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Introduction and Motivation of the Present 1

Work: A General Overview on Metal 1,2-
Chapter

Dithiolene Chemistry —

1.1. Dithiolene Ligands and its Electronic Structure

Dithiolene ligands are unsaturated bidentate ligands, in which the two donor atoms are
sulfur. Dithiolene ligands can exist in three different forms (depending upon their
oxidation states). They are the dianionic “ene-1,2-dithiolate”, the neutral “1,2-dithioketone
or 1,2-dithione” and a monoanionic radical intermediate “1,2-ene-dithiete” between the
dianionic and neutral forms as shown in Scheme 1.1. Dithiolene ligands are referred as
non-innocent ligands. This is because when a dithiolene ligand is complexed to a metal
center, the oxidation state of the ligand (and therefore the metal center) cannot be easily
defined.

R SH O e R s e R s R s
—_— —_— - »
- B, -
+2¢€
R SH R S R S R S
1,2-ene-dithiol 1,2-ene-dithiolate 1,2-ene-dithiete 1,2-ene-dithione

Scheme 1.1. The resonance forms of dithiolene ligand.

1.2. Nomenclature

In the naming of “dithiolene” there is considerable unpredictability, within in the
literature, which is generally decided by the substituent(s) on dithiolene and the oxidation
state of the concerned metal.* The term dithiolene was initially introduced by McCleverty
and co-workers® and Balch et al.> 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 R,C,S>*". 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-
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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. Classification of Dithiolenes
The unsaturated dithiolato ligands have been divided into groups of having odd and even

numbers of m—orbitals, respectively.
s S
X:< ( 7
S 5

odd even odd

This classification results in the recognition three unique classes: 1,2—dithiolates (even),
1,1'-dithiolate (odd) and 1,3-dithiolates (odd).

\« _«
R/ S S

Alkyl Xanthate

1,1'—dithiolates

Alkyl dithiocarbamate

1,3—dithiolates

1,8-Napthalene-dithiolate

1,2-dithiolates
There is a considerable interest in the 1,2-dithiolate ligands and more number of 1,2-
dithiolate ligands are reported in the literature.'® Due to the broad range of 1,2-dithiolene

in the literature, these can be further classified into following categories.

(2)
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N s N s N S
N\
AN AN

N s N s N

{qdt}* {pydt}* {tds}*
Quinoxaline-2,3-dithiolate Pyrazine-2,3-dithiolate 2,1,3-Thiadiazole-4,5-dithiolate
S S S
S S S
{bdt}* {tdg?
Benzene-1,2-dithiolate Napthalene-2,3-dithiolate Toluene-3,4-dithiolate
Cl
S Cl S
S Cl S
Cl
Toluene-3,4-dithiolate Toluene-3,4-dithiolate
Alkene-1,2-dithiolates
H s S S
H s s s
{edt}*
Ethene-1,2-dithiolate Propene-1,2-dithiolate But-2-ene-2,3-dithiolate
Inorganic-1,2-dithiolates
NC S FsC S
NC S FsC S
{mnt}? {tfd}>

1,2-Malonitrile-1,2-dithiolate 1,2-Bis(trifluormethyl)ethylenedithiolate

©)
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s S S
S 5 s
{dmit}?- {dmio}*"
1,3-Dithiole-2-thione-4,5-dithiolate 1,3-Dithiole-2-one-4,5-dithiolate
S S
S S
{dddt}>

5,6-Dihydro-1,4-dithiine-2,3-dithiolate

1.4. Metal 1,2—dithiolene Complexes and its classification

Metal dithiolene complexes are known to exhibit a non-innocent character originating
from these quasi-aromaticity and strong n—electron donor ability due to the involvement of
sulfur atoms. Consequently, the rational development of 1,2—dithiolene based transition
metal complexes are of current interest. However, the work had been done before 1960s to
determine the metal quantification in the quantative analysis. The modern era of dithiolene
research was started in the early of 1960s with contributions from three research groups,
namely, Schrauzer and co-workers,* Gray and co-workers® and Davison-Holm and co-
workers.® 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 became further interested in the
synthesis and structural characterization of tris and tetrakis(dithiolene) complexes,
whereby, their geometries were established by Eisenberg and Ibers.” In the last three
decades, remarkable progress in the research of this area 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. Metal
dithiolene complexes are often exist in numerous oxidation states. This is due to the more
delocalized nature of dithiolene ligands. The oxidized dithiolene complexes have

relatively more 1,2-dithioketone character. In reduced complexes, the ligand assumes

(4)
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more ene-1,2-dithiolate character. These descriptions are evaluated by examination of

differences in C—C and C-S bond distances.

