)-H(13A)...N(2)#2          0.99                2.70                       3.545(3)              143.9 
C(14)-H(14)...N(4)#3             0.95                2.49                       3.114(3)              123.1 
C(14)-H(14)...N(3)#3             0.95                2.67                       3.412(3)              135.2 
C(13)-H(13B)...N(3)#3          0.99                2.70                       3.413(3)              129.0 
C(17)-H(17A)...S(4)#4          0.98                2.95                       3.624(2)              126.8 
C(9)-H(9B)...S(1)#5               0.98               2.89                       3.852(2)              168.8 
        

Compound-1b 
C(8)-H(8)...N(2)#6                 0.93                2.75                       3.498(5)              138.0 
C(5)-H(5B)...N(1)#6              0.96                2.70                       3.393(5)              129.3 
C(6)-H(6)...N(1)#7                 0.93                2.52                       3.340(5)              147.1 
C(9)-H(9B)...N(1)#7              0.97                2.74                       3.508(5)              136.1 
C(7)-H(7)...S(1)#8                 0.93                2.84                       3.614(4)              141.3 
C(5)-H(5B)...S(1)#9               0.96                2.88                       3.619(5)              134.6  
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Compound-1c 
C(13)-H(13B)...S(2)#10                   0.97                 2.99                      3.549(6)               118.0 
C(10)-H(10)...S(4)#11                      0.93                2.98                      3.609(6)               126.5 
C(19)-H(19)...S(1)#11                      0.93                2.93                      3.828(7)               164.1 
C(17)-H(17A)...N(3)#11                   0.96                2.72                      3.407(9)               128.9 
C(16)-H(16)...N(3)#11                      0.93                2.53                      3.263(9)               135.8 
C(9)-H(9)...N(2)#10                          0.93                2.63                      3.459(9)               148.7 
C(18)-H(18B)...N(4)#12                   0.96                2.61                      3.395(10)             138.9 
 

Compound-1d 
C(12)-H(12A)...N(2)#13      0.96               2.69                       3.327(4)               124.5 
C(12)-H(12B)...N(1)#13      0.96               2.57                       3.298(4)               132.9 
C(12)-H(12A)...S(2)#14       0.96               2.87                       3.645(4)               139.0 
C(11)-H(11)...S(4)#15          0.93                  3.00                       3.631(3)               126.7 
C(11)-H(11)...S(2)#15          0.93                  2.95                       3.751(3)               144.9 
C(9)-H(9)...N(3)#16              0.93                  2.38                       3.213(4)               149.0 
C(13)-H(13A)...N(1)#17       0.97                  2.50                       3.373(4)               149.2 
C(15)-H(15B)...N(1)#17       0.97                  2.80                       3.645(4)               146.3 
C(17)-H(17)...N(2)#15          0.93                  2.48                       3.303(4)               147.1 
C(16)-H(16B)...N(4)#18       0.97                  2.52                       3.482(5)               170.5 
C(20)-H(20B)...N(4)#1         0.96                  2.64                       3.412(4)               137.3 
 

Compoun-1e 
 
C(21)-H(21C)...S(1)#19        0.98                2.70                     3.5550(19)           146.1 
C(19)-H(19)...N(4)#20          0.95                2.60                     3.416(2)               143.6 
C(20)-H(20)...N(2)#2            0.95                2.65                     3.242(2)               121.1 
C(20)-H(20)...S(2)#15           0.95                2.75                     3.6352(18)           155.4 
C(18)-H(18)...S(1)#9             0.95                2.77                     3.661(2)               156.3 
C(15)-H(15B)...S(3)#9          0.99                2.97                     3.9456(19)           166.9 
C(12)-H(12)...N(3)#9            0.95                2.50                     3.350(2)               149.3 
C(11)-H(11)...N(4)#11          0.95                2.46                     3.234(2)               138.4 
C(9)-H(9B)...N(1)#15           0.98                2.70                     3.431(3)               131.8 
C(14)-H(14A)...S(4)#2         0.99                2.91                     3.624(2)               130.1 
 

Compound-1f 
 
C(6)-H(6)...S(2)#2                0.93                 2.84                     3.659(3)              147.5 
C(7)-H(7)...N(2)#11             0.93                 2.57                     3.411(4)              151.4 
C(5)-H(5)...N(1)#4               0.93                 2.45                     3.367(4)              168.5 

 

aSymmetry transformations used to generate equivalent atoms 
#1 -x,-y+1,-z+1    #2 x+1,y,z    #3 -x+1,-y+2,-z+2    #4 x-1,y-1,z    #5 -x+1,-y+2,-z+1      
#6 -x+3/2,y+1/2,-z+1/2     #7 x+1/2,y+1/2,z    #8 -x+1,-y+1,-z    #9 x+1,y+1,z       
#10 -x,y-1/2,-z+1/2     #11 -x,-y+1,-z     #12 -x-1,-y+1,-z     #13 -x+1,y+1/2,-z+1/2      
#14 x,-y+1/2,z+1/2    #15 -x+1,-y+1,-z+1    #16 -x,y+1/2,-z+1/2      #17 x,y,z+1 
#18 x,-y+3/2,z+1/2    #19 -x+2,-y+1,-z+1   #20 x+2,y+1,z+1 
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Table 2.4. Crystal data and structural refinement parameters for compounds 2a–2e. 

                                                                  2a                                       2b                                         2c 
 
Empirical formula                 C19H17N9S4Ni                  C18H16N8S4Ni  C19H18N8S4Ni 
Formula weight                     558.37                              531.36                      545.36 
T(K) / λ(Å)                             298(2), 0.71073               298(2), 0.71073                    298(2), 0.71073 
Crystal system                       monoclinic                       triclinic                              monoclinic 
Space group                           P2(1)/c                            P-1                               P2(1)/c 
a (Å)                                      6.908(5)              7.284(16)                               9.193(7) 
b (Å)                                      18.176(12)              9.374(2)                 11.868(9) 
c (Å)                                      19.715(13)                       9.580(2)                 22.330(17) 
α (°)                                       90.00                          106.632(3)   90.000 
β (°)                                       96.880(10)             109.505(3)  101.113(10) 
γ (°)                                       90.00                                98.045(3)    90.000 
Volume (Å3)                          2457.8(3)                         57.04(2)    2391.0(3) 
Z, ρcalcd (g cm-3)                                 4, 1.509                           1, 1.547                                  4, 1.515 
µ (mm-1), F(000)                   1.156/1144                       1.240/272                               1.185/1120 
goodness-of-fit on F2             1.128               1.368                  1.071 
R1/ wR2 [I > 2σ (I)]               0.0425 / 0.0888                0.0846 / 0.1792   0.0466 / 0.1090 
R1/ wR2 (all data)                  0.0525/0.0929              0.0908/0.1819   0.0579/0.1154 
Largest diff peak/hole(e Å-3)            0.525/–0.303                   0.971/–0.427                          0.503/–0.320 
                                                                                   
 2d        2e  
 
Empirical formula                 C20H20N8S4Ni      C21H22N8S4Ni                        
Formula weight      559.41                   573.42                                    
T(K)/ λ(Å)                              298(2), 0.71073                   298(2), 0.71073                      
Crystal system      triclinic                   monoclinic                                                  
Space group      P-1                   C2/c           
a (Å)       7.408(15)    19.069(4)         
b (Å)       9.595(2)                   7.327(15)                              
c (Å)       9.624(2)                   18.085(4)   
α (°)       89.718(3)    90.00                        
β (°)       69.364(3)    91.726(3)       
γ (°)                                        75.416(3)    90.00                      
Volume (Å3)                           616.9(2)        2525.7(9)                           
Z, ρcalcd (g cm-3)   1, 1.506     4, 1.508  
µ (mm-1), F(000)                              1.150/288                  1.126/1184                   
goodness-of-fit on F2             0.990                    1.063                      
R1/ wR2 [I > 2σ (I)]    0.0587/0.1128                      0.0364/0.0969                       
R1/ wR2 (all data)  0.0961/0.1254                      0.0377/0.0982                       
Largest diff peak/hole (e Å-3)           0.491/–0.276                        0.373/-0.456                         
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Table 2.5. Geometrical parameters of the CH···S and CH···N hydrogen bonds (Å, o) involved in 
supramolecular networks of compounds 2a–2e.a D=donor; A=acceptor. 
 
 D-H···A            d(D-H)            d(H···A)              d(D···A)             <(DHA) 
  

Compound-2a 
 C(9)-H(9A)...Ni(1)             1.05(7)           3.41(6)                             3.885(4)       110(4) 
 C(13)-H(13B)...S(4)#1         0.97                2.75                                 3.545(3)               140.1 
 C(11)-H(11)...N(3)#2          0.93                2.60                                 3.415(4)               146.7 
 C(14)-H(14)...N(3)#2          0.93                2.66                                 3.443(4)               142.8 
 C(12)-H(12)...N(2)#3          0.93                2.33                                 3.227(4)               162.7 
 C(16)-H(16)...N(2)#3          0.93                2.77                                 3.551(4)               142.4 
 C(16)-H(16)...N(1)#3          0.93                2.77                                 3.427(4)               128.5 
 C(17)-H(17B)...N(3)#4         0.96                2.62                                 3.516(4)               156.0 
 C(15)-H(15)...N(9)#5          0.93                2.70                                 3.454(5)               138.9 
 C(15)-H(15)...N(9)#6          0.93                2.73                                 3.390(4)               128.6   
                              Compound-2b 
C(9)-H(9B)...N(2)#7           0.97                 2.77              3.549(12)         137.5 
 C(6)-H(6)...N(2)#7             0.93         2.49              3.316(11)             148.4 
 C(5)-H(5B)...N(1)#8           0.96         2.77              3.520(12)             135.1 
 C(7)-H(7)...S(2)#9             0.93         2.81              3.556(9)               137.5 
C(5)-H(5C)...Ni(1)             0.96         3.47              4.388(9)               160.5  
           Compound-2c 
C(1)-H(1)...Ni(1)#10           0.93         3.06               3.516(3)          111.8 
 C(12)-H(12B)...Ni(1)#6        0.97         3.11               4.034(3)              159.6 
 C(16)-H(16)...N(8)#4          0.93         2.71               3.413(5)              132.8 
 C(1)-H(1)...S(3)#1             0.93         2.96               3.649(3)              132.1 
 C(11)-H(11A)...N(6)#1         0.97         2.72                            3.388(5)              126.3 
 C(18)-H(18)...N(8)#10          0.93         2.78                            3.690(5)              166.2 
 C(17)-H(17)...S(4)#6          0.93         2.93                            3.782(4)              153.3 
 C(13)-H(13)...N(5)#3          0.93         2.59                            3.400(5)              145.9 

Compound-2d 
C(13)-H(13A)...Ni(1)#11        0.96         3.11               3.885(5)          139.5 
 C(15)-H(15)...S(2)#7          0.93         2.77                3.681(5)              166.1 
 C(16)-H(16A)...N(5)#12        0.97         2.73               3.616(7)              151.3 
 C(6)-H(6)...N(6)               0.93         2.56               3.285(7)              135.2 
 C(13)-H(13C)...S(2)#13         0.96         2.82               3.737(6)              159.9 

Compoun-2e 
C(5)-H(5)...Ni(1)#14           0.95         3.14               3.834(2)               131.6 
 C(8)-H(8B)...N(1)#15           0.99         2.69                3.321(3)               121.8 
 C(6)-H(6)...S(2)#16            0.95         2.89                  3.729(3)               147.3 
 C(10)-H(10A)...S(3)#17         0.98         2.91                            3.772(2)               147.4 
 C(11)-H(11)...N(2)             0.95         2.63                            3.367(3)               134.4 
 C(10)-H(10B)...N(2)           0.98         2.71                            3.414(3)               129.3 
 

 

aSymmetry transformations used to generate equivalent atoms: 
#1 x-1,y,z    #2 -x+1,y-1/2,-z+3/2    #3 -x+1,y+1/2,-z+3/2    #4 x,-y+3/2,z+1/2    #5 x+1,y,z+1    #6 -x+1,-y+1,-
z+1   #7 -x+1,-y,-z+1     #8 x,y,z-1    #9 x+1,y+1,z        #10 -x,-y+1,-z+1 
#11 x,y,z+1       #12 x+1,y-1,z           #13 x-1,y,z+1         #14 -x+1/2,y+1/2,-z+1/2  
#15 -x+1/2,-y+1/2,-z+1           #16 -x+1,y,-z+1/2             #17 -x+1/2,y-1/2,-z+1/2 
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Table 2.6. EPR data of the complexes 1a-1f. 
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Abstract:– A series of new ion-pair complexes [Bz,R-BzBimy]2[M(mnt)2] {[Bz,R-BzBimy]+ = 1-

benzyl-3-(4-R-benzyl)benzimidazolium; M = Cu, R = H (1a), NO2 (1b) and Br (1c); M = Ni, R = H (2a), 

NO2 (2b) and Br (2c) and mnt2- = maleonitriledithiolate} have been prepared and characterized by single 

crystal X-ray structure analyses.  Due to flexible nature of aryl groups (–CH2–Ar) in benzimidazolium 

cations (a and b), the conformational change of aryl groups have been observed in its corresponding 

metal based dithiolene ion-pair complexes 1a, 1b and 2a, 2b. We do not  observe any change or phenyl 

groups orientation/conformation change in the organic receptor compound c and in metal complex 1c, 2c, 

because in these complexes there are C–H····π and π····π stacking interactions, that are the responsible to 

control the phenyl groups orientation. Supramolecular interactions (such as S···H, N···H, O···H, Br···Br 

and N···Br etc.) are accountable for the change in orientation (conformational change) of aryl groups in 

organic receptor compounds (benzimidazolium salts with tetrafluoroborate) as well as in ion-pair 

dithiolene complexes. The substituents (H, NO2 and Br), which are present at the p-position of one of the 

phenyl rings in benzimidazolium moiety, are the responsible for the structural diversities in all the metal 

(copper and nickel) dithiolene complexes. The molecular structures of complexes 2a, 2b and 2c are 

isostructural to the complexes of 1a, 1b and 1c respectively. Copper-dithiolene complexes exhibit a Z-

shaped non-planar geometry with a different angles. All dianionic copper(II) complexes 1a-1c, are 

characterized  by electron spin resonance spectroscopy. All these complexes exhibit an absorption in the 

near infrared (NIR) region. The near-IR absorbance bands are observed at 1210 and 862 nm for the 

copper (1a-1c) and nickel (2a-2c) complexes respectively, which have been attributed to the charge 

transfer from the copper dithiolate anion [Cu(mnt)2]2–  to the benzimidazolium cation [Bz,R-BzBimy]+ 

and there is a combined transition of d–d, MLCT, π→π* in the [Ni(mnt)2]2– anion.  
 The compound [Hb]2[Cu(mnt)2] (1) [Hb = 1-(4-((1H-imidazol-1-yl)methyl)benzyl)-1H-

imidazol-3-ium)] has been synthesized, starting from 1,4-bis((1H-imidazol-1-yl)methyl)benzene, CuCl2 

and Na2mnt in methanol. Compound 1 crystallizes in monoclinic system with C2/c space group. In the 

crystal structure, the interactions between cations and anions via bifurcated C–H···(NC-mnt)2 hydrogen 

bonds give rise to a two dimensional supramolecular network. It has also been observed that two cation 

moieties (Hb) are attached by a very short C–H···N hydrogen bonding interaction with H···N distance of 

1.74 Å, CHN bond angle of 174.9°. Compound 1 is additionally characterized by cyclic voltammetry, 

UV-Vis, IR, 1H NMR and EPR spectroscopy. Compound 1 exhibits an oxidative response   at +0.46 V vs 

Ag/AgCl and a reductive event at –0.67 V vs Ag/AgCl. 



                                                                                                                         Conformational Change……. 

(94) 
 

3.1. Introduction 
Much efforts  have been devoted to the study of bis(1,2-dithiolato) transition metal complexes 

in the fields of conducting- and magnetic-,1 nonlinear opticical-,2 NIR absorbing-materials,3 

catalysis4 and electrochemical analysis.5 Non-covalent interactions, intermolecular hydrogen 

bonding interactions such as S···H, N···H, H···Br, O···H and π···π stacking interactions are 

attracted attention in view of crystal engineering  during last two decades and being utilized to 

construct functional molecular materials.6,7 These interactions also plays a crucial role to 

control the conformation/orientation of molecular self assembly towards the generation of a 

wide variety of molecular architectures in biological, framework/network systems. The 

importance of conformational change can be realized from the following facts: (i) Biological: 

generally particular orientation/conformation of the single native protein (enzyme) has the 

ability to catalyze the concerned enzymatic reaction (substrate binds to the active site), that 

can be studied, in some cases, by the circular dichroism spectroscopy.8 (ii) Frameworks: 

ligand conformation has a key role in the formation of  porous networks of metal organic 

frameworks (MOFs) and porous coordination polymers (PCPs) architectures.9,10 When 

flexibility of the ligand is incompatible with the porous properties, it would lead to a collapse 

of the framework.11  One example to explain the importance of ligand 

orientation/conformation to build network is:   N,N′-bis(3-pyridyl)urea (L1) molecule has 

various ligating topologies, based on the orientation of the pyridyl groups with respect to urea 

functionality.9 Consequently, the MOF architecture (formed from L1) is dependent on the 

ligand conformation (if the L1 has the syn-anti conformation, it gives 1D zigzag polymeric 

chain, whereas for syn-syn/anti-anti conformation, it gives the metal organic macrocycle). 

The flexibility of ligands is essential to exhibit some particular properties, such as breathing 

ability in the solid state, adaptive recognition for coexisting counter ions. However it is very 

difficult to predict and control the flexibility of networks through flexible ligands. Hence, the 

conformation control of flexible ligands in networks is an important proposition to 

researchers. Recently we have reported the factors affecting the conformational modulation of 

flexible ligands in the coordination polymers and also we described, how the supramolecular 

interactions play a key role to control the geometry (square planar / distorted square planar) of 

copper metal in ion-pair dithiolene complexes.12  
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Scheme 3.1. (i) Conformation of the benzimidazolium salts (from left to right: a–c), anions are omitted for 
clarity, (ii) conformation of the benzimdazolium salts in metal-bis dithiolene ion-pair complexes, complex anion 
[M(mnt)2]2– is omitted for clarity, (iii) packing diagrams through N···H; N···H, O···H and S···H, H···Br 
interactions of the copper-bis(dithiolene) ion-pair complexes of 1a, 1b and 1c respectively (from left to right).  
 

To extend this theme, we focus on the conformational change of organic cation receptors 

between the salts of tetrafluoroborate and the metal-bis(dithiolate) anions. Here, we report six 

new ion-pair metal-dithiolato complexes [Bz,R-BzBimy]2[M(mnt)2] (M = Cu (1), Ni (2); R = 

H (1a, 2a), NO2 (1b, 2b) and R = Br (1c, 2c)). In this series of complexes, interestingly the 

two phenyl (–CH2–Ar) groups (which are attached to the nitrogen atoms in the 

benzimidazole) are in cis and trans (with respect to the mean plane of benzimidazole ring) 

positions in organic cation receptors a and b respectively as tetrafluoroborate salts. When 

these salts are treated with Na2[M(mnt)2], the orientation/conformation of two phenyl groups 

change their orientation to trans and cis respectively in their corresponding ion-pair 

complexes (1a, 2a and 1b, 2b), as shown in Scheme 1. This phenomenon can be explained by 

the supramolecular interactions (hydrogen bonding and π···π stacking interactions) between 
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the mnt rings of [M(mnt)]2 complex anion and the aromatic ring of organic receptor cation. 

On the other hand, there is no change in orientation / conformation of two phenyl rings in 

bromo substituted organic cation receptor compound c and its  dithiolato complexes 1c and 

2c, because there are C–H····π interactions, that  are present between one of the two phenyl 

rings and centroid of the chelate ring from [Cu(mnt)2]2–.  All these compounds exhibit near-IR 

electronic absorption bands in their solution and solid states. The near-IR absorption is of 

special interest in metal based dithiolene complexes, because they are useful in application  

studies, e.g., in Q-switching laser applications.12c,d All the complexes 1a-1c, 2a-2c and 

organic cationic receptors a-c are unambiguously characterized by single crystal X-ray 

structure determinations and further characterized by IR, 1H NMR, ESR, cyclic voltammetry, 

LCMS, UV-vis-NIR. 
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Scheme 3.2. Synthetic route for the preparation of organic cation receptor and metal-dithiolene complexes.  
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 IPCT complexes of the type [NO2BzPy][M(mnt)2] (M= Ni, Au) have been recently 

reported with near-IR absorption properties by Xiaoming Ren et.al.13 We have reported IPCT 

compounds of the type [Bu4N][Ni(XPhdt)2] (X= F, Cl, Br, and NO2) that are basically 

asymmetrically substituted bis(1,2-dithiolato)-Nickel(III) complexes exhibiting near-IR 

absorption and structural diversity.13b  In the present study we have found interesting H-

bonding interactions that involve the mnt rings of [M(mnt)]2 complex anion and the aromatic 

rings of organic receptor cation in the crystal structure of compound 1. This represents a new 

type of molecular recognition in the area of supramolecular chemistry. In this complex, 

protonation occurs in-situ in one of the imidazole rings of b (1,4-bis((1H-imidazol-1-

yl)methyl)benzene) in MeOH solution. We wish to report here the synthesis, molecular 

structure and physical properties of compound [Hb]2[Cu(mnt)2] (1) [Hb = 1-(4-((1H-imidazol-

1-yl)methyl)benzyl)-1H-imidazol-3-ium)]. We have also described the supramolecular 

features and electrochemical properties of compound 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Scheme 3.3. Syntheses scheme for the ligand b and complex 1. 
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3.2. Experimental Section 

3.2.1. Materials and Methods 
All chemicals were purchased from commercial sources and used without further purification. 

Micro analytical (C, H, N) data were obtained with a FLASH EA 1112 Series CHN Analyzer. 

The IR spectra (with KBr pellets) were recorded in the range of 400-4000 cm-1 on a JASCO 

FT/ IR-5300 spectrometer. Diffuse reflectance and near-IR absorption spectra were recorded on a 

UV-3600 Shimadzu UV-Vis-NIR spectrophotometer. The electron spin resonance (ESR) spectra 

were recorded on a (JEOL) JESFA200 ESR spectrometer. 1H NMR spectra was recorded on 

Bruker DRX- 400 spectrometer using Si(CH3)4 (TMS) as an internal standard. Solution mass 

spectra (LCMS) were obtained on a LCMS-2010A Shimadzu spectrometer. A Cypress model CS-

1090/CS-1087 electroanalytical system was used for cyclic voltammetic experiments. The 

electrochemical experiments were measured in acetonitrile solvent containing [Bu4N][ClO4] as a 

supporting electrolyte, using a conventional cell consisting of two platinum wires as working and 

counter electrodes. 

3.2.2. Synthesis 

Preparation of Benzimidazolium derivatives 

According to literature procedure,14 benzimidazole (10 mmol) was suspended in CH3CN (20 

mL); to this, NaOH (10 mmol, 6.25 M) was added for deprotonation and it was continued to 

stir at room temperature for 30 min. Subsequently benzyl bromide (10 mmol) was added to 

the reaction mixture. The mixture was stirred overnight at 80 °C, and the solvent was 

removed. The residue was dissolved in water and extracted with CH2Cl2; the crude product 

was obtained after removal of the solvent; it was then dissolved in toluene (30 mL) and 

another portion of p-R-benzyl bromide (R=H, NO2, Br) (10 mmol) was added to it. The 

reaction mixture was stirred overnight at 90 °C. The white precipitate was filtered off and 

washed with toluene, diethyl ether and air-dried and finally stored at room temperature.  

General procedure for counter ion exchange (bromide salts to tetrafluoroborate salts): 

1-benzyl-3-(4-R-benzyl)benzimidazolium bromides (2 mmol) were dissolved in hot water and 

ammoniumtetrafluoro borate (>2 mmol) was added until there is no precipitation; after that,  it 

was extracted with ethyl acetate (2x20 mL) and dried by using Na2SO4.  The resulting white 

crude product, so obtained after removal of the solvent by rotary evaporator, was crystallized 
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from hot methanol to obtain single crystals of compounds a–c, suitable for X-ray structure 

analysis. The characterization data for compounds a–c are described below. 

1,3-dibenzylbenzimidazolium tetrafluoroborate (a). Yield: 78% (based on Bz-bromide). 

Anal. Calc. for C21H19BF4N2: C, 65.31; H, 4.95; N, 7.25%. Found: C, 65.68; H, 4.89; N: 

7.58%. LCMS (m/z): 299 (M+). 1H NMR (400 MHz, DMSO-d6): δ 10.02 (s, 1H), 7.98-7.96 

(m, 2H), 7.65-7.63 (m, 2 H), 7.52 (d, 4H, J=7.2), 7.46-7.37 (m, 6 H), 5.79 (s, 4H). LCMS- 

ESI: m/z= 299 [M]+. 

1-benzyl-3-(4-nitro-benzyl)benzimidazolium tetrafluoroborate (b). Yield: 86% (based on 

Bz-bromide). Anal. Calc. for C21H18BF4N3O2: C, 58.50; H, 4.20; N, 9.74%. Found: C, 58.82; 

H, 4.27; N: 9.38%. LCMS (m/z): 344 (M+). 1H NMR (400MHz, DMSO-d6): δ 10.01 (s, 1H), 

8.29 (d, 2H, J=8.8), 7.97 (s, 2H), 7.91 (s, 2H), 7.77 (d, 2H, J=8.4), 7.65 (t, 2H, J=3.6), 7.54 (d, 

2H, J=7.2), 7.43 (t, 3H, J=4.8), 5.96 (s, 2H), 5.80 (s, 2H).  

1-benzyl-3-(4-bromo-benzyl)benzimidazolium tetrafluoroborate (c). Yield: 82% (based on 

Bz-bromide). Anal. Calc. for C21H18BF4N2Br: C, 54.23; H, 3.90; N, 6.02%. Found: C, 54.62; 

H, 3.95; N: 6.48%. LCMS (m/z): 378 (M+). 1H NMR (400MHz, DMSO-d6): δ 9.98 (s, 1H), 

7.96 (t, 2H, J= 3.6), 7.64 (t, 4H, J= 3.6), 7.51 (t, 4H, J= 8.4), 7.45-7.39 (m, 3H), 5.78-5.76 

(4H).  

General synthetic procedure for the ion pair compounds 1a-c and 2a-c (see also Scheme 

3.2). 

To a 10 mL MeOH solution of Na2mnt (2 mmol),15a 5 mL MeOH solution of MCl2•XH2O (M 

= Cu, Ni; X = 2, 6) (1 mmol) was added, stirred for 30 min at room temperature and filtered. 

To this solution, 15 mL MeOH solution of [Bz,R-BzBimy][BF4] (R = H, NO2, Br; 2 mmol) 

was added and continued to stirr at room temperature for 4h. Subsequently, it was filtered  off. 

The crude (black colored ppt) product was crystallized from CH3CN/ether by diffusion 

method to obtain dark-red crystals for compounds 2a–2c. Compounds 1a–1c was grown from 

slow evaporation of MeOH filtrate solution.  

[Bz,H-BzBimy]2[Cu(mnt)2] (1a). Yield: 52% (based on copper). Anal. Calc. for 

C50H38N8S4Cu: C, 63.70; H, 4.06; N, 11.88. Found: C, 63.55; H, 4.15; N: 11.65. IR spectrum 

(KBr pellet, ν/cm–1): 3119, 2191, 1556, 1464, 1145, 1016, 742, 702. LCMS (m/z): 299 (M+). 
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1H NMR (400 MHz, δ ppm) (DMSO-d6): 10.17 (s, 1H), 8.014 (dd, 2H, J1= 3.2 Hz, J2 = 2.8 

Hz), 7.69-7.65 (m, 2H), 7.573 (d, 4H, J = 7.6 Hz), 7.48-7.40 (m, 6H), 5.84 (s, 4H).  

[Bz,NO2-BzBimy]2[Cu(mnt)2] (1b). Yield: 46% (based on copper). Anal. Calc. for 

C50H36N10O4S4Cu: C, 58.15; H, 3.51; N, 13.56. Found: C, 58.31; H, 3.45; N, 13.68. IR 

spectrum (KBr, ν/cm–1): 3074, 2986, 2920, 2191, 1604, 1562, 1452, 1346, 1249, 1026, 966, 

806, 746, 528. LCMS (m/z): 344 (M)+. 1H NMR (400 MHz, δ ppm) (DMSO-d6): 10.02 (s, 

1H), 8.28 (bs, 2H), 7.98-7.88 (m, 2H), 7.77 (d, 2H, J = 6.8 Hz), 7.65 (s, 2H), 7.54 (s, 2H), 

7.44 (d, 3H), 5.97 (s, 2H), 5.81 (s, 2H). 

[Bz,Br-BzBimy]2[Cu(mnt)2] (1c). Yield: 48% (based on copper). Anal. Calc. for 

C50H36N8Br2S4Cu: C, 54.57; H, 3.29; N, 10.18. Found: C, 54.16; H, 3.34; N, 10.24.  IR 

spectrum (KBr, cm–1): 2191, 1633, 1556, 1458, 1369, 1217, 1105, 1010, 758. LCMS (m/z): 

377, 379 (M)+, (M+2)+. 1H NMR (400 MHz, δ ppm) (DMSO-d6): 10.19 (s, 1H), 7.98 (d, 2H, J 

= 4 Hz), 7.66 (d, 4H, J = 8 Hz), 7.55 (t, 4H, J =8), 7.46-7.38 (m, 3H), 5.82-5.81 (bs, 4H).  

[Bz,H-BzBimy]2[Ni(mnt)2] (2a). Yield: 68% (based on nickel). Anal. Calc. for 

C50H38N8S4Ni: C, 64.03; H, 4.08; N, 11.94. Found: C, 64.21; H, 4.15; N, 12.16. IR spectrum 

(KBr, ν/cm–1): 3119, 3059, 2191, 1604, 1556, 1485, 1182, 1145, 744, 702. LCMS (m/z): 299 

(M)+. 1H NMR (400 MHz, δ ppm) (DMSO-d6): 10.00 (s, 1H), 7.94 (dd, 2H, Ar-H),7.63-7.37 

(m, 12H, Ar-H), 5.77 (s, 4H, Benzyl).  

 [Bz,NO2-BzBimy]2[Ni(mnt)2] (2b). Yield: 64% (based on nickel). Anal. Calc. for 

C50H36N10O4S4Ni: C, 58.43; H, 3.53; N, 13.62. Found: C, 58.36; H, 3.61; N, 13.71. IR 

spectrum (KBr, ν/cm–1): 2924, 2293, 2193, 1604, 1562, 1521, 1479, 1346, 738. LCMS (m/z): 

344 (M)+. 1H NMR (400 MHz, δ ppm) (DMSO-d6): 10.01 (s, 1H), 8.29 (d, 2H, J = 8.8 Hz), 

7.98 (bs,1H), 7.93 (bs, 1H), 7.76 (d, 2H, J = 8.4 Hz), 7.68 (bs, 2H), 7.55 (d, 2H, J = 17.2 Hz), 

7.43 (d, 3H, J = 8.0 Hz), 5.95 (s, 2H), 5.79 (s, 2h). 

 [Bz,Br-BzBimy]2[Ni(mnt)2] (2c). Yield: 61% (based on nickel). Anal. Calc. for 

C50H36N8Br2S4Ni: C, 54.81; H, 3.31, N, 10.22. Found: C, 54.76, H, 3.24, N, 10.29. IR 

spectrum (KBr, ν/cm-1): 2193, 1558, 1487, 1406, 1369, 1130, 1070, 806. LCMS (m/z): 377, 

379 (M+), (M+2)+. 1H NMR (400 MHz, δ ppm) (DMSO-d6): 10.16 (s, 1H), 7.96 (d, 2H, J = 4 

Hz), 7.62 (d, 4H, J = 7 Hz), 7.55 (t, 4H, J =8), 7.44-7.35 (m, 3H), 5.82-5.81 (bs, 4H). 
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Synthesis of compound [Hb]2[Cu(mnt)2] (1). The ligand b (1,4-bis((1H-imidazol-1-

yl)methyl)benzene) has been prepared according to literature procedure.15b According to 

Scheme 3.3, to a 10 mL MeOH solution of Na2mnt (0.465g, 2.5 mmol), 5 mL MeOH solution 

of CuCl2•2H2O (0.212 g, 1.25 mmol) was added, stirred for 30 min at room temperature and 

then filtered. To this filtrate solution, 1,4-bis(imidazol-1-yl-methylene)benzene (b) (0.721 g, 

2.5 mmol) in 15 mL MeOH was added, and stirring was continued for another 4 h at room 

temperature, and then it was filtered. Single crystals, suitable for X-ray structure analysis, 

were grown by slow evaporation of methanol (filtrate) solution. Yield: 0.273 g (30% based on 

copper). Anal. Calcd. for (C36H30N12S4Cu): C, 52.57; H, 3.67; N, 20.43. Found: C, 52.35; H, 

3.76; N, 20.61. 1H NMR (400 MHz, δ ppm) (DMSO-d6): 7.27 (s), 5.2 (s), 8.6 (bs). IR (KBR 

pellet)(υ/cm-1): 3130, 2193 (νC≡N), 1516 (phen), 1454 (νC═C), 1296, 1149 (νC–C≡N), 1082, 835, 

765, 713, 623. 

 

3.2.3. X-ray Diffraction 

Data were measured at room temperature for compounds 1a–1c, 2a–2c, a–c and compound 1 

on a Bruker SMART APEX CCD, area detector system [λ  (Mo Kα) = 0.7103 Å], graphite 

monochromator, 2400 frames were recorded with an ω scan width of 0.3°, each for 10 s, 

crystal-detector distance 60 mm, collimator 0.5 mm.16 Data reduction was performed with the 

SAINTPLUS software,16a absorption correction using an empirical method SADABS,16b 

structure solution using SHELXS-97 program16c and refined using SHELXL-97 program.16d 

Hydrogen atoms on the aromatic rings were introduced on calculated positions and included 

in the refinement riding on their respective parent atoms.  

 

3.3. Results and discussion  
3.3.1. Synthesis 

We have synthesized a series of ion-pair metal-bis(dithiolene) complexes by the treatment of 

1 mmol of metal chlorides (CuCl2·2H2O and NiCl2·6H2O) and 2 mmol of Na2mnt (disodium 

maleonitriledithiolate) in methanol with various substituted benzimidazolium derivatives (2 

mmol) at room temperature condition. Benzimidazolium derivatives of tetrafluoroborate 

compounds a-c and ion-pair dithiolene complexes 1a-1c, 2a-2c are characterized by routine 
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elemental analyses, IR, NMR, UV-Visible-NIR spectroscopic techniques, cyclic voltammetry 

and unambiguously characterized by single crystal X-ray structure determinations.  

 

3.3.2. Description of Crystal Structure  

Compound [Bz,R-BzBimy]2[M(mnt)2] [R= H, M= Cu (1a), Ni (2a)]. Dark red crystals of 

the compounds 1a and 2a are suitable for X-ray structure analysis. Crystallographic analysis 

reveals that both 1a and 2a crystallize in triclinic system with P-1 space group. The concerned 

asymmetric unit contains half of the molecule, which was represented by labeled atoms in 

ORTEP diagram as shown in Figure 3.1. The basic crystallographic data for compounds 1a 

and 2a are presented in Tables 3.1 and 3.2. In [Cu(mnt)2]2– of compound 1a, the four sulfur 

atoms define a plane; hence the geometry around the copper metal is perfectly square-planar 

with the average of 90.78(3)° S–Cu–S bond angles within the five membered chelate rings. 

The average Cu–S, C–S, and C=C bond lengths are 2.262, 1.729 and 1.347 Å respectively in 

compound 1a. The overall charge of the metal complex anion [Cu(mnt)2]2– in compound 1a, 

as expected, is –2, and this anionic charge is compensated by a two [Bz,H-BzBimy]+ cations 

as observed in the crystal structure.  

 In the crystal structure of organic receptor a, the two aryl groups are in the cis 

conformation with respect to the mean plane of benzimidazole ring. Whereas in the crystal 

structure of metal complex 1a, these two aryl groups are situated in trans arrangement.  This 

phenomenon (orientation of aryl groups: conformational change) can be attributed by weak 

supramolecular interactions between the cations and the anion. To explain this situation of 

conformational change, let us consider the Figure 3.2(a), in which X1 and X2 positions  

represent the sp3 hybridization of carbon atoms and the Figure 3.2(b), that  indicates the 

orientation of two hydrogen atoms and the  phenyl rings (staggered form), attached to X1 and 

X2 carbon-centers. 
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Figure 3.1. Thermal ellipsoidal diagram of the compound 1a (30% probability, hydrogen atoms are omitted for 
clarity). 
 

 

   (a)                                                                                      (b) 

 
 

Figure 3.2. (a) General representation of the sp3 carbons in benzimidazolium salt, (b) orientation of the 
hydrogen’s at X1, X2 positions of the carbons. 
 

 In the crystal structure of compound a (BF4 salt of same organic receptor), eight C–

H···F hydrogen bonding interactions are present between cation and anion. Through these 

supramolecular interactions, the alignment of hydrogen atoms, which are belonged to free 

carbons at X1 and X2 positions, are in a nearly eclipsed form.  Hence the two phenyl rings, 

which are attached to the sp3 hybridized carbons (X1, X2 positions of carbons) are in a cis 
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arrangement in the crystal structure of compound a (BF4 salt). Whereas in the crystal structure 

of metal dithionate complex 1a, there are totally four types of C–H···N and C–H···S 

interactions (less than the sum of the van der Waals radii) (Table 3.3).  

   (a)                                                                   (b)    

   
  (c) 

    
  

 

 

 

 

 

 

 

 

 
Figure 3.3. In compound 1a (a) orientation of the hydrogen’s at X1, X2 positions, (b) hydrogen bonding 
interactions, (c) packing diagram. 
 

Due to these interactions the hydrogen’s positions at X1 and X2 are in nearly in staggered 

alignment (Figure 3.3a). The C–H···N hydrogen bonding at X1 position is above and the C–

H···S interaction at X2 position is below the mean plane of the benzimidazole ring. As a result 
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of this staggered supramolecular hydrogen bonding interactions (Figure 3.3b), the two phenyl 

rings are in a trans arrangement in the crystal structure of compound 1a.  

 In the crystal structure of organic receptor compound a, there is only one type of C–

H···Cg (Cg denotes the C2–C7 aryl ring, H···Cg is 3.173 Å) interactions are present. On the 

other hand, in metal coordination complex 1a, C–H···Cg, Cg1···Cg1 interactions (Cg, 

Cg1denotes the centroids of the C20–C25, C12–C17 aryl rings respectively) are present with 

a distance of 3.761 (H···Cg), 3.749 Ǻ respectively. In the packing diagram of the compound 

1a, the [Cu(mnt)2]2– anions are arranged in a layer and each anion molecule is connected by 

the two cations with four C–H···N hydrogen bonding interactions, leading to an 2D network 

as shown in Figure 3c. The nearest Cu···Cu and Cu···S distances are 7.850 and 6.298 Å 

respectively. Similar interactions and similar discussion are observed, as expected, in the 

crystal of compound 2a. 

   

 
Figure 3.4. Topological representation of (a) compound a, (b) compound 1a. 
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 According to topological representation of Figure 3.4(a), the alignment of phenyl 

groups are in cis arrangement in organic receptor compound a. In the crystal structure, all the 

tetrafluoroborate anions are arranged back and front sides of the benzimidazolium moieties.  

All the cations are arranged in a CC*CC*CC* (C* is the mirror image of C) fashion. The 

tetrafluoroborate anion is replaced by the [Cu(mnt)2]2– anion in compound 1a, when the 

alignment of cations are changed to trans conformation. As shown in Figure 4b, all the anions 

(A) are situated in between the organic cations (C), giving an ACCACCACC type 

arrangement.  

Compound [Bz,R-BzBimy]2[M(mnt)2]  [R= NO2, M= Cu(1b), Ni(2b)]. Dark red crystals of 

the compounds 1b and 2b are crystallized in triclinic space group P-1. Thermal ellipsoidal 

diagram of the compound 1b is shown in Figure 3.5, in which the relevant asymmetric unit 

contains half of the molecule represented by labeled atoms. The four sulfur atoms surround 

the copper ion, providing the square planar coordination geometry with the average S–Cu–S 

angle of 90.47 Å. In the five membered chelate ring in dithiolene moiety, the average S–Cu, 

C–S and C=C bond lengths are consistent with those in the crystal structure of compound 1a. 

 
Figure 3.5. Ortep diagram of compound 1b (30% probability, hydrogen atoms are omitted for clarity). 
 

When in the compound a, among two phenyl rings, one of the p-position in the phenyl 

ring is substituted with a nitro group, it gives a organic receptor compound b. In the crystal 

structure of compound b (i.e BF4
– salt of cation), the aryl groups are in the trans with respect 

to the mean plane of benzimidazole ring, whereas the two aryl groups are in the cis alignment 

in compound 1b. This conformational modulation can be explained on the basis of weak 

supramolecular interactions between cation and anions such as H···N, H···S, H···O and H···F, 

pi-pi stacking interactions. In the crystal structure of compound b, there are thirteen C–H···F 
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hydrogen bonding interactions. In this compound the alignment of hydrogen’s which are 

attached to the carbon atoms at X1 and X2 positions are in the nearly staggered form, in 

which two hydrogen bonding interactions (H1B···F1, H1B···F4) are above and the remaining 

two hydrogen bonding interactions (H15B···F4, H15A···F3) are below to the mean plane of 

benzimidazole ring. Hence the two phenyl rings are in the trans orientation in compound b.   

   

  (a)                                                   (b) 

 
  (c) 

 
Figure 3.6. In compound 1b (a) hydrogen atoms orientation at X1, X2 positions, (b) hydrogen bonding 
interactions, (c) packing diagram.    
 

In the crystal structure of compound 1b, there are totally four C–H···N, C–H···S and C–H···O 

hydrogen bonding interactions, in which the hydrogen bonding interaction at X2 position is in 

eclipsed form (Figure 3.6(a)), and the remaining hydrogen bonding interactions (phenyl group 

attached to carbon at X1 position) are above to the mean plane of benzimidazole ring as 



                                                                                                                         Conformational Change……. 

(108) 
 

shown in Figure 3.6(b). Due to this type of eclipsed configuration and C–H···O hydrogen 

bonding interaction, the two aryl groups are in a cis arrangement. All these supramolecular 

interactions in compound 1b leads to a dumbbell shaped 2-D network, as shown in Figure 

3.6(c). In addition to these interactions, there are C–H···π stacking interactions, that are 

present in compound 1b with distances 3.041 Ǻ   (H24···Cg1) and 3.128 Ǻ (H16···Cg2) (Cg1 

and Cg2 are C12-17 and C6-11 phenyl rings respectively). In compound 2b also, the 

orientation of phenyl rings are in cis arrangement, due to the nearly eclipsed hydrogen 

bonding interactions.  

 
Figure 3.7. Topological representation of (a) compound b, (b) compound 1b. 

 

From the Figure 3.7(a), if we consider the horizontal line (H) in the topological 

representation, all the cations and anions are arranged in a similar manner, and the below 

horizontal line (H*) is the symmetry (C2) operation of the above horizontal line, it gives a 

HH*HH*HH* type of super cell along crystallographic a-axis for the organic receptor 
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compound b. When the metal-dithiolate anion [Cu(mnt)2]2– is treated with the compound b, it 

gives metal-dithiolene ion-pair compound 1b. Now, the alignment of two phenyl groups is 

changed from trans to cis arrangement in compound 1b. Anion moieties are indicated by 

orange color, all the cations are represented by blue color and the substituent group (-NO2) is 

indicated with green color. In the super cell of compound 1b, all the anions are situated 

between the organic cation receptors and the cations are arranged like a chain manner 

(combination of two horizontal lines) as shown in Figure 3.7(b).  
 

Compound [Bz,R-BzBimy]2[M(mnt)2]  (R= Br, M= Cu (1c), Ni (2c)]. The dark red crystals 

of compounds 1c and 2c were crystallized in triclinic P-1 space group. The asymmetric unit 

of compound 1c contains half of the molecule represented as the atom labeling description, as 

shown in Figure 3.8. The geometry around the copper and nickel metal in compounds 1c and 

2c is perfectly square planar. The Cu–S, S–C and the S–Cu–S bond angles within the five-

membered ring are similar to those of above mentioned compounds 1a, 1b.  

  

 

 

 

 

 

 
 
Figure 3.8. Ortep diagram of ompound 1c (30% probability, hydrogen atoms are omitted for clarity). 

 

 In the crystal structure of compound c, two aryl groups (which are attached to the sp3 

carbon atoms) are in the trans alignment. In contrast to the fact observed in 1a, 2a, 1b, 2b, the 

two phenyl groups are trans alignment in metal complex 1c. In this case there is no change in 

conformation of cation between compound c and 1c, 2c. This can be explained based on 

supramolecular hydrogen bonding interactions. In total there are nine C–H···F interactions in 
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compound c. In the relevant crystal structure, the hydrogens that are belonged to carbon atoms 

at X1 and X2 positions are in a nearly staggered form, in which the hydrogen bond interaction 

at X1 position is above and at X2 position the two hydrogen bonding interactions are below to 

the mean plane of benzimidazole ring respectively. Due to these staggered supramolecular 

interactions, the two phenyl rings are in the trans orientation. In the crystal structure of 

compound 1c there are totally six types of hydrogen bonding interactions, as shown in Table 

3.3. The hydrogen atoms attached to the sp3 carbon atoms (X1 and X2 positions) are in the 

nearly staggered form, in which there are only two hydrogen bonding interactions 

(H12A···Br1, H12B···S1) at X1 position are above the mean plane of benzimidazole ring, as 

shown in Figure 3.9(a). Here the carbon atom at X2 position is free from hydrogen bonding 

interactions (Figure 3.9(b)), hence the C–C single bond (–CH2–Ph) can freely rotate to the 

trans or cis position with respect to the bromo substituted phenyl ring which is attached to the 

X1 position.  In this case, the phenyl ring (C20-C25) attached to the sp3 carbon (at X2 

position) atom is more preferably situated in a trans orientation (with respect to the bromo 

substituted phenyl ring attached to the X1 position) because there are C–H···π (H21···π1 and 

H24···π1) interactions, present between phenyl and chelate ring from [Cu(mnt)2]2– anion (π1 

indicates the centroid of the Cu1S1C1C2S2).  All these hydrogen bonding interactions in 

compound 1c give rise to a 2-D network as shown in Figure 3.9(c). Similarly in the crystal 

structure of compound 2c, hydrogen’s at X1, X2 positions are in the nearly staggered form 

and also there are C–H···π interactions, observed between the hydrogen atom of phenyl ring 

(C20-C25) and the chelate ring from [Cu(mnt)2]2– anion. Hence the two phenyl rings are in 

the trans geometry, as found in   compound 1c.             