[\'V/j [\“/j [\“/j [\Vj
S\M<§j|

Scheme 1.2. Various bonding description of M(dithiolene), complexes.

Many characteristics of dithiolene compounds can be rationalized in terms of the
structure and bonding of the bidentate S-chelate of the dithiolene ligand. Distinct from
saturated 1,2—dithiolate ligands, dithiolene ligands form relatively rigid and roughly planar
five membered rings with considerable electronic flexibility in the relevant complxes. The
Scheme 1.2 represents various bonding descriptions of a representative complex, in which
the formal oxidation states of the metal and ligand vary. Such electronic versatility may
make it difficult to establish, by examination, a bonding description of a dithiolene
complex. However, bond distances, such as the S—C lengths, have been used as indicator
of the electronic configuration of a dithiolene complex.?® The long S—C distances of ~1.77
A are characteristic of ligand bonding in the dithiolate form; and the short S—C distances,
as low as ~1.64 A, are more characteristic of dithione bonding. The dithiolene ligand =
orbitals interact with the dn orbitals of metal to give frontier orbitals of mixed-ligand and
—metal character. Both bis- and tris-dithiolene complexes exhibit a certain degree of

aromaticity.

Classification

Although various dithiolene complexes have been developed so far, to our knowledge,
they are classified into three main categories:

(a) Homoleptic dithiolene complexes: In this case, the coordinating ligand is 1,2-
dithiolene.® These are further classified into metal bis(1,2-ditiolene) with square-planar (M
= 8-10 metals) or tetrahedral geometries (M = 10-11 metals), and metal tris(dithiolene)

complexes with trigonal prismatic geometries (M = 5-7 metals) or octahedral geometries

()
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(M = 4, 7-9 metals). New tetrakisdithiolene complexes (M = Ce, U) were recently

prepared by Fourmigue’s and Duval’s groups.®

S S
S S
DONRE /Q
M\
AN \_¢ 5/
Metal bis(dithiolene) Metal tris(dithiolene)

(b) Heteroleptic dithiolene complexes: It has a dithiolene and other inorganic ligands.
The typical examples are the square-planar luminescent [(NAN)M(dithiolene)] (M = Pt,
NAN = diimine),"® [(PAP)M(dithiolene)] (M = Pt, PAP = diphosphine)'* and [oxo-
M(dithiolene),] (M = Mo, W) complexes.*?

\/ |

E“\M/Sj P\M/Sj s ll_s
\W/¥ VAN Q;JL;}

o

<

/\

Metal(dithiolene)(diimine) Metal(dithiolene)(diphosphine) Metal-oxo(dithiolene),
(c) Organometallic dithiolene complexes: This incorporates the dithiolene ligand and

some organic ligands for metal-carbon bond. Examples include [(ppy)Au(dithiolene)]
(ppy = 2-phenylpyridyl)*® and [(cod)Pt(dithiolene)] (cod = 1,5-cyclooctadiene)™

(-

Metal(dithiolene)(cyclopentadienyl)

complexes.

1.5. Properties and Applications of Metal 1,2-Dithiolene Complexes

Metal bis(1,2-dithiolene) complexes have been extensively studied since last five decades

due to novel properties and application in diverse areas of research, such as, those of

(6)
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conducting and magnetic materials, non-linear optics, dyes, catalysis and bioinorganic
chemistry among others. These properties and applications arise due to their combination
functional properties, vivid redox behavior, and diversity of molecular geometries,

magnetic moments and specific intermolecular interactions.

1.5.1. Electrochemical Properties and Chemical Reactivity

The electrochemical properties of metal-dithiolene complexes are very interesting because
of their unique redox properties and noninnocent behavior. The extensive m-electron
delocalization in metal bis-dithiolene complexes makes it possible for the existence of
variable charge levels and also difficult to assign oxidation states of the metal and ligands.
Interestingly, square planar bis(dithiolene) complexes undergo one-, two- and even three-
reversible one electron redox processes and these can be explained by the following

equation.