 In the super cell representation of the organic receptor compound c, all the 

tetrafluoroborate anions are situated in between cation moieties. All the cations are arranged 

in a related manner in one horizontal line, and the immediate horizontal line is the symmetry 

operation (C2) of the above line; same trend has been followed for the tetrafluoroborate 

anions also, as shown in Figure 3.10(a). In the topological representation of the metal 

complex 1c, all the anions are arranged in a similar fashion in all the vertical lines and all the 

cations are located in a trans arrangement along b-axis, as shown in Figure 3.10(b). Thermal 

ellipsoidal diagrams of the compounds a–c (Figure 3.11(a–c)), crystallographic data for 
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compounds a–c (Table 3.4), hydrogen bonding table for compounds 2a–2c, a–c were 

described in Table 3.5 & 3.6. 

   

   (a)                                                   (b) 

 
  (c) 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.9. In compound 1c (a) orientation of the hydrogen atoms at X1, X2 positions, (b) hydrogen bonding 
interactions, (c) packing diagram. 
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Figure 3.10. Topological representation of (a) compound c, (b) compound 1c.  

  
Figure 3.11. Ortep diagrams of (a)–(c) compounds a–c, and (d) compound 1.  
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Compound [Hb]2[Cu(mnt)2] (1). Compound 1 crystallizes in monoclinic system with a space 

group C2/c. The thermal ellipsoidal plot of the full molecule is shown in Figure 3.11(d), in 

which relevant asymmetric unit contains half of the molecule of compound [Hb]2[Cu(mnt)2] 

(represented as labeled atoms). The basic crystallographic data for compound 1 are described 

in Table 3.7. The overall charge of this Cu(II) complex anion [Cu(mnt)2]2– in compound 1 as 

expected is –2, and this anionic charge is compensated by a two [Hb]+ cations. The cation is 

formed in-situ in methanol solution by protonation of one of the imidazole rings, and further it 

was confirmed by the broad peak at δ 8.62 ppm in its 1H NMR spectra as shown in Figure 

3.12. In the crystal structure, the geometry around copper ion (Cu2+) is distorted square 

planar, in which the copper ion is surrounded by four sulfur atoms of two mnt2 ligand with a 

dihedral angle of 32.43° between two chelated rings in compound 1, which is not uncommon  

to the metal based dithiolene complexes. The non-planarity around the metal ion is caused by 

dimerization via M···S interactions as observed in similar other complexes, 

[RBzPy]2[Fe2(mnt)4], [Et4N]2[Mn2(edt)4], Co2[S2C2(CF3)2]4.17a-d Deviation from planarity 

were also found in copper based dithiolene complexes [ClBzPy]2[Cu(mnt)2], 

[DABCOH]2[Cu(mnt)2] (DABCOH = monoprotonated 1,4-diazabicyclo-[2,2,2]octane) and 

[TBA][Cu(dcmdtcroc)2] (dcmdtcroc = dithiodicyanomethanecroconato) with dihedral angeles 

of 27°, 34° (one is mentioned among three)  and 36°, respectively.17e,f These deviations are 

generally explained by the weak supramolecular interactions between anion and cations 

through S···H, N···H interactions. Here, we present a distorted square-planar geometry around 

the Cu2+ ion, caused by the supramolecular interactions between cation and anions through all 

possible hydrogen bonding sites in the ion-pair complex 1. In the five member chelated ring, 

the average Cu–S, C–S, C=C bond lengths and S–Cu–S bond angles are 2.268 (11), 1.736 (4), 

1.348 (6) Å and 91.89°, respectively.  
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Figure 3.12. 1H NMR spectrum of the compound 1. 

 

The molecular packing of ion-pair complex 1, has been characterized by C–H···N hydrogen 

bonding interactions between cation of the aromatic ring and anion of the [Cu(mnt)2]2– 

complex anion, this interactions results in a 2-D supramolecular network (the hydrogen atom 

on the nitrogen of the cation has not been located) as shown in Figure 3.13(a). Based on CSD 

literature search on organic molecules18a,b and metal based complexes,18c,d  there are very few 

reports of C–H···N interactions with H···N distance in the range of 1.60 – 1.80 Å. The relevant 

CHN bond angle is in the range of 66 – 179°. So far, the shortest H···N distance of 1.79 Å 

and the shortest CHN bond angle of 67°, reported in the literature, is  based on metal 

dithiolene ion-pair complex.18e Some of these reported C–H···N bond distances and 

corresponding angles are summarized in the Table 3.8 that shows the shortest H···N separation 

in the present study. Based on literature,18f  the C–H···N contacts with H···N distances and C–

H···N angles are in the range of 1.8 – 3.0 Å and 110 – 180° respectively. Interestingly in 

compound 1, there are very strong hydrogen bonding interactions between two cations, in 

which the C(17)···N(6) distance is 2.66 (5) Å (C–H···N, H···N bond distance is 1.74 Å), which 

is clearly shorter than the sum of van der Waals radii of the involved nulei (1.70 Å for carbon, 
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1.55 Å for nitrogen), and  the C–H···N angle is 174.9° (which corresponds to a almost linear 

feature). This shortest hydrogen bonding supramolecular interaction leads to a 1-D chain of 

the cations as shown in Figure 3.13(b).  In the crystal structure of compound 1, there is a 

centroid-centroid (Cg-Cg) interaction between two five membered rings (C18N4C17C16N3 and 

its symmetry equivalents) of the aromatic cations, with 3.52 Å.  

 

 
Figure 3.13. (a) Supramolecular 2D network between cation and anions through N····H interactions, (b) 1D 
network between cations N····H interactions.   
 

3.3.3. Role of Substituent in Conformational Change of Benzimidazolium cation in 

Organic cationic receptors and Metal Complexes 
In the organic receptor compound a, the angle between benzimidazole mean plane and the 

two phenyl rings (C3-C7, C16-C21 rings) are 86.11, 78.01° and the angle between mean 

planes for two phenyl rings (C3-C7 and C16-C21) is 50.77°. This indicates the two phenyl 

rings are not in the parallel to each other as well as one of these phenyl rings (C3-C7) is 

nearly perpendicular to the benzimidazole mean plane. The torsion angle between two phenyl 

rings with respect to each other is 5.49°, as shown in Table 3.9. The hydrogen atoms at p-

position with the labeling atoms H5, H19 are in the two phenyl rings (C2-C7, C16-C21). 

Among these two phenyl rings, one ring (C2-C7) has C5–H5····Cg1 (Cg1 = C9-C14 ring), 

another ring (C16-C21) acts as centroid (Cg2) and it has C12–H12····Cg2 interaction with a 

distance of 3.229 Å, 3.302 Å respectively. When these phenyl rings  change their orientation 
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to trans e.g.,  in metal complex 1a,  the angle between these two phenyl rings (C6-C11, Cg3 = 

C20-C25) with respect to benzimidazole ring mean plane changes to 84.87°, 71.84° 

respectively, and the angle between two phenyl rings changes to 85.55°. This indicates that 

these two phenyl rings are nearly perpendicular to each other after change their orientation 

from cis to trans. The torsion angle between two phenyl rings with respect to each other is 

166.88°. In the metal complex, the p-position hydrogen atoms with the labeling atoms are H9, 

H23 in the two phenyl rings (C6-C11, C20-C25). Interestingly, in the metal complex,  there 

are no C–H····π interactions to the hydrogen atoms in the p-positions as described in organic 

receptor a. Additionally among the two phenyl rings, the ring (C20-C25) acts as centroid 

(Cg3) for the H14····Cg3, H19A····Cg3 and H19B····Cg3 interactions with a distances of 

3.072, 3.326 and 3.171 Ǻ respectively. A π ····π stacking interactions between the two phenyl 

rings (C13-C18) of adjacent cations is also observed in the crystal packing diagram.    

 One of the p-position of the hydrogen atom is replaced by the nitro group; it gives an 

organic receptor compound b. The torsion angle between two phenyl rings (Cg4 = C16-C21, 

Cg5 = C2-C7) with respect to each other is 177.86°. The angle between these two phenyl 

rings with respect to mean plane of benzimidazole ring is 75.23 and 70.79° respectively. In 

this compound, no C–H····π interactions are observed with the hydrogen atom at p-position 

(C5–H5). However, these two phenyl rings act as centroid for the C–H····π (H7····Cg4, 

H9····Cg4 and H20····Cg5) interactions within the range of 3.100–3.795 Ǻ. Along with this, 

there are also π····π stacking interactions, that are present between the centroids of phenyl 

rings Cg4····Cg4 with a distance of 3.747 Ǻ. When the orientation of these two phenyl rings 

are altered to cis (with an torsion angle 16.51°) in the metal complex 1b, now the angle 

between these two rings (C6-C11, C20-C25) with respect to the mean plane of benzimidazole 

ring changed to 66.92°, 80.66° respectively, and the angle between mean planes of two phenyl 

rings becomes 68.86°. In this complex, there is no C–H····π interactions with the hydrogen 

atom at p-position from phenyl ring (C20-C25), even though this ring acts as centroid for the 

C10–H10····Cg interaction with a distance of 3.048 Ǻ.  When we compare the situation of the 

organic receptor compound b with metal complex 1b, there are very less C–H····π 

interactions. In this metal complex 1b, we could not find any π····π stacking interactions 

between the nitro substituent group of phenyl rings (C6-C11), because the two phenyl rings 
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(C6-C11, C20-C25) attached to the X1, X2 positions are in the cis alignment. In the metal 

complex 2b, the angle between two phenyl rings (C6-C11, C20-C25) is 82.67°. This angle 

indicates that these two phenyl rings are nearly perpendicular to each other; due to this in 

metal complex 2b, we can observe a π····π stacking interactions between the two phenyl rings 

(C20-C25); in addition to this, there are few C–H····π interactions are also present. 

 Bromo group is substituted instead of hydrogen atom at p-position at one of the phenyl 

rings in the organic receptor compound a, giving rise to a new ligand compound c. The angle 

between two phenyl rings (Cg6 = C9-C14, Cg7 = C16-C21) with respect to the mean plane of 

benzimidazole ring is 72.03° and 76.39°. The two phenyl rings are situated in a trans 

alignment with an torsion angle of 177.64° and the angle between these two rings is 80.73°. In 

the compound c, p-position atoms are H12 and Br1 in the C9-C14 and C16-C21 phenyl rings 

respectively. There is only one p-position interaction i.e. C19–Br1····Cg8 (Cg8 = C1-C6 ring) 

with a distance of 3.597 Ǻ. The two phenyl rings act as centroid for the C–H····π interactions 

of H20····Cg6 and H10····Cg7 with a distances of 3.208 Ǻ and 3.824 Ǻ respectively. Apart 

from these, there are additional π····π stacking interactions, that are observed between the 

Cg7····Cg7 with a distance of 3.803 Ǻ. When tetrafluoroborate anion was replaced by the 

[Cu(mnt)2]2–  giving rise to a new metal complex 1c and the two phenyl rings (Cg9 = C20-

C25, Cg10 = C13-C18) are situated in the trans alignment with a 164.89° torsion angle. The 

angle between these two rings with respect to the mean plane of benzimidazole ring is 88.36°, 

74.08° and the angle between these two rings is 77.90°. The p-position atoms are (H23, Br1) 

attached to the two phenyl rings (Cg9 and Cg10) respectively. When we consider the angle 

(76.39°, 74.08°) between the phenyl ring and the mean plane of benzimidazole ring in the 

organic receptor compound c and metal complex 1c, the orientation/movement of the bromo 

substituted phenyl rings (Cg7 and Cg10) are not much influenced even after forming 

complex. But, the other phenyl ring (Cg9) changes its rotation with a difference of ~16°. Due 

to this orientation, an extra π····π stacking interaction (compared to organic receptor 

compound c) between the two centroids (Cg9····Cg9) of the phenyl rings is observed including 

the Cg10····Cg10 interactions with a distance of 3.866 Ǻ, 3.762 Ǻ. In this situation, no 

interactions with the p-position of the atoms (H23, Br1) are observed. However these two 

phenyl rings act as centroids and gives a C–H····π interactions (H9····Cg9, H7····Cg10) with a 
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distance of 3.321 and 3.021 Ǻ respectively. Whereas in nickel metal complex 2c, the angle 

between two phenyl rings (C12-C17, C20-C25) with respect to the mean plane of 

benzimidazole ring is 73.33°, 79.54°. The bromo substituted phenyl ring (C20-C25) angle  

changes to small (~3°) and the other phenyl ring angle is not much rotated (~1°) from the 

organic receptor compound c. Hence, in this complex 2c, we can’t find any π····π stacking 

interactions, but some C–H····π interactions are observed.                    

  A prominent feature has been observed in the metal-bis(dithiolene) complexes 1a–1c 

exhibiting Z-shaped non-planar geometry with the ligand fragment bending away from the 

CuS4 plane with a dihedral angle of 1.94, 16.63 and 3.92 ° respectively (Scheme 3.4). These 

values are comparable to those of known copper dithiolene complexes,19 which indicates that 

non-planar geometry of metal dithiolene complexes depends on the nature of substituent 

group at p-position of the phenyl ring in the organic receptor ligand.     

 

 

 

 

 
Scheme 3.4.  Z-shaped nonplanar geometry 

3.3.4. Theoretical Calculations  

To determine the stability of the benzimidazolium cations in different conformations 

presented in organic receptors and metal complexes in the title compounds, theoretical 

calculations have been performed, as described in Table 3.10. The molecular geometries of 

only the ligand were taken from the CIF files of the compounds and the single point 

calculations have been carried out by using B3LYP with 6-311g** basis set employing the 

G03 suite of program.20 As shown in the table the cations [Bz,H-BzBimy]+, [Bz,NO2-

BzBimy]+ have almost same energy values (in hartree unit) in both cis and trans 

conformations in organic receptor and metal complexes respectively. In a similar way, the 

energy values of the cation [Bz,Br-BzBimy]+ are almost equivalent in the organic receptor 

and metal complexes. The theoretical calculations show that the energy barrier to transform 

from one conformation to another is very less, so that the cation can exist in different 
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conformations in organic receptors and metal complexes depending upon the supramolecular 

interactions and short intermolecular contacts due to packing.  

 

 
Figure 3.14. HOMO and LUMO molecular orbitals of the (a)-(c) compounds 1a–1c. 
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Figure 3.15. HOMO and LUMO molecular orbitals of the (a)–(c) compounds a–c. 

 

3.3.5. Spectroscopic and Electronic Characterization 

Electronic Absorption Spectra. UV-vis absorption spectra of all these complexes were 

measured in acetonitrile solutions, this is especially similar to those reported in literatures for 

other metal dithiolene [M(mnt)2]n– complexes.21a-c For the entire ion-pair complexes 1a-c and 

2a-c, we have observed five absorption bands in the region between 200-1300 nm, in which 

there is four intense bands  due to allowed tranisiton. Bands at 270, 370 nm are assigned due 

to the L → M charge transfer transitions of [M(mnt)2]2− (M =  Cu(1), Ni(2)). Bands at 320 nm 

and 470 nm can be attributed as L → L* and M → L transition, respectively.  

 Ion-pair dithiolene complexes [Bz,R-BzBimy]2[M(mnt)2] [R= H, NO2, Br; M= 

Cu, Ni]  exhibit strong and moderate absorption bands for nickel and copper complexes in the 

region of 862 nm and 1210 nm respectively (Figure 3.16). According Langford and 

Gray,21a,d,e  metal based dithiolene complexes show an absorption band at 855 nm (ε = 30 M–1 

cm–1), 1205 nm (ε = 94 M–1 cm–1) for nickel, copper dithiolene ion-pair complexes 
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respectively. We found, that the H-substituted benzimidazolium cation for complex 2a shows 

the absorption band at 862 nm in CH3CN solution (ε = 683 M–1 cm–1), whereas for nitro, 

bromine substituted nickel based 2b, 2c ion-pair complexes, the absorption maxima is at 862 

nm with less molar extension coefficient (ε = 308, 670 M–1 cm–1) compared to the complex 

2a. According to Xiao-Ming Ren et.al, there is negligible substituent effect on the LUMO 

energy level of the cation, so the lower frequency absorbance broad band (~862 nm) can be 

assigned to combined transitions of partial forbidden d–d, allowed d–π* (MLCT in the 

[Ni(mnt)2]2– anion) and π–π* (in the mnt2– ligand) as well as the IPCT transition.21f In case of 

copper complexes, the broad and weak absorption bands appear at ~1210, the molar  

extension coefficients of the near-IR absorption band for copper complexes 1a, 1b and 1c are 

91, 51, and 96 respectively. Absorption spectra described here are characteristics of metal-

bis(dithiolene) ion-pair complexes and is generally assigned to π→π* transition between the 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO). In the solid state, compounds 1a1c exhibits a broad band at ~1110 nm in its 

diffuse reflectance spectra, this absorption band is due to the mixture of d–d transition in 

[Cu(mnt)2]2– and IPCT transition. These solid state bands are explained by the intermolecular 

interactions between anions and cations in the ion-pair complexes. Similarly compound 1 also 

exhibits broad band at ~1205 nm.  

   

                                                                           

 
 

 

 

 

 

 

 

 

 

Figure 3.16. near-IR absorption spectra of the compounds 1a–1c.   
 



                                                                                                                         Conformational Change……. 

(122) 
 

3.3.6. Electrochemistry. The electrochemical behavior of the complexes 1a-1c and 2a-2c 

were recorded in acetonitrile solutions, each containing 0.10 M [Bu4N][ClO4] as supporting 

electrolyte at a platinum working electrode. The results of these complexes are summarized in 

Table 3.11.  Representative cyclic voltammograms for the compounds 1a and 2a have been 

shown in Figure 3.17. All the copper and nickel compounds (1a–1c and 2a–2c) exhibit a 

reversible oxidative response at E1/2 = +0.44 V, +0.48 V, 0.49 V and +0.42 V, +0.30, +0.24 V 

vs Ag/AgCl respectively. The present electrochemical data can be explained on the basis of 

Scheme 4, proposed by McCleverty, Hoyer and others.22,23 According to this scheme, the 

oxidative response for compounds 1a–1c and 2a–2c are ascribed due to the couple 

[MIII(mnt)2]─1/[MII(mnt)2]─2 (M= Cu, Ni). All these oxidative response values of ion-pair 

dithiolene complexes are comparable to the reported electrochemical data;12b,24 from this we 

can say that there is no change in oxidative response by changing the different substituents of 

counter cation in ion-pair dithiolene complexes. Compound 1 exhibit an quasi-reversible 

oxidative response at E1/2 = +0.46 V (ΔE = 99 mV) vs Ag/AgCl.  
 

Scheme 4.  
                      

 

     

 (a)                                                                        (b)                                                                                     

 
 
Figure 3.17. Cyclic voltammetry of the (a) compound 1a, (b) compound 2a.        
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Figure 3.18. EPR spectra of the compounds 1a–1c (a) at room temperature, (b) frozen state at liq. nitrogen 
temperature.   
 

3.3.7. ESR Spectroscopy. Figure 3.18 illustrates the representative EPR spectra of complex 

1a-1c in the solid state both at room temperature (Freq. range is: 9155.559 to 9161.153 MHz, 

Field range is: 324.00 to 400.00 mT) and frozen state at liquid nitrogen temperature (Freq. 

range: 9135.349 to 3151.168 MHz, Field: 336 mT). All the copper complexes exhibit similar 

type of peak at room temperature. The ligand hyperfine structure gives an straight information 

about the environment of the electronic ground state of the complex and the extent to electron 

spin delocalization over ligand orbitals.25 We have observed hyperfine splitting in the EPR 

spectra of compounds 1a-1c in frozen state at liquid nitrogen temperature. HOMO level of the 



                                                                                                                         Conformational Change……. 

(124) 
 

[Cu(mnt)2]2– consists of the 3dxy orbital of copper and hybrids of 3s, 3px, and 3py orbitals of 

sulfur atoms. These atomic orbitals are overlapped with the pz orbitals of copper and sulfur, 

and such combination has a direct effect on the copper hyperfine splitting.26  The g values of 

copper complexes 1a−1c at room temperature are g┴ = 2.034, 2.033 and 2.034 respectively.  

These values are comparable to those (g║ = 2.090, g┴ = 2.024 ; and g1 = 2.089, g2 = 2.024, g3 

= 2.017) of the non-planar Cu(II)-dithiolene complexes, [mb]2[Cu(mnt)2].Me2CO (mb = 

methylene blue),  [(Ph)4As]2[Cu(mnt)2], respectively.27 These g values are also equal to those 

(g║ = 2.08, g┴ = 2.02; g║ = 2.210, g┴ = 2.018 (gav = 2.076); and g║ = 2.095, g┴ = 2.033) of the 

planar copper-bis(dithiolene) complexes,28 [Bu4N]2[Cu(mnt)2], [TBA]2[Cu(bcd)2] (bcd2– = 1-

benzoyl-1-cyanoethylene-2,2-dithiolate) and [Co(phen)3][Cu(mnt)2]. From these information 

it can be concluded that there is an unpaired electron in the dx2-y2 orbital of copper (II) in the 

ground state.29 Similarly type of EPR spectra has been observed for the compound 1.   

 

3.4. Conclusion 
In summary, we have prepared copper and nickel based ion-pair dithiolene complexes with 

different substituent groups at p-position in the organic receptor ligands. The conformation of 

the benzimidazolium cations have been modulated by changing the anions from spherical 

BF4
– to the planar mnt2–. This type of conformational modulation has been observed in the 

organic receptors a, b and metal-bis(dithiolene) complexes 1a, 1b and 2a, 2b. 

Staggered/eclipsed hydrogen bonding interactions and other supramolecular interactions are 

the reasonable factors to control the diversity of cation conformation in organic receptors as 

well as in metal complexes. However, in metal complexes 1c and 2c, no conformational 

change in the benzimidazolium cation is observed from the organic receptor c (i.e. BF4
– salt as 

anion). In these two complexes we can observe the C–H····π interactions, that are present 

between one of the two phenyl groups (which are attached to the X1, X2 positions) and 

chelate ring from [M(mnt)2]2– anion. The crystal packing and the orientation of the phenyl 

groups also depends on the C–H···π interaction. The topological representation clearly 

indicates the transformation of the benzimidazolium cation between organic receptor 

compounds (a, b) and metal complexes (1a, 1b, 2a and 2b). All the copper complexes show a 



                                                                                                                  
                                                                                                                                     Chapter 3                                                                               

(125) 
 

Z-shaped non-planar geometry with different angles which also depends on the substituent 

groups at p-position of phenyl groups.    

 In compound 1, the cation is prepared in-situ from MeOH solution, in which only one 

imidazole ring of b (1,4-bis((1H-imidazol-1-yl)methyl)benzene) was protonated. We have 

demonstrated the shortest C–H···N hydrogen bonding contact among the cations in the crystal 

structure of compound 1 as far as the relevant literature is concerned. Compound 1 exhibits a 

broad absorption in the near-IR region at 1205 nm in its diffused reflectance spectrum. The 

EPR spectroscopy reveals a typical tetragonal feature for a Cu(II)  ion  in its solid state and 

hyperfine interactions in solution state. The electrochemical studies show both oxidative and 

reductive responses corresponding to CuIII / CuII and CuII / CuI couples.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



                                                                                                                         Conformational Change……. 

(126) 
 

Table 3.1. Crystallographic data for copper complexes 1a, 1b and 1c. 

 
 Compound 1a Compound 1b Compound 1c 

Empirical formula C50 H38 Cu N8 S4 C50 H36 Cu N10 O4 S4 C50 H36 Br2 Cu N8 S4 

Formula weight 942.66 1032.72 1100.50 

Temperature (K) 298(2) K 298(2) K 298(2) K 

Crystal size (mm) 0.22 x 0.18 x 0.06 0.26 x 0.20 x 0.06 0.28 x 0.18 x 0.10 

Crystal system Triclinic Triclinic Triclinic 

space group P-1 P-1 P-1 

Z 1 1 1 

Wavelength(Å) 0.71073 0.71073 0.71073 

a [Å] 7.850(3) 9.2802(19) 7.8620(16) 

b [Å] 11.924(5) 10.066(2) 12.626(3) 

c[Å] 12.663(5) 12.719(3) 13.180(3) 

α [°] 77.790(6) 93.26(3) 105.262(4) 

β [°] 74.257(6) 91.94(3) 107.162(4) 

γ [°] 84.457(6) 97.13(3) 97.026(4) 

Volume[Å3] 1114.1(8) 1176.0(4) 1177.3(5) 

Calculated density(Mg/m-3) 1.405 1.458 1.552 

Reflections collected/ unique 10839/3974 11180 / 4119 11237 / 4152 

R(int) 0.0228 0.0374 0.0492 

F(000) 487 531 555 

Max. and min. transmission 0.9579 and 0.8570 0.9592 and 0.8390 0.7965 and 0.5550 

Θ range for data collection 1.70 to 25.28 1.61 to 25.09 1.71 to 25.11 

Refinement method Full-matrix least-squares 

on F2 

  

Data / restraints / parameters 3974 / 0 / 286 4119 / 0 / 313 4152 / 0 / 295 

Goodness-of-fit on F2 1.062 1.187 1.088 

R1/wR2 [I>2sigma(I)] 0.0418 / 0.0998 0.0969/0.1945 0.0598/0.1892 

R1/wR2 (all data) 0.0465 / 0.1029 0.1046/0.1980 0.0943/0.2112 

Largest diff. peak and 

hole[e.Å-3] 

0.378 and -0.202 1.068 and -0.450 0.838 and -0.433 

 

 

 

 



                                                                                                                  
                                                                                                                                     Chapter 3                                                                               

(127) 
 

Table 3.2. Crystallographic data for nickel complexes 2a, 2b and 2c.  

 
                                                         Compound 2a Compound 2b Compound 2c 

Empirical formula C50 H38 N8 Ni S4 C50 H36 N10 Ni O4 S4 C50 H36 Br2 N8 Ni S4 

Formula weight 937.83 1027.86 1095.64 

Temperature (K) 298(2) K                                     298(2) K 298(2) K 

Crystal size (mm) 0.26 x 0.22 x 0.14 0.28 x 0.20 x 0.08 0.40 x 0.36 x 0.12 

Crystal system Triclinic Triclinic Triclinic 

space group P-1 P-1 P-1 

Z 1     1    1    

Wavelength(Å) 0.71073 0.71073 0.71073 

a [Å] 7.8973(9)    9.998(5) 7.992(3) 

b [Å] 11.9105(13)                       11.735(6) 12.788(5) 

c[Å] 12.6120(14) 12.104(6) 13.096(5) 

α [°] 77.172(2) 94.856(8) 64.364(6) 

β [°] 74.513(2) 99.797(8) 87.050(7) 

γ [°] 85.057(2) 113.317(7) 84.330(7) 

Volume[Å3] 1114.2(2) 1266.9(11) 1200.7(8) 

Calculated density(Mg/m-3)                              1.398 1.347 1.515 

Reflections collected/ unique 10639 / 3913 12409 / 4698 11414/ 4184 

R(int) 0.0340 0.0611 0.0231 

F(000) 486 530 554 

Max. and min. transmission 0.9610 and 0.7573 0.9534 and 0.8486 0.7710 and 0.4616 

Θ range for data collection 1.71 to 25.00 1.73 to 25.72 1.72 to 24.94 

Refinement method Full-matrix least-squares on 

F2 

  

Data / restraints / parameters 3913 / 0 / 286 4698 / 0 / 313 4184/ 0 / 295 

Goodness-of-fit on F2 0.981 0.984 1.033 

R1/wR2 [I>2sigma(I)] 0.0452/ 0.1015 0.0534/0.1272 0.0422/0.1089 

R1/wR2 (all data) 0.0688/0.1110 0.0868/0.1412 0.0541/0.1174 

Largest diff. peak and hole[e.Å-3] 0.477 and -0.175 0.509 and -0.269 0.418 and -0.950 
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Table 3.3. Hydrogen bonding parameters for compounds 1a–1c [Ǻ and deg.]. 

 

D-H...A                           d(D-H)      d(H...A)    d(D...A)      <(DHA) 

 

Compound 1a 
C(16)-H(16)...N(1)#2          0.93         2.59           3.508(4)      168.1 
C(5)-H(5B)...N(2)#3           0.97         2.75           3.520(4)      137.2 
C(18)-H(18)...N(2)#3          0.93         2.44           3.199(4)      138.4 
C(19)-H(19B)...S(1)            0.97         2.86           3.762(3)      155.4 

 
Compound 1b 

  C(14)-H(14)...S(1)#4           0.93          2.86          3.615(8)          138.8 
 C(5)-H(5B)...N(2)#5           0.97          2.63          3.494(11)       148.1 
 C(25)-H(25)...O(1)#6          0.93          2.57          3.446(12)       157.6 
 C(22)-H(22)...N(2)#7          0.93          2.72          3.529(11)       145.8 

 
Compound 1c 

              C(10)-H(10)...Br(1)#8            0.93          3.12           3.960(8)          151.6 
                    C(14)-H(14)...N(1)#9             0.93          2.71           3.429(11)        134.7 
                    C(12)-H(12B)...S(1)#2           0.97          2.76           3.692(8)          162.1 
                    C(15)-H(15)...S(1)#2              0.93          2.86           3.727(7)          155.8 
                    C(12)-H(12A)...Br(1)#8         0.97          3.13           4.084(8)          166.4 
                    C(5)-H(5)...N(2)                     0.93          2.41           3.069(10)        128.0 
 
 Symmetry transformations used to generate equivalent atoms: 
 #2, -x+1, -y+1, -z+1; #3, -x+2, -y+1, -z; #4, x-1, y, z+1; #5, -x+1, -y, -z+1; #6, -x, -y, -z+1;  
#7, x, y+1, z; #8, x+1, y, z; #9, x, y, z-1. 
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Table 3.4. Crystallographic data for the compounds a, b and c. 

 

 Compound a Compound b Compound c 

Empirical formula C21 H19 BF4N2 C21H18BF4N3O2 C21H18BrBF4N2 

Formula weight 386.19 413.19 465.08 

Temperature (K) 298(2) K 298(2) K 298(2) K 

Crystal size (mm) 0.16 x 0.14 x 0.10 0.20 x 0.18 x 0.12 0.18 x 0.12 x 0.10 

Crystal system Monoclinic Triclinic Triclinic 

space group P2(1)/c P-1 P-1 

Z 4 2 2 

Wavelength(Å) 0.71073 0.71073 0.71073 

a [Å] 13.476(16) 9.857(3) 9.997(2) 

b [Å] 9.423(11) 10.493(3) 10.632(2) 

c[Å] 19.121(17) 11.289(3) 11.501(2) 

α [°] 90.00 75.795(5) 74.08(3) 

β [°] 127.585(5) 67.234(5) 66.49(3) 

γ [°] 90.00 77.377(5) 75.69(3) 

Volume[Å3] 1924.3(4) 1033.8(5) 1064.7(3) 

Calculated density(Mg/m-3) 1.333 1.385 1.451 

Reflections collected/ unique 17200/3248 9696/3555 6466/3709 

R(int) 0.0781 0.0362 0.0749 

F(000) 800 444 468 

Max. and min. transmission 0.9896 and 0.9384 0.9865 and 0.9776 0.8271 and 0.7178 

Θ range for data collection 1.91 to 25.03 1.99 to 25.14 1.97 to 25.45 

Refinement method Full-matrix least-squares 

on F2 

  

Data / restraints / parameters 3248 / 0 / 253 3555 / 0 / 280 3709 / 0 / 262 

Goodness-of-fit on F2 1.099 1.002 0.913 

R1/wR2 [I>2sigma(I)] 0.0995 / 0.1866 0.0672/0.1536 0.0891/0.1891 

R1/wR2 (all data) 0.1528 / 0.2130 0.1264/0.1841 0.2321/0.2746 

Largest diff. peak and 

hole[e.Å-3] 

0.324 and -0.219 0.296 and -0.188 0.672 and -0.538 
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Table 3.5.Hydrogen bonding parameters for compounds 2a–2c [Ǻ and deg.]. 
 

D-H...A                           d(D-H)      d(H...A)    d(D...A)      <(DHA) 
 

Compound 2a 
                  C(19)-H(19B)...S(1)               0.97                 2.89            3.781(3)                153.5 
                      C(6)-H(6)...N(1)#2                 0.93                 2.61            3.524(4)                168.6 
                      C(11)-H(11)...N(2)#3             0.93                 2.49            3.207(4)                134.0 
                      C(12)-H(12B)...N(2)#3                  0.97                 2.77           3.502(4)                132.4 

 
Compound 2b 

                      C(13)-H(13)...N(1)#4                    0.93                2.75            3.665(6)                169.6 
                      C(5)-H(5B)...N(1)#4                     0.97                2.78            3.685(6)                155.4 
                      C(18)-H(18)...N(2)#5                    0.93                2.34            3.223(6)                157.6 
                      C(19)-H(19A)...O(2)#6                 0.97                2.38            3.341(6)                173.3 

 
Compound 2c 

                      C(19)-H(19B)...S(1)#1                 0.97               2.95             3.802(4)                 147.7 
                      C(22)-H(22)...N(1)#7                   0.93               2.54             3.443(5)                 162.6 
                      C(13)-H(13)...N(1)#8                   0.93               2.51             3.344(7)                 149.9 
                      C(15)-H(15)...N(1)#9                   0.93               2.53             3.380(8)                 151.5 

 
 Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,-y+1,-z+1;    #2 x,y,z+1;    #3 x+1,y,z;    #4 -x+1,-y,-z+1;    #5 x-1,y,z;  #6 x+1,y+1,z;       
#7 x+1,y-1,z    #8 -x+1,-y+2,-z;    #9 -x,-y+2,-z. 
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Table 3.6. Hydrogen bonding parameters for organic receptors a–c [Ǻ and deg.]. 

 

                       D-H...A                           d(D-H)      d(H...A)       d(D...A)      <(DHA) 
 

Compound a 
                 C(10)-H(10)...F(3)#1    0.93             2.60           3.447(7)        152.5 
                 C(1)-H(1B)...F(4)#2   0.97             2.55           3.504(6)        168.5 
                  C(4)-H(4)...F(3)#3              0.93             2.57           3.339(8)        140.1 
                  C(1)-H(1A)...F(1)               0.97             2.49           3.253(6)        135.7 
                  C(8)-H(8)...F(1)                  0.93             2.53           3.241(6)        133.4 
                  C(8)-H(8)...F(2)                  0.93             2.23           3.096(6)        154.3 
                  C(15)-H(15B)...F(2)#4       0.97             2.35           3.132(5)        137.4 
                  C(19)-H(19)...F(3)#5          0.93             2.61           3.264(8)        127.7 
 
 

Compound b 
                 C(1)-H(1B)...F(4)                0.97          2.45            3.333(4)        150.7 
                 C(1)-H(1B)...F(1)                0.97          2.70            3.503(4)        140.7 
                 C(14)-H(14)...F(4)               0.93          2.49            3.261(4)        140.8 
                 C(21)-H(21)...F(2)               0.93          2.33            3.231(5)        163.2 
                 C(5)-H(5)...F(1)#6               0.93          2.52            3.446(6)        175.4 
                 C(3)-H(3)...F(2)#7               0.93          2.59            3.469(5)        158.2 
                 C(14)-H(14)...F(4)#7           0.93          2.45            3.181(4)        135.3 
                 C(15)-H(15B)...F(4)#7        0.97          2.45           3.321(4)         149.4 
                 C(11)-H(11)...F(1)#8           0.93          2.56           3.291(4)         135.3 
                 C(15)-H(15A)...F(3)#9        0.97          2.47           3.404(4)         160.8 
                C(12)-H(12)...F(3)#9           0.93          2.69           3.542(4)         151.9 
                C(17)-H(17)...F(3)#9           0.93          2.57          3.404(4)          149.9 
                C(12)-H(12)...F(1)#9           0.93          2.56          3.311(4)          138.7 
 

Compound c 
    C(14)-H(14)...F(4)            0.93         2.59          3.421(14)        148.4 
     C(7)-H(7)...F(2)              0.93         2.61          3.268(12)        128.5 
     C(15)-H(15B)...F(2)          0.97         2.40          3.285(10)        152.2 
    C(12)-H(12)...F(1)#1          0.93         2.61          3.531(14)        172.5 
    C(8)-H(8B)...F(2)#2           0.97         2.56          3.410(13)        146.0 
    C(17)-H(17)...F(4)#2          0.93         2.43          3.346(12)        169.5 
    C(3)-H(3)...F(1)#3            0.93         2.67          3.403(12)        135.9 
    C(2)-H(2)...F(1)#4            0.93         2.56          3.299(11)        137.1 
    C(15)-H(15A)...F(3)#4         0.97         2.61          3.542(12)        162.3 
 
Symmetry transformations used to generate equivalent atoms: 
#1 x,y+1,z;    #2 -x+2,y+1/2,-z+3/2;    #3 x,-y+1/2,z-1/2;    #4 -x+2,-y+1,-z+2;    #5 -
x+1,y+1/2,-z+3/2;    #6 x,y-1,z;    #7 -x+1,-y+1,-z+1;    #8 -x,-y+1,-z+2;    #9 x-1,y,z;  
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Table 3.7. Crystallographic data and structure refinement for compound 1. 
 

Empirical formula                                                       C36 H30 N12 S4 Cu 

Formula weight                                                           822.50 

Temperature (K)                                                         298(2)                                  

Crystal size (mm)                                                        0.22x 0.18 x 0.16                         

Crystal system                                                             monoclinic                                    

space group                                                                C2/c                                       

Z                                                                                 4                                                   

Wavelength(Å)                                                          0.71073 A                                      

Unit cell dimensions 

a [Å]                                                                          17.939(3)    

b [Å]                                                                          15.411(3)                                                     

c [Å]                                                                          13.891(3)                                         

β [°]                                                                           100.01(3)       

Volume[Å3]                                                               3781.8(13)                                   

Calculated density(Mg/m-3)                                          1.445                                     

Reflections collected/ unique                                    19403/3746                               

R(int)                                                                         0.0466                                     

F(000)                                                                       1692                                    

Max. and min. transmission                                       0.8768 and 0.8361 

Theta range for data collection(deg.)                         1.75 to 26.10                               

Refinement method                                                    Full-matrix least-squares on F2 

Data / restraints / parameters                                       3746 / 0 / 240                             

Goodness-of-fit on F2                                                 1.082                                            

R1/wR2 [I>2sigma(I)]                                                 0.0607/ 0.1393                            

R1/wR2 (all data)                                                        0.0771 / 0.1481 
Largest diff. peak and hole                                        0.651 and -0.451 e.Å-3 
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Table 3.8. Selected hydrogen bonds from literature (Å, °)* 

 
Entry 

 
D–H···A 

 
H···A  

 
DHA 

 
       Ref. 
 

     
1 C–H···N  1.61 132 J. Am. Chem. 

Soc. 129 (2007) 
3820. 
 

2 C–H···N 1.74 114 Chem. Commun. 
(2004) 1954. 
 

3 C–H···N 1.71 102 Organometallics 
27 (2008) 3964. 
 

4 C–H···N 1.71 135 Inorg. Chim. 
Acta. 339 (2002) 
461. 

5 C–H···N 1.77 156 Beilstein J. Org. 
Chem. 1 (2005) 
15. 
 

6 C–H···N 1.79 66 Acta Crystallogr. 
E60 (2004) 960. 
 

7 C–H···N 1.74 174.9 Present work 
  

* Based on CSD literature 

Table 3.9. Tabulated form of torsion angle in the compounds a–c and 1a–1c.  

 

Compound Name Torsion Angle (°) Alignment of phenyl rings 

a 5.49 Cis 

b 177.86 Trans 

c 177.64 Trans 

1a 166.88 Trans 

1b 16.51 Cis 

1c 164.89 Trans 
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Table 3.10. Calculated energy values of compounds 1a–1c, 2a–2c and a–c.   

 

Cation H(a, 1a, 2a) NO2 (b, 1b, 2b) Br (c, 1c, 2c) 

Organic receptor 577835.6994(cis) 706200.1058(trans) 2192767.2059(trans) 

Cu-complex 577834.8353(Trans) 706202.0653(cis) 2192769.5060(trans) 

Ni-complex 577834.1551(trans) 706195.5909(cis) 2192763.1309(trans) 

 
Table 3.11. Cyclic Voltammetry Data* 

 
 Oxidative response 

Compound E1/2, V(ΔEP, mV) 

1a 0.44 (65), 1.23 

1b 0.48 (63), 1.23 (61) 

1c 0.49 (67), 1.22  

2a 0.42 (68), 1.26 

2b 0.30 (68), 1.16 

2c 0.24 (68), 1.04 

 
*Cyclic voltammogram of compounds 1a, 2a, 1b, 2b, 1c, and 2c (1x10–3M) in CH3CN 
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4.1. Synthesis and characterization of new N-heterocyclic 1,2-ene 
dithiolate based nickel (II) complexes 

4.1.1. Introduction 

Complexes of dithiolene (1,2-enedithiolate) ligands exhibit significant and diverse  

properties.1-6 Among all of these dithiolene complexes, nickel based complexes, for 

example [Ni(S2C2R2)2]n– (n = 0–2) attract considerable attention since 1960s because this 

system has multiple accessible redox states.7 According to Scheme 4.1, the redox activity 

of the dithiolene ligands can be explained by the existence of canonical forms; due to the 

delocalization, metal can  exist in variable oxidation states (+4 to 0).8 This ambiguity is a 

Abstract:– Five new nickel-bis(dithiolene) complexes (PPh4)2[Ni(C8H2N2S2R2)2] (R = Pyridin-2-yl (1), 

Pyridin-3-yl (2), Thiophen-2-yl (3), Furan-2-yl (4) and Naphthalen-2-yl (5)), have been prepared by the 

treatment of N-heterocyclic based dithiolene ligands with sodium metal in dry methanol. All these 

dithiolene ligands and metal complexes are characterized by LCMS-, 1H NMR- and HRMS-, IR-, UV-

vis-NIR-spectroscopy, routine elemental analysis and cyclic voltammetry. Compounds 2 and 3 are 

structurally characterized by single crystal X-ray crystallography. Complex 2 crystallizes in monoclinic 

space group P2(1)/c, whereas complex 3 crystallizes in triclinic space group P–1. Both these complexes 

(2 and 3) exhibit a two-dimensional network through C–H···N hydrogen bonding interactions in their 

crystal packing. Compound 2 undergoes a reversible oxidation (ΔE= 83 mV) at E1/2 = +0.21 V vs 

Ag/AgCl, whereas 5 shows quasi-reversible oxidation at E1/2 = +0.09 V vs Ag/AgCl in dimethylsulfoxide 

solutions of electrochemical measurements. Interestingly, complex 5 is easily oxidized at very low 

oxidation potential compared to the other complexes 1–4.  The title compounds exhibit absorption in the 

region of 630–1000 nm, in which complex 5 shows band towards longer wavelength side compared to 

the remaining complexes 1–4. The positions of the absorption maxima in the electronic absorption 

spectra of the compounds 1 and 2 depend on the solvent polarity, whereas absorption bands of complexes 

3–5 are not influenced by the solvent polarity. 
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classic example of non-innocent behavior9 of a sulfur donor ligand. Nickel-dithiolene 

complexes exhibit interesting properties such as metallic-conductivity,10 optical 

nonlinearity11 and facility to reversibly react with olefins through a redox couple foremost 

to olefin purification,12 molecular magnets,13 and strong absorbance in the near-infrared 

region, appropriate in laser Q-switch dyes.14 Square planar dithiolene coordination 

complexes are generally characterized by high extent of electron delocalization within the 

chelate ring involving the metal ion that appreciably contributes to the low energy 

electronic transition between the HOMO and the LUMO. This extensive delocalization is 

responsible for dithiolene complexes to show an absorption band in its near-infrared (NIR) 

region.15 For example, there are two nickel dithiolene complexes (shown in Scheme 4.2), 

in which cyano group and phenyl substituted metal complexes reveal electronic absorption 

band at 863 and 935 nm respectively. Electron donating capability to metal center is more 

for phenyl group compared to the cyano group and the band is shifted towards longer 

wavelengths for the phenyl substituted nickel dithiolene complex. This indicates 

substituent on dithiolene moiety can influence in the shift of position of electronic 

absorption band of charge transfer transition, because electron donating/withdrawing 

substituents play an important role in delocalization of the chelate ring in metal-

bis(dithiolene) complexes.16-21 These facts prompted us to design and synthesize new type 

of N-hetero substituent-based  (Pyridin-2-yl, Pyridin-3-yl, Thiophen-2-yl, Furan-2-yl and 

Naphthalen-2-yl) dithiolene ligands and to synthesize  corresponding metal bis(dithiolene) 

complexes (PPh4)2[Ni(C8H2N2S2R2)2] (R = Pyridin-2-yl (1), Pyridin-3-yl (2), Thiophen-2-

yl (3), Furan-2-yl (4) and Naphthalen-2-yl (5)), which enable us to compare the substituent 

effect on electrochemical studies of the title complexes.  
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Scheme 4.1. Canonical forms of dithiolene ligand 
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Scheme 4.2. Nickel dithiolene complexes 

4.1.2. Experimental Section 

4.1.2.1. Materials and Methods  
All the reagents for synthesis were commercially available and used as received. 4,5-bis-

thiocyanato-banezene-1,2-diamine, 5,6-diaminobenzo[d][1,3]dithiole-2-thione, 1,2-

di(pyridine-3-yl)ethane-1,2-dione  and 1,2-di(naphthalene-2-yl)ethane-1,2-dione) were 

prepared according to literature procedures.22-25 Solvents were dried by standard 

procedures. Micro-analytical (C, H, N) data were obtained with a FLASH EA 1112 Series 

CHNS Analyzer. Infrared spectra were recorded as KBr pellets on a JASCO–5300 FT–IR 

spectrophotometer at 298 K. Electronic absorption spectra of all compounds were 

recorded on a Shimadzu UV-vis-NIR spectrophotometer. NMR spectra were recorded on 

Bruker 400 and 500 MHz spectrometer. The chemical shifts (δ) are reported in ppm. A 

Cypress model CS-1090/CS-1087 electro analytical system was used for cyclic 

voltammetric experiments. The electrochemical experiments were measured in 

dimethylsulfoxide containing [Bu4N][ClO4] (TBAP) as a supporting electrolyte, using a 

conventional cell consisting of two platinum wires as working and counter electrodes, and 

a Ag/AgCl electrode as a reference. Under identical condition, Fc+/Fc couple was 

observed at 0.53V. The potentials reported here are uncorrected for junction contributions.  

4.1.2.2. Synthesis 

General synthetic route for the preparation of the compounds (a-e) 

A mixture of solution containing 5,6-diaminobenzo[d][1,3]dithiole-2-thione (1mmol), 

corresponding 1,2-diketone (1 mmol), and iodine(10 mol%) in CH3CN (10.0 mL) was 

stirred at room temperature for 2 h. The resulting yellow colored precipitate was separated 

by filtration, washed with little CH3CN and dried in an open air. The characterization data 

of these compounds were described in the Section 4.2.2.1. 
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Scheme 4.4. Synthetic route for new nickel dithiolene complexes 

General synthetic route for the preparation of the compounds (f-j) 

According to literature procedure,26 to a solution of corresponding a-e (1 mmol) in 

chloroform and acetic acid (3:1), Hg(OAc)2 (3 mmol) was added and it was stirred for 12 h 

at room temperature under nitrogen atmosphere (Scheme 4.3). The precipitate was filtered 

off by using celite and washed with chloroform. The filtrate was neutralized with NaHCO3 

solution, and extracted with dichloromethane solvent and dried over Na2SO4. The solvent 

was removed by rotary evaporator which produces pale yellow colored compound as 

product. The characterization data for f-j are described below: 

6,7-Di-pyridin-2-yl-1,3-dithia-5,8-diaza-cyclopenta[b]naphthal-2-one (f): (Yield: 

92%). 1H NMR (400 MHz, δ ppm) (DMSO-d6): 7.40-7.43 (m, 2H), 8.01-8.06 (m, 4H), 

8.30 (s, 2H), 8.75 (s, 2H). LC-MS (ESI): m/z: 375 (M+H)+. Anal. Calc. for C19H10N4OS2: 

C 60.95, H 2.69, N 14.96. Found: C 61.22, H 2.76, N 15.32 %. 
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6,7-Di-pyridin-3-yl-1,3-dithia-5,8-diaza-cyclopenta[b]naphthalen-2-one (g): (Yield: 

94%). 1H NMR (400 MHz, δ ppm) (DMSO-d6): 7.40-7.44 (m, 2H), 8.01-8.05 (m, 4H), 

8.30 (s, 2H), 8.75 (s, 2H). LC-MS (ESI): m/z: 375 (M+H)+. Anal. Calc. for C19H10N4OS2: 

C 60.95, H 2.69, N 14.96. Found: C 61.22, H 2.76, N 15.31 %. 

6,7-Di-thiophen-2-yl-1,3-dithia-5,8-diaza-cyclopenta[b]naphthalene-2-one (h): (Yield: 

92%). 1H NMR (400 MHz, δ ppm) (DMSO-d6): 7.11-7.14 (m, 2H), 7.26-7.27 (m, 2H), 

7.83-7.84 (d, 2H), 8.57 (s, 2H). LC-MS (ESI): m/z: 385 (M+H)+. Anal. Calc. for 

C17H8N2OS4: C 53.10, H 2.10, N 7.29. Found: C 53.42, H 2.17, N 7.68 %. 

6,7-Di-furan-2-yl-1,3-dithia-5,8-diaza-cyclopenta[b]naphthalen-2-one (i): (Yield: 

91%). 1H NMR (400 MHz, δ ppm) (DMSO-d6): 6.72-6.79 (m, 4H), 7.92 (s, 2H), 8.58 (s, 

2H). LC-MS (ESI): m/z: 353 (M+H)+. Anal. Calc. for C17H8N2O3S2: C 57.94, H 2.29, N 

7.95. Found: C 58.26, H 2.37, N 8.38 %. 

6,7-Di-naphthalen-2-yl-1,3-dithia-5,8-diaza-cyclopenta[b]naphthalen-2-one (j): 

(Yield: 91%). 1H NMR (400 MHz, δ ppm) (DMSO-d6): 7.45-7.57 (m, 3H), 7.86-7.88 (m, 

4H), 8.16-8.22 (m, 2H), 8.76 (s, 1H). LC-MS (ESI): m/z: 473 (M+H)+. Anal. Calc. for 

C29H16N2OS2: C 73.70, H 3.41, N 5.93. Found: C 74.03, H 3.45, N 6.42 %. 

 

 
Scheme 4.5. Structural representation of synthesized nickel dithiolene complexes 
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General procedure for the synthesis of nickel dithiolene coordination complexes 1–5  

Sodium metal was added to the 10 mL methanol solution of f-g (2 mmol); after getting 

clear solution, NiCl2·6H2O (1 mmol) was added and it was stirred for 10 min, followed by 

the addition of [PPh4]Br (tetraphenylphosphonium bromide) (2 mmol) and continue to 

stirred for an additional 15 min by the addition of 10 mL water, whereby the  precipitate 

was obtained which was filtered and  air dried (Scheme 4.4). All these compounds were 

recrystalized from respective acetonitrile solutions. Compounds 2 and 3 are crystallized by 

mixed solvent of (acetonitrile+methanol)/diethyl ether and acetonitrile/diethyl ether 

diffusion method. Compounds 1, 4 and 5 are also crystallized by diffusion method of 

acetonitrile/ether solutions, but we could not collect the single X-ray crystallography data 

because of too tiny crystals. The characterization data for compounds 1-5 are described 

below. Compounds 2 and 3 are additionally characterized by single crystal X-ray 

crystallography. 

 

Compound 1: Yield: 0.124 g (62% based on nickel metal). HRMS: calc: 750.0047, found: 

750.0047 (m/z). Anal. Calc. for C84H60N8NiP2S4: C 70.54, H 4.22, N 7.83 %. Found: C 

70.83, H 4.29, N 8.19 %. IR (KBr, ν/cm–1): 3468, 3051, 2922, 2852, 1635, 1585, 1473, 

1431, 1348, 1207, 1087, 995, 860. 1H NMR (400 MHz, δ ppm) (CD3CN): 8.12-2.11 (m, 

1H), 8.04-7.89 (m, 13H), 7.77-7.65 (m, 40H), 7.62-7.60 (m, 3H), 7.47-7.42 (m, 3H). 

Compound 2: Yield: 0.103 g (58% based on nickel metal). HRMS: calc. 750.0047, found: 

750.0047 (m/z). Anal. Calc. for Anal. Calc. for C84H60N8NiP2S4: C 70.54, H 4.22, N 7.83 

% Found: C 70.83, H 4.29, N 8.19 %. IR (KBr, ν/cm–1): 3435, 3049, 2922, 2851, 1583, 

1481, 1327, 1205, 1078, 997, 850. 1H NMR (500 MHz, δ ppm) (CD3CN):  8.06-8.03 (m, 

12H), 7.89-7.85 (m, 21H), 7.83-7.78 (m, 23H), 7.72 (s, 4H). 

Compound 3: Yield: 0.135 g (68% based on nickel metal). HRMS: calc: 770.8572, found: 

769.8494 (M-H)+. Anal. Calc. for C80H56N4NiP2S8: C 66.24, H 3.89, N 3.86 %. Found: C 

66.42, H 3.96, N 4.19 %. IR (KBr, ν/cm–1): 3437, 2922, 2851, 1641, 1581, 1514, 1483, 

1431, 1358, 1203, 1080, 995, 848.  1H NMR (500 MHz, δ ppm) (CD3CN): 8.06-8.01 (m, 

15H), 7.86-7.54 (m, 33H), 7.43-7.21 (m, 3H), 7.16-7.13 (m, 5H). 

Compound 4: Yield: 0.122g (58% based on nickel metal). HRMS: calc: 706.9486, found: 

705.9408 (M-H)+. Anal. Calc. for C80H56N4NiO4P2S4: C 69.31, H 4.07, N 4.04 %. Found: 

C 69.55, H 4.13, N 4.49 %. IR (KBr, ν/cm–1): 3416, 2922, 2851, 1581, 1481, 1425, 1327, 

1251, 1205, 1157, 1078, 997, 887. 1H NMR (400 MHz, δ ppm) (CD3CN): 7.93-7.86 (m, 
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5H), 7.77-7.70 (m, 15H), 7.69-7.65 (m, 7H), 7.63-7.60 (m, 5H), 7.47-7.42 (m, 14H), 7.26-

7.22 (m, 8H), 7.17-7.15 (m, 2H). 

Compound 5: Yield: 0.132g (62% based on nickel metal). HRMS: calc: 946.0863, found: 

946.0863 (m/z). Anal. Calc. for C104H72N4NiP2S4: C 76.79, H 4.46, N 3.44%. Found: C 

76.98, H 4.52, N 3.73 %. IR (KBr, ν/cm–1): 3439, 3053, 2962, 2924, 2852, 1658, 1624, 

1593, 1433, 1352, 1261, 1176, 1082, 906, 860. 1H NMR (500 MHz, δ ppm) (CD3CN): 

8.24-8.22 (m, 8H), 8.17-8.13 (m, 8H), 8.11-8.08 (m, 3H), 8.05-7.99 (m, 10H), 7.92-7.84 

(m, 17H), 7.82-7.78 (m, 12H), 7.76-7.70 (m, 7H), 7.67-7.61 (m, 7H). 

 
4.1.2.3. Crystal structure determination 
Crystal data of compound 2 was measured at 298(2) K on Oxford Gemini Diffractometer 

equipped with EOS CCD detector. Monochromatic Mo–Kα radiation (λ = 0.71073 Å) was 

used for the measurements. Absorption corrections using multi ψ–scans were applied. 

Single crystals, suitable for facile structural determination for the compound 3, was 

measured at 100(2) K on a three circle Bruker SMART APEX CCD area detector system 

under Mo–Kα (λ = 0.71073 Å) graphite monochromatic X–ray beam, 2400 frames were 

recorded with an  scan width of 0.3o, each for 10 s, crystal-detector distance 60 mm, 

collimator 0.5 mm. Data reduction performed by using SAINTPLUS.27 Empirical 

absorption corrections were performed by using equivalent reflections performed program 

SADABS.27 The structures were solved by direct methods and least-square refinement on 

F2 for the compounds 2 and 3 by using SHELXS-97.28 All non-hydrogen atoms were 

refined anisotropically. The hydrogen atoms were included in the structure factor 

calculation by using a riding model. The crystallographic parameters, data collection and 

structure refinement of the compounds 2–3 are summarized in Table 4.1. Hydrogen 

boding data of the compounds 2–3 are described in Table 4.2. In the crystal structure of 

complex 2, the disordered solvent contributions were removed by the SQUEEZE29 

command in the Platon program.  
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Figure 4.1. Thermal ellipsoidal diagrams of the (a) compound 2 (20% probability), (b) compound 3 (40% 
probability, Hydrogen atoms are omitted for clarity). 

4.1.3. Results and discussion  

4.1.3.1. Synthesis 
Compounds 1-5 have been synthesized by the reaction of one equivalent NiCl2·6H2O with 

two  equivalents of di-substituted-1,3-dithia-5,8-diaza-cyclopenta[b]naphthalen-2-one (f-j) 

in MeOH treated with sodium metal at ambient temperature condition and then 

precipitated by adding tetraphenylphosphonium bromide, yielding the microcrystalline 

form of compounds 1-5 in reasonable yield. Diagrammatic representations of the 

compounds 1–5 have been shown in Scheme 4.5.  
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Figure 4.2. (a) Mean plane (M1) of the half dithiolene unit (Ni1S1C1C6C5N1C7C8N2C4C3C2S2) in 
compound 2 and (b) mean plane (M2) of the half dithiolene unit (Ni1S1C1C6C5N1C7C8N2C4C3C2S2) in 
compound 3. 
 

4.1.3.2. Description of Crystal Structures  

Black coloured block-shaped-crystals of compound (PPh4)2[Ni(C18H10N4S2)2] (2) were 

crystallized in monoclinic space group P(2)/c, whereas compound 

(PPh4)2[Ni(C16H8N2S4)2] (3) was crystallized in triclinic space group P-1.  The asymmetric 

unit in the crystal structure of compounds 2 and 3 (represented as labelled atoms in Figure 

4.1) contains half molecule of nickel-dithiolene moiety and one tetraphenylphosphonium 

cation. The average Ni–S bond distances in the crystal structure of compound 2 is 2.173 

Ǻ, whereas in compound 3, it is 2.163 Ǻ.  The distance between two mean planes of 

chelate rings Ni1S1C1C2S2 in [Ni(C18H10N4S2)2]2– (2) and [Ni(C16H8N2S4)2]2– (3) are 

0.149 Ǻ and 0.172 Ǻ  respectively. The dihedral angle between two S1NiS2 planes in both 

the compounds 2 and 3 is 0°, that is, the c1–Ni–c2 angle is 180° (c1 and c2 are the 

midpoints of the sulphur atoms in the five-membered chelate rings), which indicates the 

geometry around nickel metal centre is perfectly square planar in both compounds. The 

angle between two pyridin-2-yl rings (C14C15C16C17N3C18 and C9C10N4C11C12C13) 

in compound 2 is 62.20°, and angle between two thiophen-2-yl rings (C9C10C11C12S3 

and C13S4C14C15C16) is 51.96° in compound 3. This indicates that, due to the large size 

of the pyridin-2-yl rings (steric effect) the concerned angle is more in compound 2 

compared to that in compound 3. The bending angles (η) between {S1Ni1S2} and 
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{S1C1C2S2} planes present in the {Ni1S1C1C2S2} dithiolate-chelated ring are 9.78° and 

11.31° in compounds 2 and 3 respectively.  The distance between two mean planes in 

compound 2 is 0.423 Å (M1 in Figure 4.2), whereas in compound 3 this distance (M2) 

between two mean planes is 0.526 Å. As shown in Figure 4.2, the half moiety of M1, 

which is present in compound 2, is more planar than the half moiety of M2 which is 

present in compound 3. A prominent feature of the structure for these two complexes is 

that [Ni(C8H2N2S2R2)2]2– (R = pyridin-3-yl and naphthalen-2-yl) exhibit Z-shaped non-

planar geometry with the ligand fragment bent away from the NiS4 plane with a dihedral 

angle of 11.14° in compound 2 and 14.28° in compound 3  (Scheme 4.6); these values are 

comparable to those of known copper dithiolene complexes.30      
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(c) 

 
Figure 4.3. (a) Molecular packing diagram of the compound 2 characterized by C−H···N weak interactions 
resulting in two dimensional supramolecular chain, (b) C–H····π interactions between pyridyl rings from the 
anion moiety and C–H····π interactions between centroid of the metal chelate ring and cation 
(tetraphenylphosphonium), (c) Two-dimensional supramolecular network through C−H···N hydrogen 
bonding interactions in the crystal structure of compound 3. 
 

 
Scheme 4.6. Z-shaped nonplanar geometry. 

 The interactions between pyridine moieties with a distance 2.52 Ǻ (H···A) of 

C(10)–H···N(3) hydrogen bond in compound 2 lead to a two dimensional network; 

compound 3 also offers 2-D network through C–H···N supramolecular interactions as 

shown in Figure 4.3. In compound 2, there are additional C(16)–H····π (H16····Cg, Cg = 

C9C10C11C12C13N4) interactions between pyridine moieties with a distance  of 3.032 

Å; these interactions involve four anionic moieties around one anionic moiety, as shown in 

Figure 4.3(b). In addition to this, there are other C–H···π interactions C–H(29)····Cg and 

C–H(34)····Cg (H····Cg = 3.012 and 2.950 Å respectively), that are present between phenyl 

moiety  (from tetraphenylphosphonium cation) and the centroid (Cg) of the Ni1S1C1C2S2 

chelate ring system. 
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4.1.3.3. UV-Vis absorption spectra for compounds 1–5 

Figure 4.4 shows the electronic absorption spectra of the complexes 1–5. UV-vis-NIR 

absorption spectra measurements were carried out in acetonitrile solutions at ambient 

temperature. The observed absorption maxima of the complexes from 1 to 5 are found at 

635, 639, 665, 649 and 892 nm respectively. As the nature of the substituent of each 

complex varies, it is obvious to expect changes in its corresponding absorption maximum. 

The extent of the relative shift in the absorption maximum of each complex is explained 

based on the extent of delocalization induced by the substituent. The absorption spectra of 

complexes 1 and 2 did not deviate much from one another and the close proximity of their 

maxima is due to the identical in nature of the pyridin-2-yl and pryridin-3-yl substituents. 

However, it is noticed that simple exchange of furan-2-yl by thiophen-2-yl enhances the 

extent of electron delocalization and responsible for the red shift of the absorption 

maximum of complex 3 (665 nm) compared to complex 4 (649 nm). Extending π-electron 

cloud by introducing naphthalene substituent in complex 5 drastically shifts the absorption 

maximum of the complex into the near IR region with absorption maximum at 892 nm. 

These bands can be attributed to the charge transfer transitions (CT) involving electronic 

excitation from a HOMO which is a mixture of dithiolate (π) and metal (d) orbital 

character to a LUMO which is a π* orbital of the dithiolate.31,32 The influence of different 

substituents with different electron delocalization capabilities on the spectral properties of 

the nickel complexes is known  in  literature and the results observed in the present study 

are in accord with the mechanisms explained (in literature) that are  based on the 

delocalization effects of the substituents.15,33     

 Interestingly, complexes 1 and 2 in the present case show negative solvatochromic 

behavior with a blue shift in the spectral maximum with increase in solvent polarity. 

Figure 4.5 represents the negative solvatochromic behavior of complex 2 with a change in 

the absorption maximum from 714 nm in chloroform to 639 nm in acetonitrile. The 

unusual behavior of these complexes indicates more charge transfer nature of the ground 

state than the excited state.34-36 Increase in polarity of the solvent stabilizes the ground 

state more than the excited state, which further increases the energy gap between the 

HOMOs and LUMOs in  dithiolene complexes 1 and 2. The increase in energy gap with 

increase in solvent polarity imparts blue shift to the observed absorption maximum. Like 

most of the organic molecules and inorganic complexes, the solvatochromic behavior of 

the dithiolene complexes is also associated with several solvent factors such as coulomb, 
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directional, inductive, dispersion, charge-transfer, hydrogen-bonding forces, etc.37-39 Thus 

in the present study also, the nature of the solvent-complex interactions will depend on 

these factors. Unlike compounds 1 and 2, complexes 3–5 did not show any solvatochromic 

behavior, solvatochromic spectrum of the compound 5 as shown in Figure 4.6. 

 
Figure 4.4. Normalised electronic absorption spectra of compounds 1–5 in acetonitrile solution. 

 
Figure 4.5. Normalized absorption spectra of compound 2 in different solvents at room temperature.  
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Figure 4.6. Normalised electronic absorption spectra for compound 5 in (a) Acetone, (b) DCM, (c) CHCl3, 
(d) CH3CN, (e) DMF and (f) DMSO solutions.  
 

4.1.3.4. Electrochemistry 

The electrochemical behavior of the complexes 1–5 were performed in dimethylsulfoxide 

solution, which contains [Bu4N][ClO4] (TBAP) as supporting electrolyte (at plantinum 

working electrode). A representative cyclic voltammogram of compound 2 is as shown in 

Figure 4.7. This shows an reversible oxidative response at E1/2 = +0.21 V (ΔE = 83 mV) 

vs. Ag/AgCl (under identical condition, Fc+/Fc couple is observed at 0.53 V) which 

corresponds the [Ni(C8H2N2S2R2)2]1– ∕  [Ni(C8H2N2S2R2)2]2– (R = naphthalen-2-yl) redox 

couple for the compound 2. Compound 1 exhibits reversible oxidative response at E1/2 = 

0.17 V (92 mV), whereas compounds 3–5 exhibit quasi reversible oxidative responses at 

E1/2 = 0.18 V (120 mV), 0.17 V (132 mV), 0.09 V (111 mV) respectively (see Figure 4.8). 

According to literature,40-43 usually NiII-bis(dithiolene) complexes exhibit oxidative 

response within the range of E1/2 = +0.12 V to +0.41 V. In the present study, among all 

compounds 1–5, compound 5 is easily oxidized (E1/2 = 0.09 V) than other compounds 1–4 

and this value is very less compared to the previously reported literature values. Probably 

the electron drift from metal center to the substituent naphthalene ring by resonance effect 

is responsible for this low oxidation potential of compound 5. 
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Figure 4.7. Cyclic voltammogram of compound 2 in TBAP/DMSO at scan rate 50 mVs–1. 
 

 
Figure 4.8. Cyclic voltammograms of the complexes (a) 1, (b) 3, (c) 4 and (d) 5 at scan rate 50 mVs–1. 
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4.2. Tetrathiafulvalene Derivatives 

4.2.1. Introduction 
 Electrochemically amphoteric compounds are of the current interests owing to 

their potential applications in molecular electronics and optoelectronics, where by the 

organic compounds possessing a high degree of conjugation; these systems are particularly 

interesting for advanced electronic application.44  In this context, the effective 

intermolecular orbital overlap between π–stacked assemblies, which is highly sensitive to 

chemical modifications of the TTF framework, plays a crucial role in the electric 

conductivity. Based on literature, TTF-imidazole systems exhibit exceptional electronic 

and structural modulation effects through protonated hydrogen bonds, leading to a number 

of highly conductive CT complexes with various substituents on acceptor moieties.45 

Accordingly efforts have been directed to the design and synthesis of molecular systems 

composed of building blocks that give rise to electron donor (D) and acceptor (A) 

interaction amongst all kinds of the molecular electron donor moieties e.g., 

tetrathiafulvalene(TTF) unit and its derivatives.  Upon protonation on the acceptor 

moieties, it gives an cationic species, thus leading to  more CT bands with less energy gap 

between HOMO and LUMO orbitals; these materials are used as conducting and 

superconducting materials.46  Herein, we report five heterocyclic based tetrathiafulvalene 

derivates with the molecular formulae [(C9H4N2S2R2)2] (R = pyridin-2-yl (6), pyridin-3-yl 

(7), furan-2-yl (8) and naphthalen-2-yl (9)).  All these TTF molecules are characterized by 

the HRMS, UV-Vis, 1H NMR and routine elemental analysis.  

4.2.2. Experimental section 

4.2.2.1. Synthesis 
General synthetic route for the preparation of the compounds (a-e): A mixture of 

solution containing 5,6-diaminobenzo[d][1,3]dithiole-2-thione (1mmol), corresponding 

1,2diketone (1mmol), and iodine(10 mol%) in CH3CN (10.0 mL) was stirred at room 

temperature for 2 h. The resulting yellow colored precipitate was separated by filtration, 

washed with little CH3CN and dried in an open air. 

6,7-Di-pyridin-2-yl-1,3-dithia-5,8-diaza-cyclopenta[b]naphthalene-2-thione (a): (Yield: 

90%). 1H NMR (400 MHz, δ ppm) (DMSO-d6): 7.39-7.42 (m, 2H), 8.00-8.05 (m, 4H), 
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8.31 (s, 2H), 8.76 (s, 2H). LC-MS (ESI): m/z: 391 (M+H)+. Anal. Calc. for C19H10N4S3: C 

58.44, H 2.58, N 14.35. Found: C 58.68, H 2.63, N 14.72 %.  

 
6,7-Di-pyridin-3-yl-1,3-dithia-5,8-diaza-cyclopenta[b]naphthalene-2-thione (b): (Yield: 

93%). 1H NMR (400 MHz, δ ppm) (DMSO-d6): 7.39-7.42 (m, 2H), 8.00-8.05 (m, 4H), 

8.31 (s, 2H), 8.76 (s, 2H). LC-MS (ESI): m/z: 391 (M+H)+. Anal. Calc. for C19H10N4S3: C 

58.44, H 2.58, N 14.35. Found: C 58.68, H 2.63, N 14.72 %. 

 

6,7-Di-thiophen-2-yl-1,3-dithia-5,8-diaza-cyclopenta[b]naphthalene-2-thione (c): (Yield: 

92%). 1H NMR (400 MHz, δ ppm) (DMSO-d6): 7.12-7.14 (m, 2H), 7.27-7.28 (m, 2H), 

7.84-7.85 (d, 2H), 8.56 (s, 2H). LC-MS (ESI): m/z: 400 (M+H)+ . Anal. Calc. for 

C17H8N2S5: C 50.97, H 2.01, N 6.99. Found: C 51.23, H 2.06, N 6.52 %. 

 

6,7-Di-furan-2-yl-1,3-dithia-5,8-diaza-cyclopenta[b]naphthalene-2-thione (d): 

(Yield: 92%). 1H NMR (400 MHz, δ ppm) (DMSO-d6): 6.73-6.79 (m, 4H), 7.94 (s, 2H), 

8.59 (s, 2H). LC-MS (ESI): m/z: 369 (M+H)+. Anal. Calc. for C17H8N2O2S3: C 55.42, H 

2.19, N 7.60. Found: C 55.81, H 2.26, N 7.26 %. 

 

6,7-Di-naphthalen-2-yl-1,3-dithia-5,8-diaza-cyclopenta[b]naphthalene-2-thione (e): 

(Yield: 92%). 1H NMR (400 MHz, δ ppm) (DMSO-d6): 7.44-7.56 (m, 3H), 7.86-7.89 (m, 

4H), 8.16-8.21 (m, 2H), 8.75 (s, 1H). LC-MS (ESI): m/z: 489 (M+H)+. Anal. Calc. for 

C29H16N2S3: C 71.28, H 3.30, N 5.73. Found: C 71.57, H 3.36, N 6.08 %. 

 

General synthetic route for the preparation of the TTF derivatives (6-9): Based on 

literature,46e  a solution of compounds f, g and i, j (0.320 mmol) in triethylphosphite (3 

mL) was refluxed at 130–140 °C  for 2 h under N2 atmosphere. After cooling to room 

temperature, MeOH (15 mL) was added and the resulting orange precipitate was filtered 

off.  

 

6,7,6΄,7΄-tetra(pyridin-2-yl)-[2,2΄]bi[1,3-dithia-5,8-diaza-cyclopenta[b]napthalenylidene] 

(6): Yield: 48%. 1H NMR (400 MHz, CDCl3, δ ppm): 8.56 (d, 4H), 8.38 (d, 4H), 7.84 (m, 

4H), 7.34-7.30 (m, 4H), 7.5 (s, 4H). 13C NMR (100 MHz, CDCl3): δ 154.1, 148.6, 145.2, 
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137.6, 133.8, 133.6, 131.6, 127.2, 120.0. HRMS: Calc. 716.0694. Found: 717.0772. Anal. 

Calc. for C38H20N8S4: C 63.67, H 2.81, N 15.63. Found: C 63.36, H 2.76, N 15.21.   

 

6,7,6΄,7΄-tetra(pyridin-2-yl)-[2,2΄]bi[1,3-dithia-5,8-diaza-cyclopenta[b]napthalenylidene] 

(7): Yield: 52%. 1H NMR (CDCl3, δ ppm): 9.21 (s, 4H), 8.66 (d, 4H), 8.38 (d, 4H), 7.76 

(s, 4H), 7.51 (m, 4H). 13C NMR (100 MHz, CDCl3): δ 154.3, 146.9, 146.4, 137.6, 134.3, 

133.6, 132.8, 127.2, 120.0. HRMS: Calc. 716.0694. Found: 717.0773. Anal. Calc. for 

C38H20N8S4: C 63.67, H 2.81, N 15.63. Found: C 63.36, H 2.76, N 15.21.   

 

6,7,6΄,7΄-tetra(furan-2-yl)-[2,2΄]bi[1,3-dithia-5,8-diaza-cyclopenta[b]naphthalenylidene] 

(8): Yield: 46%. 1H NMR: (400 MHz, CDCl3): δ 7.82 (d, 4H), 7.78 (s, 4H), 7.46-6.84 (m, 

8H). 13C NMR: (100 MHz, CDCl3): δ 156, 144.2, 141.7, 137.6, 134.6, 127.4, 111.4, 106.8, 

119.6. HRMS: Calc. 672.0054. Found: 673.0086. Anal. Calc. for C34H16N4O4S4: Calc. C 

60.70, H 2.40, N 8.33. Found C 60.34, H 2.34, N 8.79.  

 

6,7,6',7'-tetra(naphthalen-2-yl)-[2,2']bi[1,3-dithia-5,8-diaza-

cyclopenta[b]napthalenylidene] (9): Yield: 54%. 1H NMR: (400 MHz, CDCl3): δ 8.42-

7.96 (m, 16H), 7.84 (d, 4H), 7.61-7.56 (m, 8H), 7.6 (s, 4H). 13C NMR (100 MHz, 

CDCl3): δ 137.8, 134.6, 134.1, 133.6, 132.8, 131.0, 128.2, 128, 127.9, 127.2, 126.6, 126, 

125.4, 125.0, 121.4. HRMS: Calc. 912.1510. Found: 913.1518. Anal. Calc. for 

C58H32N4S4: C 76.29, H 3.53, N 6.14. Found: C 76.72, H 3.47, N 6.53. 
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 Scheme 4.7. Synthetic route for new heterocyclic tetrathiafulvalene derivatives 
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Scheme 4.8. Structural representation of synthesized TTF derivatives 6-9. 

4.2.3. Results and discussion: 

 The UV-vis absorption spectral measurements of the compounds 6–9 are carried 

out in CHCl3 at an ambient temperature (298 K). As shown in Figure 4.9, absorption 

spectra of all the compounds exhibit two peaks at 281 and 471 nm.  The lowest energy 

band in the 400 – 800 nm region corresponds to  intramolecular charge transfer (ICT) 

transition from the TTF unit to the substituted (R = pyridin-2-yl (6), pyridin-3-yl (7), 

furan-2-yl (8) and naphthalen-2-yl (9)) pyrazine unit.47  π–π* transition between TTF and 

substituted pyrazine core unit is believed to be responsible for the strong absorption band 

in the UV region in their electronic absorption spectra.47  

 As shown in Figure 4.9, all these A–D–A compounds are found to be acid sensitive 

and addition of hydrochloric acid induces changes in the absorption spectral properties 

with the appearance of new bands between 300 and 670 nm. Except for compound 6, 11.6 

M HCl is directly used for the titration experiments of compounds 7-9.  Figure 4.9(a) 

shows the effect of acid on the spectral properties of compound 6 in CHCl3. Addition of 

different volumes of acid (2.3 M) to 4 x 10-5 M to compound 6  solution leads to shift in 

the 281 and 471 nm bands to 305 and 502 nm respectively.  It has  already been 

demonstrated experimentally and theoretically that benzimidazole nitrogen atoms have 

higher proton affinity than pyridine-2-yl moiety.48   Based on this literature report, we 

anticipate that  protonation, in case of compound 6,  starts with pyridine nitrogen atoms 

followed by nitrogen atoms on the pyrazine moiety. Similar is the case with TTF 

derivative of compound 7. The order of electron donating capacity of the substituents to 
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the pyrazine moiety is as follows: furan-2-yl > naphthalen-2-yl > pyridin-2/3-yl.49 After 

adding acid, spectral changes have also been observed in case of furan-2-yl substituent of 

the compound 8, with peak shift from 492 nm to 663 nm.  Addition of acid to naphthalene-

2-yl substituent of compound 9 results in the shift of 270 and 474 nm bands to  307 and 

634 nm respectively. Though the present experiments reveal that all these TTF derivatives 

are acid sensitive, studies to establish the complete picture of protonation of TTF 

derivatives and the nature of nitrogens that get protonated are presently progress in our 

laboratory.   

 

 
Figure 4.9. All  spectra were recorded in CHCl3 solvent , (a) absorption spectra of compound 6 (4x10-5   M) 
vs HCl (23x10-1M), (b) compound 7 (7.5x10-5M) vs HCl (11.6 M), (c) compound 8 (33x10-5M) vs HCl (11.6 
M), (d) compound 9 (4x10-5 M) vs HCl (11.6 M). Insets show the photographs of the compounds before and 
after acid treatment. 
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4.3. Conclusion 
We have described here N-heterocyclic based nickel bis(dithiolene) complexes 

(PPh4)2[Ni(C8H2N2S2R2)2] (R = Pyridin-2-yl (1), Pyridin-3-yl (2), Thiophen-2-yl (3), 

Furan-2-yl (4) and Naphthalen-2-yl (5)). Complexes 2 and 3 have been characterized by 

X-ray crystallography; the relevant analysis shows supramolecular weak interactions in 

the crystal structures  and the distortion in square-planar geometry around the metal ion in 

terms of dihedral angle (λ) between two SMS planes and bending angle (η) (between the 

SMS and CSSC planes) of dithiolene chelate ring system. We have compared the effect of 

dithiolene-substituents on the electronic absorption spectral shift. The more electron 

donating group / more delocalization dithiolene core moiety exhibits band at near-IR 

region, hence there is a red shift (892 nm) for the naphthlen-2-yl substituent group of 

dithiolene complex 5. Charge transfer absorption band in compounds 1 and 2 (635 and 639 

nm) are influenced by the solvent polarity, and hence it shows a negative solvatochromism 

(absorption band is shifted towards blue shift for the more polar solvent). An important 

aspect of the present study is that compound 5 is oxidized electrochemically at a very low 

oxidation potential meaning that complex (PPh4)2[NiII(C8H2N2S2R2)2] (5) (R = naphthalen-

2-yl) would be easily oxidized to corresponding Ni(III) compound 

(PPh4)[NiIII(C8H2N2S2R2)2]. N-heterocyclic based intramolecular TTF derivatives has been 

prepared characterized by HRMS techniques. All these TTF derivatives (6–9) exhibit 

bands nearly at 281 and 471 nm. After titration with acid we can observe new shifting 

peaks within the range of 300–680 nm, due to the protonation of the pyrazine nitrogen 

atoms.  
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Table 4.1. Crystal data and structural refinement for compounds 2 and 3. 
 

 2 3 
Empirical formula C80H60NiN8S4P2 C80H56N4NiP2S8 

Formula weight 1430.29 1450.42 

Temperature (K) 298K 100K 

Crystal size (mm)                        0.24 x 0.22 x 0.18 0.28X0.26X0.22 

Crystal system                             Monoclinic Triclinic 

space group                                  P2(1)/c P-1 

Z 2 1 

Wavelength (Å)                           0.71073 0.71073 

a [Å]                                            15.506(5) 9.364(10) 

b [Å]                                            15.916(5) 10.592(11) 

c [Å]                                            15.090(4) 17.983(19) 

α [°]                                             90.00 78.44(2) 

β [°] 90.97(2) 76.54(2) 

γ [°]                                              90.00 73.63(2) 

Volume [Å3]                                3723.95(19) 1647.0(3) 

Calculated density (Mg/m-3)       1.276 1.462 

Reflections collected/ unique      14890/6451 15756/ 5783 

R(int)                                            0.0357 0.0485 

F(000)                                           1484 750 

Max. and min. transmission         0.9208 and 0.8964 0.8705 and 0.8393 

θ range for data collection(deg.) 2.70 to 25.00 2.03 to 25.00  

Data / restraints / parameters       6451 / 0 / 448 5783 / 0 / 430 

Goodness-of-fit on F2                  0.821 1.208 

R1/wR2 [I>2sigma(I)]                  0.0550/ 0.1484 0.0704/ 0.1401 

R1/wR2 (all data)                          0.0911 / 0.1761 0.0858/  0.1464 

Largest diff. peak and hole [e.Å-3] 

 

0.330 and -0.247 0.962 and -0.474 

 
 

 

 

 

 

 



  

Table 4.2. Hydrogen bonding parameters for compounds 2 and 3 [Ǻ and deg.]. 

__________________________________________________________ 

D-H...A                       d(D-H)      d(H...A)    d(D...A)    <(DHA) 

Compound 2 

C(10)-H(10) ...N(3)#1        0.93        2.52        3.363(6)    150.2 

C(39)-H(39) ...N(3)#2         0.93        2.92        3.653(7)   136.5 

Compound 3 

C(31)-H(31)...N(1)#3         0.93        2.85        3.529(6)    131.1 

C(22)-H(22)...N(2)#2         0.93        2.85        3.656(6)    145.9 

C(27)-H(27)...N(1)#2         0.93        2.86        3.699(6)    151.3 

C(11)-H(11)...S(4)#4         0.93        3.02        3.862(5)    151.0 

   

Symmetry transformations used to generate equivalent atoms: 

 #1 -x,y+0.5,-z+0.5  #2 -x,-y+1,-z+1  #3 -x+1,-y,-z+1    #4 -x,-y,-z+1  
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5.1. Introduction 

The most N-Heterocyclic carbenes (NHCs) are commonly derived from 

imidazolium/benzimidzolium salts. Generally NHCs have attracted considerable attention 

because of their ability to coordinate very strongly to transition metals and main-group 

elements.1,2  In 1968, Ofele and Wanzlick first pioneered the metalation of imidazol-2-

ylidenes,  that are popularly known as N-Heterocyclic carbenes.3,4 NHCs (as ligands) are 

considered to be better σ donors (i. e.,  Lewis bases) than most phosphines.5 NHCs, that   are 

air-stable, are significantly simpler to synthesize. Even though, these are not realized with d10 

ions, they have  potential for metal-ligand back-bonding interactions.6 While some of these 

carbenes are isolable, some are less stable that can be  generated by in-situ.7-11 Transition 

metal-NHC complexes have  several applications in the areas of catalysis of organic reactions 

(most notably the Heck and Suzuki C–C coupling reactions),12-20 supramolecular- and, 

materials-chemistry.21-23 Silver-NHC complexes are generally prepared by a one-pot reaction 

of an imidazolium/benzimidazolium salt with Ag2O, which can be easily derived. There are 

Abstract:– The syntheses, crystal structures and properties of new N-heterocyclic carbene complexes 

[{1-(2,3,5,6- tetra methyl benzyl)-3-benzylbimy}AgCl] (2a), [{1-(benzyl)-3-benzylbimy}2Ag][BF4] 

(2b), [{1-(benzyl)-3-butylbimy}AgBr]2 (2c), [{1-(benzyl)-3-(4-nitro-benzyl)bimy}AgBr] (2d), [{1-

(benzyl)-3-(4-bromo-benzyl)bimy}AgBr] (2e), [{1-(benzyl)-3-(4-nitro-benzyl)bimy}2Ag][BF4] (2f), 

[{1-(benzyl)-3-(4-bromo-benzyl)bimy}2Ag][BF4] (2g) (bimy = benzimidazol-2-ylidene), and [{1-(10-

bromo-9-anthracenylmethyl)-3-butylimy}AgBr] (2h) (imy = imidazol-2-ylidene) have been described. 

Compounds 2a-2h have been characterized by IR-, 1H NMR-, UV-visible- LC/MS-spectral and 

electrochemical studies including elemental analysis. Compounds 2a-2c and 2h are unambiguously 

characterized by single crystal X-ray crystallography.  
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some reports on  benzimidazole-2-ylidene  and  imidazole-2-ylidene complexes of silver.24-30  

In fact,  silver-NHC complexes have drawn significant interest, particularly because of their 

ability to act as effective carbene transfer agent for the syntheses of Ni-, Pd-, Pt-, Cu-, Au-, 

Rh-, Ir- and Ru-carbene complexes; indeed, this route is the only method for the effective 

preparation of metal-carbene metal complexes.31-32 In addition, silver carbene metal 

complexes are well noted as efficient fluorescent switches; they show biological activity and 

have also been used as antimicrobial and antimitochondrial agents.33-40 Herein we wish to 

report the syntheses of silver-NHC complexes  [{1-(2,3,5,6- tetra methyl benzyl)-3-

benzylbimy}AgCl] (2a), [{1-(benzyl)-3-benzylbimy}2Ag][BF4] (2b), [{1-(benzyl)-3-

butylbimy}AgBr]2 (2c), [{1-(benzyl)-3-(4-nitro-benzyl)bimy}AgBr] (2d), [{1-(benzyl)-3-(4-

bromo-benzyl)bimy}AgBr] (2e), [{1-(benzyl)-3-(4-nitro-benzyl)bimy}2Ag][BF4] (2f), [{1-

(benzyl)-3-(4-bromo-benzyl)bimy}2Ag][BF4] (2g) (bimy = benzimidazol-2-ylidene), and [{1-

(10-bromo-9-anthracenylmethyl)-3-butylimy}AgBr] (2h). Among this 2a–2h, the compounds 

2a, 2b, 2c and 2h are unambiguously characterized by single crystal X-ray crystallography. 

All compounds 2a–2h have been further characterized by routine elemental analysis, UV-vis 

electronic absorption-, 1H NMR- , and LC/MS -spectroscopic techniques.  

5.2. Experimental Section 

5.2.1. Materials and Methods 
All the chemicals for synthesis were commercially available and used as received. 

Benzimidazolium/imidazolium salts of bromide/tetrafluoroborate were prepared according to 

literature procedure.[69,70] Syntheses of metal complexes were performed under light sensitive 

care. The general procedure is schematically shown in Scheme 5.1. Solvents were dried by 

standard procedures. Micro analytical (C, H, N) data were obtained with a FLASH EA 1112 

Series CHNS Analyzer. 1H NMR spectra of compounds were recorded on Bruker DRX- 400 

spectrometer using Si(CH3)4 [TMS] as an internal standard. Electronic absorption spectra of 

solutions were recorded on a Cary 100 Bio UV-Vis spectrophotometer. 
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Scheme 5.1. Synthetic procedure to prepare silver-carbene complexes 2a–2h. 
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5.2.2. Synthesis 

General method for the benzimidazolium/imidazolium salts: 

To a round-bottom flask containing benzimidazole/imidazole (1.0 mmol) in THF solution 

were added sodium hydroxide (2.2 mmol), tetrabutylammonium bromide (0.2 mmol), and 

benzyl/alkyl halide (1.1 mmol). The reaction mixture was refluxed for 4h and then cooled to 

room temperature and solvent was removed by rotary evaporator. Water was added to the 

mixture and solvent extract with dichloromethane, dried over by sodium sulphate and solvent 

was removed by rotary evaporator. To this product, benzyl/anthracenyl halide was added in 

THF solution and kept reflux for overnight, and filtered the compound, dried the compound 

by air.  

3-Benzyl-1-(2,3,5,6-tetramethyl-benzyl)-3H-benzoimidazol-1-ium chloride (1a):  

Yield: (0.794 g). 1H NMR (400 MHz, δ ppm) (DMSO-d6): 10.01 (s, 1H), 7.92 (m, 4H), 7.43 

(m, 6H), 5.64 (d, 4H), 2.21 (m, 12H). Anal. Calc. for C25H27ClN2: C 76.80, H 6.96, N 7.17. 

Found: C 77.15, H 7.02, N 7.35 %. 

1,3-Dibenzylbenzimidazolium tetrafluoroborate (1b): 

Yield: 0.750g. 1H NMR (400 MHz, DMSO-d6): δ 10.02 (s, 1 H), 7.98-7.96 (m, 2H), 7.65-7.63 

(m, 2 H), 7.52 (d, 4H), 7.46-7.37 (m, 6 H), 5.79 (s, 4H). Anal. Calc. for C21H19BF4N2: C 

65.31, H 4.96, N 7.25. Found: C 65.69, H 5.03, N 7.69 %. 

3-Benzyl-1-butyl-3-H-benzimidazol-1-ium bromide (1c): 

Yield: 0.894 g. 1H NMR (400 MHz, δ ppm) (DMSO-d6): 10.01 (s, 1H), 7.89 (s, 1H), 7.75 (s, 

1H), 7.43 (m, 7H), 5.78 (s, 2H), 4.53 (s, 2H), 1.87 (s, 2H), 1.34 (s, 2H), 0.91 (s, 3H). Anal. 

Calc. for C18H21BrN2: C 62.61, H 6.13, N 8.11. Found: C 62.96, H 6.19, N 8.42 %.  

1-Benzyl-3-(4-Nitro-benzyl)benzimidazolium bromide (1d): 

Yield: 0.862g. 1H NMR (400MHz, DMSO-d6): δ 9.98 (s, 1H), 7.77 (s, 2H), 7.54 (d, 4H), 7.37 

(m, 7H), 5.79 (d, 4H). Anal. Calc. for C21H18BrN3O2: C 59.45, H 4.28, N 9.90. Found: C 

59.12, H 4.35, N 10.22 %. 

1-Benzyl-3-(4-Bromo-benzyl)benzimidazolium Bromide (1e): 

Yield: 0.960g. 1H NMR (400MHz, DMSO-d6): δ 9.98 (s, 1H), 7.96 (t, 2H, J= 3.6), 7.64 (t, 

4H, J= 3.6), 7.51 (t, 4H, J= 8.4), 7.45-7.39 (m, 3H), 5.78-5.76 (4H). Anal. Calc. for 

C21H18Br2N2: C 55.05, H 3.96, N 6.11. Found: C 55.39, H 4.03, N 6.42 %. 
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1-Benzyl-3-(4-Nitro-benzyl)benzimidazolium tetrafluoroborate (1f): 

Yield: 0.862g. 1H NMR (400MHz, DMSO-d6): δ 10.01 (s, 1H), 8.29 (d, 2H, J=8.8), 7.97 (s, 

2H), 7.91 (s, 2H), 7.77 (d, 2H, J=8.4), 7.65 (t, 2H, J=3.6), 7.54 (d, 2H, J=7.2), 7.43 (t, 3H, 

J=4.8), 5.96 (s, 2H), 5.80 (s, 2H). Anal. Calc. for C21H18BF4N3O2: C 58.49, H 4.21, N 9.75. 

Found: C 58.85, H 4.28, N 10.04 %.  

1-Benzyl-3-(4-Bromo-benzyl)benzimidazolium tetrafluoroborate (1g): 

Yield: 0.794 g. 1H NMR (400 MHz, δ ppm) (DMSO-d6): 9.99 (s, 1H), 7.72 (m, 2H), 7.26-

7.39 (m, 11H), 5.78 (d, 4H). Anal. Calc. for C21H18BF4N2Br: C 54.23, H 3.90, N 6.02. Found: 

C 54.58, H 3.95, N 6.34 %. 

3-Benzyl-1-(10-bromo-anthracen-9-ylmethyl)-3H-imidazol-1-ium bromide (1h): Yield: 0.784 

g. 1H NMR (400 MHz, δ ppm) (DMSO-d6): 9.87 (s, 1H), 8.67-8.34 (m, 4H), 7.67-7.32 (m, 

6H),  6.12 (m, 2H), 3.53 (s, 2H), 1.50 (s, 2H), 0.98 (s, 2H), 0.67 (s, 3H). Anal. Calc. for 

C22H22Br2N2: C 55.72, H 4.68, N 5.91. Found: C 55.96, H 4.75, N 6.29 %.  

 

Preparation of the silver-carbene complexes (2a–2h) 

  [(C25H26N2)AgCl] (2a) 

 A stirred suspension of KOBut (0.04 g, 0.3 mmol), 3-Benzyl-1-(2,3,5,6-tetramethyl-

benzyl)-3H-benzoimidazol-1-ium chloride (1a) (0.160 g, 0.3 mmol) and silver oxide (0.04 

g, 0.15 mmol) in CH2Cl2 (15 mL) was stirred at room temperature for 4 h. After 

completion of this reaction, it was filtered through celite and solvent was concentrated to 

3 mL by rotary evaporator and subsequently diethylether (2 mL) was added to give white 

solid. Yield: (0.08 g). 1H NMR (400 MHz, δ ppm) (DMSO-d6): 2.21 (m, 12H), 5.64 (d, 

4H), 7.43 (m, 6H), 7.92 (m, 4H). MS (ESI): m/z 496. Anal. Calc. for C25H26N2AgCl: C 

60.32, H 5.26, N 5.63. Found: C 60.55, H 5.21, N 5.97 %.  

 

[(C21H18N2)2Ag][BF4]  (2b)   

 This complex was prepared in a manner analogous to that of 2a. In this case, the 

reactants are:  1,3-dibenzylbenzimidazolium tetrafluoroborate (1b) (0.772 g, 2 mmol), KOBut 

(0.11 g, 1 mmol) and silver oxide (0.232 g, 1 mmol). Complex 2b was obtained as a white 

powder. Yield: (0.54 g). 1H NMR (400 MHz, δ ppm) (DMSO-d6): 5.78 (s, 8H), 7.30 (m, 
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20H), 7.44 (s, 4H), 7.78 (s, 4H). MS (ESI): m/z: 702 (M-H)+. Anal. Calc. for C42H36N4AgBF4: 

C 63.74, H 4.58, N 7.08. Found: C 64.09, H 4.52, N 6.67 %.    

[(C18H20N2)AgBr]2 (2c) 

 This complex was prepared in a manner analogous to that of 2a. The starting 

precursors are: 3-benzyl-1-butyl-3-H-benzimidazol-1-ium bromide (1c) (0.373 g, 1 mmol), 

KOBut (0.11 g, 1 mmol) and silver oxide (0.116 g, 0.5 mmol). Complex 2c was obtained as a 

white powder. Yield: (0.22 g). 1H NMR (400 MHz, δ ppm) (DMSO-d6): 0.91 (s, 6H), 1.34 (s, 

4H), 1.87 (s, 4H), 4.53 (s, 4H), 5.78 (s, 4H), 7.43 (m, 14H), 7.75 (s, 2H), 7.89 (s, 2H). MS 

(ESI): m/z: 635 ([L2Ag]+, 100%). Anal. Calc. for C36H40Ag2Br2N4: C 47.82, H 4.46, N 6.20. 

Found: C 47.49, H 4.39, N 6.67 %.    

 

[(C21H17N3O2)AgBr] (2d) 

 1-Benzyl-3-(4-nitro-benzyl)benzimidazolium bromide (1d) (0.212 g, 0.5 mmol) was 

taken in CH2Cl2 (20 mL); to this, silver oxide (0.058 g, 0.25 mmol) was added. It was then  

stirred for 4 h at ambient temperature. After completion of this reaction, it was fileterd 

through celite and solvent was concentrated to 3 mL. Subsequently,  diethylether (2 mL) was 

added to give a white powder. Yield:  (0.124 g). 1H NMR (400 MHz, δ ppm) (DMSO-d6): 

5.78 (d, 4H), 7.36 (m, 7H), 7.56 (d, 4H), 7.76 (s, 2H). MS (ESI): m/z: 529. Anal. Calc. for 

C21H17N3O2AgBr: C 47.49, H 3.23, N 7.91. Found: C 47.85, H 3.28, N 7.54 %. 

 

[(C21H17N2Br)AgBr] (2e) 

 1-Benzyl-3-(4-Bromo-benzyl)benzimidazolium bromide (1e) (0.343 g, 0.74 mmol) 

was taken in CH2Cl2 (20 mL). It was then treated with  silver oxide (0.088 g, 0.37 mmol). The 

resulting reaction mixture was stirred for 8 h at an ambint temperature. After completion of 

this reaction, it was fileterd through celite and remove the solvent by rotary evaporator. The 

final product was then washed with diethyl ether and  air dried. Yield:  (0.144 g). 1H NMR 

(400 MHz, δ ppm) (DMSO-d6): 5.80 (s, 2H), 5.97 (s, 2H), 7.37 (m, 7H), 7.54 (d, 2H), 7.76 

(m, 2H), 8.19 (d, 2H). MS (ESI): m/z: 562. Anal. Calc. for C21H17N2AgBr2: C 44.64, H 3.03, 

N 4.96. Found: C 44.35, H 3.09, N 5.38 %. 
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[(C21H17N3O2)2Ag][BF4] (2f) 

  1-Benzyl-3-(4-nitro-benzyl)benzimidazolium tetrafluoroborate (1f) (0.431 g, 1 

mmol) and silver oxide (0.116 g, 0.5 mmol) were taken in acetonitrile (20 mL); the 

resulting reaction mixture was then refluxed for overnight. After cooling the solvent, it 

was filtered through celite and solvnet was concentrated to 3 mL by rotary evaporator.  

Diethylether (3 mL) was added to give white product. Yield: (0.231 g). 1H NMR (400 

MHz, δ ppm) (DMSO-d6): 5.76 (s, 4H), 5.92 (s, 4H), 7.28-7.39 (m, 14H), 7.49 (d, 4H), 

(7.70 (m, 4H), 8.12 (d, 4H). MS (ESI): m/z: 793. Anal. Calc. for C42H34N6O4AgBF4: C 

57.23, H 3.89, N 9.53. Found: C 57.57, H 3.84, N 9.97 %.    

 

[(C21H17N2Br)2Ag][BF4] (2g) 

 This complex was prepared in a manner analogous to that of 2f. The starting precursors 

are: 1-benzyl-3-(4-Bromo-benzyl)benzimidazolium tetrafluoroborate (1g) (0.165 g, 0.35 

mmol) and silver oxide (0.04 g, 0.17 mmol).  Complex 2g was obtained as a white 

powder. Yield: (0.115 g). 1H NMR (400 MHz, δ ppm) (DMSO-d6): 5.75 (d, 8H), 7.28-

7.38 (m, 22H), 7.70 (m, 4H). MS (ESI): m/z: 859. Anal. Calc. for C42H34N4Br2AgBF4: C 

53.14, H 3.61, N 5.90. Found: C 53.54, H 3.18, N 6.39 %.    

[(C22H21N2Br)AgBr] (2h) 

 3-Benzyl-1-(10-bromo-anthracen-9-ylmethyl)-3H-imidazol-1-ium bromide (1h) 

(0.271 g, 0.5 mmol) was taken in CH2Cl2 (25 mL); to this,  silver oxide (0.06 g, 0.25 mmol) 

was added added. It was then stirred for over night at ambient temperature. After completion 

of this reaction, it was  fileterd through celite. The solvent was then concentrated to 3 mL by 

rotary evaporator.  Finally, diethylether was added to give brown powder. Yield:  (0.128 g). 
1H NMR (400 MHz, δ ppm) (DMSO-d6): 0.67 (s, 3H), 1.01 (s, 2H), 1.50 (s, 2H), 3.73 (s, 2H), 

6.22 (m, 2H), 7.67-7.32 (m, 6H), 8.69-8.36 (m, 4H). MS (ESI): m/z: 578. Anal. Calc. for 

C22H21N2AgBr2: C 45.47, H 3.64, N 4.82. Found: C 45.82, H 3.57, N 4.39 %. 
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5.2.3. Crystal structure determination 

Single crystals, suitable for facile structural determination for the compounds 2a–2c and  2h, 

were measured on a three circle Bruker SMART APEX CCD area detector system under Mo–

Kα (λ = 0.71073 Å) graphite monochromatic X–ray beam. The frames were recorded with an 

ω scan width of 0.3º, each for 10 s, crystal-detector distance 60 mm, collimator 0.5 mm. Data 

reduction performed by using SAINTPLUS.[71] Empirical absorption corrections using 

equivalent reflections performed program SADABS.[71] The Structures were solved by direct 

methods and least-square refinement on F2 for all the compounds 1–3 by using SHELXS-

97.[72] All non-hydrogen atoms were refined anisotropically. The hydrogen atoms were 

included in the structure factor calculation by using a riding model. The crystallographic 

parameters, data collection and structure refinement of the compounds 2a–2c, and 2h are 

summarized in Table 5.1. Selected bond lengths and angles for the compounds 2a–2c, and 2h 

are listed in Table 5.2. The hydrogen bonds for the compounds 2a–2c, and 2h are shown 

Table 5.3. The anisotropic displacement parameters of carbon atom C22 are non-positive 

definite, indicating the unresolved disorder, also the maximum and minimum main axis ADP 

ratio of the carbon atoms C1, C2 and C4 are more than 5.0 indicating the unresolved disorder. 

However, no proper model (by applying restraints ISOR or SIMU to displacement 

parameters) was used to resolve this problem. Even though, we collected data for the 

compound 2c at 100 K and with a better quality of crystal we could not resolve the disorder 

problem.  

5.3. Results and Discussion  

5.3.1. Synthesis and spectroscopic characterization 
 Benzimidazolium/imidazolium halides were prepared according to Scheme 5.1. 

Compounds of benzimidazolium halides 1d and 1e are changed to corresponding 

benzimidazolium tetrafluoroborate 1f and 1g respectively by an anionic exchange reaction 

with NH4BF4. The precursors 1b, 1f and 1g are soluble in organic solvents, such as, CH2Cl2, 

CH3OH, and CH3CN, and insoluble in diethyl ether, hydrocarbon solvents. The direct reaction 

of benzimidazolium/imidazolium halides with silver oxide in presence of KOBut in CH2Cl2, 

furnishes the complexes [{1-(2,3,5,6- tetra methyl benzyl)-3-benzylbimy}AgCl] (2a), [{1-
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(benzyl)-3-benzylbimy}2Ag][BF4] (2b), [{1-(benzyl)-3-butylbimy}AgBr]2 (2c). The 

remaining carbene complexes have been prepared  without using base by refluxing the 

acetonitrile solution of benzimidazolium/imidazolium halides and silver oxide affording 

complexes [{1-(benzyl)-3-(4-nitro-benzyl)bimy}AgBr] (2d), [{1-(benzyl)-3-(4-bromo-

benzyl)bimy}AgBr] (2e), [{1-(10-bromo-9-anthracenylmethyl)-3-butylimy}AgBr] (2h), and 

[{1-(benzyl)-3-(4-nitro-benzyl)bimy}2Ag][BF4] (2f), [{1-(benzyl)-3-(4-bromo-

benzyl)bimy}2Ag][BF4] (2g). All these complexes are stable to air, moisture, and sensitive to 

sonication, higher temperature. Benzimidazolium/imidazolium halides were deprotaned by 

the use of strong base KOBut, and for the preparation of some of the complexes (2d-2g), 

silver oxide acts as a base. The 1H NMR spectra of these carbene complexes 2a–2h do not 

show a low-field signal within the range of 9.50-10.00 ppm, and the chemical shifts of other 

hydrogens are similar to those of benzimidazolium/imidazolium halide derivatives of 1a–1h. 

We could not record the 13C NMR spectra for carbene peak because of its poor solubility in 

dueterated organic solvents. The colorless, air-stable crystals of 2a-2c and 2h, suitable for 

single X-ray crystallography, are obtained by slow diffusion of Et2O into their respective 

CH2Cl2 soltutions, and methanol into its 1,2-dichloromethane solution, respectively.  

 Thermal ellipsoidal diagrams and the crystal packing of the complexes 2a–2c, and 2h  

are depicted in Figures. 5.1 to 5.4 respectively.  The internal angle (N–C–N) at the carbene 

center is within the range of 104.48˚ to 105.88˚, which is similar to that of some known 

similar silver complexes.[40-42]  In carbene complexes, the bond between metal and carbene 

carbon is arised by carbene-metal σ-donation as well as π-back donation from the d-orbitals of 

metal to the carbene carbon;[43-49]  thus the carbon-metal bond has a partial double bond 

character. The Ag–Ccarbene bond distances in complexes 2a–2c, and 2h are 2.082, 2.089, 

2.129, and 2.062 Å respectively. This indicates that the partial double bond character between 

carbene carbon and metal is more in complex 2h compared to those in remaing 2a–2c 

complexes. In the crystal structure of  complex 2c, the Ag-benzimy (bimy) bond distance 

(Ag1–C19 = 2.129 Å) indicates  very little π-back-donation and accordingly this metal-

benzimy complex shows very little metal-carbene double bond character,[50,51] which is in 

consistent with known silver-NHC complexes.[52-59]  There are only few reports  on 

anthracene moiety associated benzimidazole and imidazole type  silver carbene complexes. In 
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these compouds, the Ag–Ccarbene bond distances are within the range of 2.073–2.088 Å 

(benzimidazole type)  and 2.084–2.182 Å  (imidazole type).[40,58,60-62] As per this reported 

data, the shortest Ag–Ccarbene bond  (2.062 Å) in the present study (compound 2h, among 

related literature).  

 The electronic absorption spectra of complexes 2a–2h are measured in 

dichloromethane. As shown in the Figure 5.5(a), the complexes of 2a–2g exhibit two bands at 

230 nm and 270–285 nm respectively;  the compound 2h  exhibits two bands at 250 nm, and 

360–400 nm respectively. The fluorescent emission spectra of 1h and 2h in dichloromethane 

solutions are shown in Figure 5.5(b). Both lignad 1h and complex 2h  exhibit a structured 

fluoroscene emission spectrum  in the region of 386–440 nm. Thus the  emission intensity of 

1h is enhanced to some extent  after its  complexation with silver.  

 

5.3.2. Description of crystal structures  

[{1-(2,3,5,6- tetra methyl benzyl)-3-benzylbimy}AgCl]: [(C25H26N2)AgCl] (2a)  

The crystals of complex 2a, suitable for single crystal X-ray structure determination, were 

obtained from diffusion of Et2O into dichloromethane solution. Crystallographic analysis 

reveals that complex 2a crystallizes in triclinic system with P-1 space group. The angle 

between <C1AgCl1 is 175.01°, which indicates the near-linear structure of the CAgC 

moiety as shown in Figure 5.1(a). In its crystal structure, the chlorine atom is situated with a 

distance of 0.4 Å from the benzimidazole moiety plane. The two aryl rings are attached to the 

imidazole ring through two nitrogen atoms. The angle between the mean planes of 

benzimadazole moiety and phenyl moiety is 85.17° and that of benzimadazole moiety and 

tetra methyl phenyl moiety is 89.23° (Figure 5.1(a)). The orientation of the two phenyl rings 

is in trans direction with respect to the benzimadazole moiety. The supramolecular interaction 

between halogen and a hydrogen (C2–H5···Cl1) is 2.780 Å. This intermolecular interaction 

leads to a 2D network, as shown in Figure 5.1(b). In the crystal packing, there are C–H···π 

interactions with a distance of 2.78 Å between the centroid (Cg = C9C10C11C12C13C14) of 

the tetra methyl phenyl ring and the hydrogen atom from the benzyl carbon atom (C8–H8B), 

as shown in Figure 5.1(c).      
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 (c) 
 

 
 
Figure 5.1. (a) Thermal ellipsoidal (40 % probability) plot of compound 2a and (b) packing diagram in the 
crystal structure of 2a (hydrogen atoms are omitted for clarity), (c) C–H···π interactions in compound 2a.   
 

[{1-(benzyl)-3-benzylbimy}2Ag][BF4]: [(C21H18N2)2Ag][BF4] (2b)      

The compound 2b was crystallized in triclinic space group P-1. Thermal ellipsoidal diagram 

of the compound 2b has been shown in Figure 5.2(a). In the crystal structure, the silver ion is 

connected to two carbene moieties with a distance of 2.089 Å. Out of four phenyl rings, two 

are situated at above, and the remaining two are at below the plane of the benzimidazole 

moiety in compound 2b. The angle between mean planes of the two benzimidazole moieties is 

0.60° indicating that the planes of two benzimidazole moieties are slightly deviated from their 

co-planarity nature.  The angle <C1AgC22 (Figure 5.2(a)) of 177.88° indicates the near-linear 

structure of CAgC bonds.  The dihedral angle between the planes of phenyl rings presented 

on the benzimidazole moiety i.e. (C9C10C11C12C13C14) and (C16C17C18C19C20C21) is 

88.28°, while in the other benzimidazole moiety, it is 81.13° [i.e. angle between 

(C30C31C32C33C34C35) and (C37C38C39C40C41C42)].  This suggests that the two 

benzimidazole moieties, which are connected by the silver ion, are in a different alignment. 

There is a π···π stacking interaction between two benzimidazole moieties with a distance of 
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3.579 Å. The supramolecular interactions between fluorine atoms (of BF4
  anion) and 

hydrogen atom (from organic component) afford a 2D-network as shown in Figure 5.2(b);  in 

the relevant  crystal packing, the “Z” type interaction-patterns are observed which are shown 

in  purple color dotted lines.  

 (a) 

 

 

 

 

 

  

 (b) 

 

Figure 5.2. (a) Thermal ellipsoidal (50 % probability) plot of 2b, and (b) packing diagram in the crystal structure 
of compound 2b (hydrogen atoms are omitted for clarity). 
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[{1-(benzyl)-3-butylbimy}AgBr]2: [(C18H20N2)AgBr]2 (2c) 

The crystals of complex 2c crystallize in monoclinic space group P2(1).  In the crystal 

structure, the complex unit [(C18H20N2)AgBr] (Figure 5.3(a)) interacts with another complex 

unit [(C18H20N2)AgBr] (both these complex units appear in the asymmetric unit)  through 

Ag····Br weak bonds to form a supramolecular dimer (Figure 5.3(b)).   

 (a) 

 

 

 

 

 

 (b) 

 

 

 

 

 

 
 
Figure 5.3. (a) Ball and stick presentation of the molecular structure of 2c (two molecules interact by weak 
AgBr supramolecular interactions, shown by dotted line), and (b) packing diagram in the crystal structure of 2c 
(hydrogen atoms are omitted for clarity). 
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The distance between silver and bromine atoms in these complex units are 2.488 Å (Ag1–

Br1), 2.484 Å (Ag2–Br2) respectively. The angle of carbene, silver through bromine i.e. 

<C19Ag1Br1 and <C1Ag2Br2 are 168.28°, 165.09° respectively indicating that 

C19Ag1Br1 and C1Ag2Br2 moieties have near linear structures. The linking region 

(supramolecular interactions) between silver and bromine that bring two complex units of the 

asymmetric unit together are Ag2····Br1 (3.067 Å) and Ag1····Br2 (3.083 Å). Four types of C–

H···π interactions are present in the crystal structure of compound 2c: two are between C28–

H28B, C29–H29C and the centroid of the benzene ring (Cg = C31C32C33C34C35C36) with 

distances of 3.190 Å and 3.517 Å, respectively; rest two are between C18–H18A, C17–H17A 

and the centroid (Cg) of the benzene ring (C9C10C11C12C13C14) with distances of 3.209 Å, 

3.338 Å respectively. A 2D network has been found to be formed via C–H···Br interactions 

(2.837–2.897 Å) as shown in Figure 5.3(b)).   

 [{1-(10-bromo-9-anthracenylmethyl)-3-butylimy}AgBr]: [(C22H21N2Br)AgBr] (2h) 

The crystals of compound 2h were crystallized in monoclinic system with P2(1)/c space 

group. The angle around silver, <C1AgBr3 (see Figure 5.4(a)) is 164.19° indicating near 

linear structure of C1AgBr3 moiety.  This value is comparatively smaller than that in 

related reported compounds.[63-65] The AgCcarbene bond distance in this complex is 2.062 Å. 

The bromine atom, attached to the silver atom, is situated within a distance of 0.924 Å from 

the mean plane of imidazole moiety indicating that bromine atom is not in the plane of 

imdazole moiety. The π····π stacking interactions are observed between the two anthracene  

 (a) 
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 (c) 
 

 
 
Figure 5.4. (a) Thermal ellipsoidal (40 %) plot of 2h, (b) packing diagram in the crystal structure of compound 
2h, and (c) C–H····π interactions in the complex 2h (Hydrogen atoms are omitted for clarity). 
 
rings within a distance of 3.792 Å. As shown in the crystal packing diagram (Figure 5.4(b)), 

concerned molecules arrange in a zigzag manner; in this arrangement, several C–H···π 

interactions are found from C7–H7C, C7–H7A, C4–H4B and C5–H5A, to the centroid (Cg) 

of the imidazole ring (C1C2C3N1N2) with a distance of 3.042 Å, 3.246 Å, 3.401 Å and 3.790 

Å, respectively (see Figure 5.4(c)). In anthracene moiety, the angle between the central ring 
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(C9C10C15C16C17C18) and one side ring (C10C11C12C13C14C15) is 2.21° and the angle 

between the central ring and the other side ring (C17C18C19C20C21C22) is 1.06°. This 

indicates that three aromatic rings in anthracene are not perfectly co-planar. Related 

anthracene carbene metal complexes from literature show both planar and non-planar 

anthracene moieties.[66-68,38-40,58] The bromine atom attached to the centre of benzene ring, is 

situated within a distance of 0.028 Å from the mean plane of the anthracene moiety. 
 
                                 (a)                                                                                 (b)  

 
Figure 5.5. (a) Normalised electronic absorption spectra of the complexes 2a–2h in dichloromethane solution, 
(b) Emission spectra of the complexes 1h and 2h at 298 K upon excitation at 370 nm in CH2Cl2 (5.0X10-6 M). 
 

5.4. Conclusion 
 The present article describes the synthesis and structural characterization of new N-

heterocyclic carbene (NHC) Ag(I) complexes based on benzimidazolium/imidazolium salts. 

A comparison between the metal-carbene bond distances among all these complexes with 

related compounds, reported in literature, has been made. We have described the solution 

electronic absorption spectra of these complexes including emission studies. The 

supramolecular chemistry of four compounds 2a-2c and 2h is discussed in terms of weak 

interactions, present in their crystal structures.  
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Table 5.1. Crystallographic data and structural refinement for complexes 2a–2c and 2h. 
 

 2a 2b 2c 2h 

Empirical formula C25H26AgClN2 C42H35AgBF4N4 C36H40Ag2Br2N4 C22H21AgBr2N2 

Formula weight 497.80 790.42 904.28 581.10 

Temperature (K) 298 298 100 298 

Crystal size [mm]   0.24 x 0.22 x 0.16 0.22 x 0.18 x 0.16 0.22 x 0.20 x 0.16 0.20 x 0.16 x 0.14 

Space group P-1 P-1 P2(1) P2(1)/c 

Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 

a [Å]                                          8.955(5) 11.037(2) 8.716(9) 8.058(16) 

b [Å]                                          10.877(6)  12.798(3) 9.339(10) 28.650(6) 

c [Å]                                           12.538(7) 13.550(3) 21.049(2) 8.931(18) 

α [°]                                    78.55 (10) 105.78(3) 90.00 90.00 

β [°] 72.530(10) 94.27(3) 97.403(2) 90.83(3) 

γ [°]                                            70.874(10) 106.53(3) 90.00 90.00 

V [Å]3                               1093.99(11) 1741.6(6) 1699.1(3) 2061.7(7) 

Z, Calculated 

density [Mg/m-3]       

2, 1.511 2, 1.507 2, 1.767 4, 1.872 

Reflections 

collected/ unique      

10223/3787 16522/6034 15836/5916 20939/4016 

R(int), F(000)                                           0.0179, 508 0.0202, 806 0.0529, 896 0.0558, 1136 

Max. and min. 

transmission         

0.8164 and 0.5696 0.9048 and 0.8724 0.6016 and 0.5101 0.5492 and 0.4430 

θ range for data 

collection[°] 

1.71 to 24.90 1.74 to 24.92 1.95 to 24.99 1.42 to 25.97 

Refinement 

method                      

Full matrix least 

squares on F2 

Full matrix least 

squares on F2 

Full matrix least 

squares on F2 

Full matrix least 

squares on F2 

Data / restraints / 

parameters       

3787/0/266 6034/0/469 5916/1/399 4016/0/245 

Goodness-of-fit on 

F2                  

1.190 1.141 1.077 1.248 

R1/wR2 

[I>2sigma(I)]                 

0.0248/0.0694 0.0380/0.1015 0.0466/0.1071 0.0626/0.1296 

R1/wR2 (all data)                         0.0251/0.0696 0.0385/0.1021 0.0606/0.1130 0.0712/0.1330 

Largest diff. peak 

and hole [e.Å-3]                                         

0.369 and -0.761 1.632 and -1.210 1.963 and -1.187 1.921 and -1.393 
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Table 5.2. Selected bond lengths [Å] and angles [°] for complexes 2a–2c and 2h. 

Complex 2a 
 Ag(1)-C(1)                    2.082(2) 
 Ag(1)-Cl(1)                   2.3324(5) 
 N(1)-C(1)                     1.353(3) 
 N(1)-C(2)                     1.391(3) 

 N(1)-C(19)                        1.462(3) 
 N(2)-C(1)                          1.354(3) 
 N(2)-C(7)                          1.395(3) 
 N(2)-C(8)                          1.474(3) 

C(1)-Ag(1)-Cl(1)          175.02(6)            
C(1)-N(1)-C(2)              111.21(19) 
N(1)-C(2)-C(3)             132.3(2) 
 N(1)-C(2)-C(7)            106.02(19) 

 N(1)-C(1)-N(2)                 105.85(19) 
 N(1)-C(1)-Ag(1)               125.89(17) 
 N(2)-C(1)-Ag(1)               128.20(17) 
 C(25)-C(20)-C(19)           119.3(2) 

      
Complex 2b 

 
Ag(1)-C(22)                    2.089(3) 
Ag(1)-C(1)                      2.089(3) 
 N(1)-C(22)                     1.356(4) 
 N(2)-C(28)                     1.389(4) 

     N(2)-C(29)                      1.460(4) 
     N(3)-C(1)                        1.351(4) 
     N(3)-C(15)                      1.471(3) 
     N(4)-C(8)                        1.464(3)  

 C(22)-Ag(1)-C(1)           177.88(10) 
 C(22)-N(2)-C(28)           111.1(2) 
 C(28)-N(2)-C(29)           125.1(2) 
 C(7)-N(4)-C(8)                125.0(2) 
 

     N(1)-C(22)-Ag(1)            127.1(2) 
     N(3)-C(1)-N(4)                105.7(2) 
     N(3)-C(1)-Ag(1)              128.5(2) 
     N(4)-C(1)-Ag(1)              125.6(2) 

Complex 2c 
Ag(1)-C(19)                     2.129(11) 
Ag(1)-Br(1)                      2.4879(16) 
Ag(1)-Br(2)                      3.0827(17) 
C(35)-C(34)                     1.35(2) 

     C(12)-C(11)                     1.325(17) 
     Ag(2)-C(1)                       2.064(11) 
     Ag(2)-Br(2)                      2.4841(15) 
     Ag(2)-Br(1)                      3.0669(15) 

Br(1)-Ag(1)-Br(2)            86.89(4) 
C(31)-C(36)-C(35)           120.0(14) 
N(4)-C(19)-Ag(1)             130.3(9) 
N(3)-C(19)-Ag(1)            122.8(9) 
C(1)-Ag(2)-Br(2)             165.1(3) 

     Br(2)-Ag(2)-Br(1)            87.31(4) 
     Ag(2)-Br(2)-Ag(1)           92.75(5) 
     Ag(1)-Br(1)-Ag(2)           93.05(5) 
     C(16)-C(17)-C(18)          115.0(12) 
     C(27)-C(28)-C(29)          111.1(14) 

                
Complex 2h 

  
Ag(1)-C(1)                       2.062(7) 
Ag(1)-Br(1)                      2.4186(12) 
Br(2)-C(16)                      1.903(6) 
N(1)-C(1)                         1.352(9) 
N(1)-C(3)                         1.380(9) 
N(1)-C(8)                         1.470(9) 
C(18)-C(9)-C(10)             120.5(6) 

     C(9)-C(18)-C(19)             121.0(7) 
     C(17)-C(18)-C(19)           118.6(6) 
     C(7)-C(6)-C(5)                 112.3(6) 
     N(2)-C(1)-N(1)                104.5(6) 
     N(2)-C(1)-Ag(1)              126.3(5) 
     N(1)-C(1)-Ag(1)              129.0(5) 
     C(17)-C(16)-Br(2)           118.5(5) 
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Table 5.3. Hydrogen bonds for complexes 2a–2c and 2h. 

      D–HA                            d(DH)         d(HA)          d(DA)               <(DHA) 

Complex 2a 

C(5)-H(5)...Cl(1)#1                 0.93                   2.78                3.578(2)                  144.4 

C(22)-H(22)...Cl(1)#2             0.93                   2.81                3.739(3)                  174.3 

C(12)-H(12)...Cl(1)#3             0.93                   2.86                3.748(2)                  159.2   

 

Complex 2b 

 C(29)-H(29A)...F(1)#4          0.97                   2.41                  3.155(3)                 133.3 

 C(11)-H(11)...F(3)#4             0.93                   2.43                  3.347(4)                 169.0 

 C(36)-H(36B)...F(4)#5          0.97                   2.48                  3.190(4)                 130.1 

 C(36)-H(36B)...F(1)#5          0.97                   2.45                  3.381(4)                 161.2 

 C(8)-H(8A)...F(3)#6              0.97                   2.41                  3.177(3)                 135.6 

 C(8)-H(8A)...F(2)#6              0.97                   2.43                  3.323(4)                 152.9 

 

Complex 2c 

C(10)-H(10)...Br(2)#7            0.95                   2.86                  3.635(11)               139.9 

 C(3)-H(3)...Br(2)#8               0.95                   2.80                  3.657(11)               150.5 

 C(32)-H(32)...Br(1)#2           0.95                   2.90                  3.659(13)               138.0 

 C(24)-H(24)...Br(1)#9           0.95                   2.84                  3.693(12)               150.5 

 

Complex 2h 

 C(2)-H(2)...Br(1)#10              0.93                   2.73                  3.540(7)                 146.6 

 C(20)-H(20)...Br(1)#4           0.93                   2.95                  3.771(8)                 147.9 

 C(22)-H(22)...Br(2)#11         0.93                   2.95                  3.607(7)                 129.3 

 

Symmetry transformations used to generate equivalent atoms: #1 x-1,y+1,z; #2 x-1,y,z;    

#3 -x+3,-y,-z+1; #4 x,y,z-1; #5 -x,-y,-z+1; #6 -x+1, -y+1,-z+1; #7 x+1,y,z    #8 x,y-1,z    

#9 x,y+1,z; #10 x+1,-y+3/2,z-1/2; #11 -x+1,-y+1,-z-1  
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Near-IR dithiolene complexes 

Metal dithiolene complexes have attracted considerable attention because; such solid-functional 

materials have potential to be used as gas storage, nonlinear optical, conducting, magnetic 

materials, near-IR dyes and DSSC (Dye Sensitized Solar Cells). In the first and second chapter 

of the present thesis, we have described the substituent effect on the counter cation in ion-pair 

dithiolene complexes, whereas in third chapter we have demonstrated the substituent role on 

dithiolene ligand of metal-bis(dithiolene) complexes. The HOMO and LUMO are delocalized 

over two dithiolate ligands, and electronic transition among these orbitals gives rise to a strong 

absorption in the near-IR region. In heteroleptic system of dithiolene based complexes, donor 

substituents in the parent dithiolate raise the energy level of HOMO more than that of LUMO, 

resulting in a shift of the near-IR absorbance to lower frequencies.  

 Dithiolene complexes are much influenced by the substituent groups which are present in 

dithioelene core moiety. The delocalization in chelate ring system is the key role to exhibit NIR 

electronic absorption.  Metal complexes with sulfur-rich dithiolene ligands exhibit   conductivity 

behavior because of intermolecular sulfur-sulfur interactions of the ligands. Boon-Chuan group 

prepared multi-sulfur dithiolene ligand metal complexes with different substituent groups on 

dithiolene core moiety. Based on this aspect, we wish to choose different type of ligands with 

donating and withdrawing nature of groups on phenyl ring as well as thiophene, furan and 

naphthalene rings to obtain eccective delocalization in dithiolene core moiety. Using these 

ligands, we would like to prepare Pt-based dithiolene complexes, as shown in Scheme 1. 

Generally, Pt-based dithiolene complexes, especially heteroleptic dithiolene complexes, have 

been used in the areas of near-IR dyes and DSSC because of their pull-push nature of ligands on 

both side of the Pt metal.   
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Scheme 1. Proposed synthetic procedure to prepare Pt-dithiolene complexes. 

 

 Apart from these dithiolene complexes, tetrathiofulvalene compounds are also important 

to exhibit molecular conductivity. Recently our group reported role of substituent on electronic 

delocalization of TTF core moiety and it exhibits solvotochromic effect in different solvents,. It 

also shows solvent dependent fluorescence (different colors in different solvents). In this regard, 

we would like to synthesize new type of hetero based tetrathiofulvalene derivatives. Some of the 

1,2-diketo substituted hetero based compounds (indene, N-methyl indolene) are commercially 

available and few compounds, we have to prepare, which can be further treated (condensation 

step) with 1,2-di amino based compounds. Finally homo coupling reaction can be done in the 

presence of P(OEt)3 to obtain TTF derivatives. New type of hetero based TTF molecules have 

been represented in Scheme 2. In addition to this, we wish to compare the role of electronic 

delocalization between phenyl, pyrene substituted groups of TTF molecules. 
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Scheme 2. Proposed molecular structures of tetrathiofulvalenes.  

 N-heterocyclic carbene complexes (NHCs) have several applications in the field of 

catalysis and transmetalation. Sivler carbene complexes are used as the starting materials to 

prepare Cu, Pd, Au etc. NHCs. recently W. Chen et.al.  reported heteoarene based NHCs to 

exhibit catalytic activity. In this similar manner, we would like to prepare 2,3-dichloro  based 

quinoxaline derivatives that can be treated with imidazolium moieties. The PF6
– / BF4

– salts can 

be treated with Ag2O to achieve Ag–NHCs, as shown in Scheme 3. This material can be used for 

the preparation of other NHCs (Pd, Au, Rh, etc) and these compounds have potential in 

exhibiting catalytic activity.    
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Scheme 3. Proposed  schematic representation of the preparation of Ag–NHC complexes. 
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SYNOPSIS 
 

The thesis work entitled with “Synthesis and Characterization of Metal-Bis(dithiolene) 

Complexes and N-heterocyclic Silver-Carbene Complexes”, consists of five chapters 

followed by future scopes: (1) Introduction and motivation of the present work: A broad outline 

of metal 1,2-dithiolene chemistry and N-heterocyclic carbene complexes, (2) Diversities of 

coordination geometry around M2+ (M = Cu, Ni) center in the bis(maleonitiledithiolato)metalate 

complex anions:  Geometry controlled by varying alkyl chain length of imidazolium cations, (3) 

Synthesis, crystal structure and properties ion-pair charge transfer complexes: conformational 

change in organic cation receptor through supramolecular interactions, (4) Synthesis and 

characterization of new N-heterocyclic 1,2-ene dithiolate based nickel(II)  complexes and 

intramolecular A-D-A tetrathiafulvalene-fused charge transfer derivatives, (5) Synthesis, 

structural characterization and properties of new N-heterocyclic carbene Ag(I) Complexes. 

Apart from the first chapter (introduction), each chapter is subdivided into three parts: (a) 

Introduction (literature survey), (b) Experimental Section and (c) Results and Discussion. The 

compounds obtained in the present study are generally characterized by 1H NMR, IR, EPR, and 

HRMS spectral techniques followed by elemental analyses and unambiguously characterized by 

X-ray crystallography.  

 
 
Chapter 1 
 
Introduction and Motivation of the Present Work: A Broad Outline of Metal 

1,2-dithiolene Chemistry and N-heterocyclic Carbene Complexes 
 This chapter begins with more basic knowledge about dithiolene ligands and their metal 

complexes. It also reveals brief discussion emphasizing their syntheses, characterization and 

properties. Applications of metal dithiolene complexes are mainly divided into two categories: 

(1) near-IR dithiolene complexes: influence of cation and substituent effect on metal complexes, 

and (2) uses of metal dithiolene complexes in the area of catalysis and biology. Some of the 

important transition metal 1,2–dithiolene complexes are picked up to describe their  solid state 

properties, such as, magnetic, conducting and optical properties (NLO, emission properties). The 

discussions on structural, spectroscopic, bonding, reactivity and electrochemistry of transition 
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metal 1,2–dithiolene complexes are also briefed. In addition to this, classification of N-

heterocyclic carebene complexes has been described.   

 

Chapter 2 

Diversities of Coordination Geometry Around M2+ (M = Cu, Ni) Center in the 

Bis(maleonitiledithiolato)metalate Complex Anions:  Geometry Controlled by 

Varying Alkyl Chain Length of Imidazolium Cations 
 Chapter 2 describes  twelve new ion-pair metal-bis(dithiolene) complexes with the 

formulae,  [C9H14N4][Cu(mnt)2] (1a), [C10H16N4][Cu(mnt)2] (1b), [C11H18N4][Cu(mnt)2] (1c), 

[C12H20N4][Cu(mnt)2] (1d), [C13H22N4][Cu(mnt)2] (1e), [C14H24N4][Cu(mnt)2] (1f) and 

corresponding  nickel(II) analogues (2a–2f).  Compounds 1a–1f and 2a–2f have been 

synthesized starting from M(II) salt (M = Cu, Ni), Na2mnt (disodium maleonitriledithiolate) and 

bromide salts of alkyl-bis(imidazolium) cations [C8H12(CH2)nN4Br2] (n = 1–6, a–f). In this series 

of ion-pair compounds 1a–1f and 2a–2f, a common [M(mnt)2]2– complex anion is associated with 

alkyl imidazolium cations of varied alkyl chain lengths. We have described a systematic study of 

deviation from square planar geometries (in terms of distortion) around the metal ion in 

customary square planar metal-dithiolene complexes. The distortion in the geometry around the 

metal ion (Figure 1) can be explained on the basis of centre of symmetry along C–H···M (M = 

Cu, Ni) supramolecular interaction and un-balanced supramolecular interactions, such as, S···H, 

N···H and M···S type weak contacts. Dianionic copper(II) complexes 1a–1f show an electronic 

absorption in the near infrared (NIR) region, which has been attributed to the charge transfer 

transition from the HOMO level of copper dithiolate anion [Cu(mnt)2]2– to the LUMO level of 

alkyl imidazolium cation [C8H12(CH2)nN4]2+. All these compounds are unambiguously 

characterized by single crystal X-ray crystallography, and further characterized by IR-, 1H NMR-

, ESR-, LCMS-spectroscopic techniques, and electrochemical-studies.      
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Figure 1. Schematic representation of the geometry around copper metal in [Cu(mnt)2]2– anion.  

Chapter 3 

Synthesis, Crystal Structure and Properties of Ion-Pair Charge Transfer 

Complexes: Conformational Change in Organic Cation Receptor Through 

Supramolecular Interactions 
 Chapter 3 depicts the series of new ion-pair complexes [Bz,R-BzBimy]2[M(mnt)2] 

{[Bz,R-BzBimy]+ = 1-benzyl-3-(4-R-benzyl)benzimidazolium; M = Cu, R = H (1a), NO2 (1b) 

and Br (1c); M = Ni, R = H (2a), NO2 (2b) and Br (2c) and mnt2- = maleonitriledithiolate}.  Due 

to flexible nature of aryl groups (–CH2–Ar) in benzimidazolium salts (a and b), the 

orientation/conformational change of aryl groups have been changed in its corresponding metal 

based dithiolene ion-pair complexes 1a, 1b,  2a and  2b as shown in Figure 2. 
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Figure 2. Schematic representation of the organic cation receptors’ orientations (i and ii) and 2D supramolecular 
network formed through hydrogen bonding interactions (iii) in metal complexes 1a–1c.  

Any change in phenyl groups’ orientation/conformation in metal complex 1c and 2c has not been 

observed, because in these complexes, C–H····π and π····π stacking interactions are  reasonable to 

control the phenyl groups orientation, as shown in Figure 2. Supramolecular interactions (such as 

S···H, N···H, O···H, Br···Br and N···Br etc.) are responsible for the orientation of aryl groups in 

organic receptor compounds (benzimidazolium salts with tetrafluoroborate) as well as in ion-pair 

dithiolene complexes. The substituents (H, NO2 and Br), which are present at the p-position of 

one of the phenyl rings in benzimidazolium moiety are accountable for the structural diversities 

in all the metal (copper and nickel) dithiolene complexes. The molecular structures of complexes 

2a, 2b and 2c are isostructural to the complexes of 1a, 1b and 1c. Copper-dithiolene complexes 

exhibit a Z-shaped non-planar geometry with a different angles; this diversity is due to the 

change of substituent groups in the counter cation. All dianionic copper(II) complexes 1a-1c, are 

evidenced by electron spin resonance spectroscopy. All these complexes exhibit an absorption in 

the near infrared (NIR) region at 1210 nm and 862 nm for the copper (1a-1c) and nickel (2a-2c) 

complexes respectively; these absorptions have been attributed to the charge transfer from the 

copper dithiolate anion [Cu(mnt)2]2–  to the benzimidazolium cation [Bz,R-BzBimy]+.  
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 The compound [Hb]2[Cu(mnt)2] (1) [Hb = 1-(4-((1H-imidazol-1-yl)methyl)benzyl)-1H-

imidazol-3-ium)] has been synthesized, starting from 1,4-bis((1H-imidazol-1-yl)methyl)benzene, 

cupric chloride, and Na2mnt in methanol, as shown in Scheme 1. Compound 1 crystallizes in 

monoclinic system with C2/c space group. In the crystal structure, the interactions between 

cations and anions via bifurcated C–H···(NC-mnt)2 hydrogen bonds give rise to a two 

dimensional supramolecular network. It has also been observed that two cation moieties (Hb) are 

attached by a very short C–H···N hydrogen bonding interaction with H···N distance of 1.74 Å, 

CHN bond angle of 174.9°. Compound 1 is additionally characterized by cyclic voltammetry, 

UV-Vis, IR, 1H NMR and EPR spectroscopy. The ion-pair compound 1 shows an intense 

absorption in the near-IR region at ~1214 nm which has been described as a charge transfer band 

from HOMO  of the copper dithiolate anion [Cu(mnt)2]2─, to LUMO of the [Hb]+ cation.  

Compound 1 exhibits an oxidative response   at +0.46 V vs Ag/AgCl and a reductive event at -

0.67 V vs Ag/AgCl.  

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 1. Syntheses scheme for the ligand and complex 1. 
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Chapter 4 

Synthesis and characterization of new N-heterocyclic 1,2-ene dithiolate based 

nickel(II)  complexes and intramolecular A-D-A tetrathiafulvalene-fused 

charge transfer derivatives 
 Chapter 4 deals with five new nickel-bis(dithiolene) complexes 

(PPh4)2[Ni(C8H2N2S2R2)2] (R = Pyridin-2-yl (1), Pyridin-3-yl (2), Thiophen-2-yl (3), Furan-2-yl 

(4) and Naphthalen-2-yl (5)), that have been prepared by the treatment of N-heterocyclic based 

dithiolene ligands with sodium metal in dry methanol (Scheme 2). All these dithiolene ligands 

and metal complexes are characterized by LCMS-, 1H NMR- and HRMS-, IR-, UV-vis-NIR-

spectroscopy, routine elemental analysis and cyclic voltammetry.  
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Scheme 2. Synthetic route for new nickel dithiolene complexes and solvatochromic effect of the complex 2. 
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Compounds 2 and 3 are structurally characterized by single crystal X-ray crystallography. 

Complex 2 crystallizes in monoclinic space group P2(1)/c, whereas complex 3 crystallizes in 

triclinic space group P–1. Both these complexes (2 and 3) exhibit a two-dimensional network 

through C–H···N hydrogen bonding interactions in their crystal packing. Compound 2 undergoes 

a reversible oxidation (ΔE= 83 mV) at E1/2 = +0.21 V vs Ag/AgCl, whereas 5 shows quasi-

reversible oxidation at E1/2 = +0.09 V vs Ag/AgCl in dimethylsulfoxide solutions of 

electrochemical measurements. Interestingly, complex 5 is easily oxidized at very low oxidation 

potential compared to the other complexes 1–4.  These compounds exhibit absorption in the 

region of 630–1000 nm, in which complex 5 shows band towards longer wavelength side 

compared to the remaining complexes 1–4. The positions of the absorption maxima in the 

electronic absorption spectra of the compounds 1 and 2 depend on the solvent polarity, whereas 

absorption bands of complexes 3–5 are not influenced by the solvent polarity.     

 The above mentioned compounds f, g and i, j (shown in Scheme 2), are further treated 

with  triethyl phosphate at 130 °C to obtain tetrathiafulvalene derivatives (6–9), as shown in 

Scheme 3. The derivatives 6–9 are characterized by 1H NMR, HRMS and UV-Vis spectroscopy.   
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Scheme 3. Preparation of heterocyclic based tetrathiafulvalene derivatives (6–9).   

 

Chapter 5 

Synthesis, structural characterization and properties of new N-heterocyclic 

carbene Ag(I) Complexes 
 Chapter 5 describes  syntheses, crystal structures and properties of new N-heterocyclic 

carbene complexes [{1-(2,3,5,6- tetra methyl benzyl)-3-benzylbimy}AgCl] (2a), [{1-(benzyl)-3-

benzylbimy}2Ag][BF4] (2b), [{1-(benzyl)-3-butylbimy}AgBr]2 (2c), [{1-(benzyl)-3-(4-nitro-

benzyl)bimy}AgBr] (2d), [{1-(benzyl)-3-(4-bromo-benzyl)bimy}AgBr] (2e), [{1-(benzyl)-3-(4-

nitro-benzyl)bimy}2Ag][BF4] (2f), [{1-(benzyl)-3-(4-bromo-benzyl)bimy}2Ag][BF4] (2g) (bimy 

= benzimidazol-2-ylidene), and [{1-(10-bromo-9-anthracenylmethyl)-3-butylimy}AgBr] (2h) 
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(imy = imidazol-2-ylidene). Compounds 2a–2h have been characterized by IR-, 1H NMR-, UV-

visible- LC/MS-spectral and electrochemical studies including elemental analysis. Compounds 

2a–2c and 2h are unambiguously characterized by single crystal X-ray crystallography.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. 2D supramolecular network in silver carbene complex 2h.  