: - +e”
[M(dithiolene),]° : [M(dithiolene),] i

-e” -e -e

+e

[M(dithiolene),]* [M(dithiolene),]*

Based on chemical, electrochemical, structural, and spectroscopic studies, " the
electron density in the metal orbitals does not change significantly as the charge level on
the bis(dithiolene) complex is changed. Thus, the accessibility of a range of charge levels
of dithiolene complex is possibly more related to the accessibility of a number of formal
oxidation states of the dithiolene ligands. A large number of bis(dithiolene) complexes has
been reported for the metals, such as, Ni, Pd, Pt, Cu, Au. The ease of oxidation of
[M(S2C2R2)]* for a particular metal decreases in the order R = H > alkyl > aryl > CF3 >
CN. This series parallels the electron donating-withdrawing ability of the substituent
group R. For the transition metals Fe < Co < Ni < Cu, oxidative stability increases in this
order for the dianion (Z = 2). This indicates that the participation of metal orbitals in the
frontier orbitals of the dianionic species. Similarly, for [M(bdt),]*" (bdt = benzene-1,2-
dithiolate) the redox potentials are dependent on the substituents on the aromatic ring. The
potential 0/-1 couple increases as the substituent group becomes more electron-
withdrawing. Square-planar bis(dithiolene) complexes are subjected to theoretical
investigations.**> As from the density functional theory (DFT), the HOMO (highest
occupied molecular orbital) for [Ni(S.C,H>)] is primarily ligand based orbital consisting
of four 3p; orbitals of sulfur, perpendicular to moleculay xy plane, and four 2p, orbitals

of carbons with opposite phases. The lowest unoccupied molecular orbital (LUMO) is a

(7)
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mixture of ligand—metal orbitals, but still mostly the ligand character.™™® In general,
electrochemical data supports the molecular orbital descriptions derived from quantum
mechanical calculations. Because of rich redox chemistry of bis(dithiolene) chemistry and
the redox active nature of the dithiolene ligands, these show much reactivity related to the
redox properties and is often centered on the dithiolene ligands. Recently, Wang and
Stiefel have reported'® the separation of simple olefins mediated by the metal
bis(dithiolene) complex anions. They proposed that, it is reversible olefin binding,
controlled electrochemically and the whole reversible process is generally described as
follows: when the olefin bound adduct (metal complex) is reduced, the reductant
dissociates and forms an olefin and the metal-dithiolene anion. When this anion is

oxidized, the oxidant binds the olefin again and so on.

Reactivity with Olefins

Nowadays, in chemical and petrochemical industry, olefins are the major volume feed
stock. In most of the metal-mediated reactions, the alkene coordinates to the metal in at
least one step of the reaction sequence, description of such systems easily poisoned by
impurities in crude alkenes, which often bind more strongly to the metal than the alkene.
These metal-based systems are most probably poisoned by C;H,, CO, and HS. In this
context, Wang and Stiefel'® argued that the metal complexes bind alkenes through
chelated ligands, instead of, at the metal center. Thus the concerned system should be
more resistant to deactivation by contaminants. They reported that neutral nickel
bis(dithiolene) complexes form adducts with linear alkenes, such as ethylene or 1-hexene,
where the alkene binds through the ligand S-atoms, even in the presence of H,S or CO
(Scheme 1.3).

H,C—CH,
\/-\N/x“-fCFB F\/\\\/‘RZCFS

] ’ + H)C=CH, =— || |
e Ny / \ Lo

Cr3 F;C 3

)

Scheme 1.3. Equilibrium reaction of metal(dithiolene) and with its olefin adduct.

This unusual tolerance toward poisoning led the authors to propose an olefin
purification scheme in which the dithiolene-bound alkene is released by electrochemical

reduction and it is regenerated by oxidation. Interestingly, the olefin binding and releasing

(8)
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are controlled electrochemically in this case. Reversible olefin complexation to dithiolene
complexes thus offers a novel approach in separating and purifying olefins.*

As shown Scheme 1.4, the mono-anionic complex [NiL2]™ (L, ligand) is oxidized
electrochemically, forming the neutral species [NiL;]. A multicomponent stream (MCS)
containing an olefin(s) is introduced where upon the olefin reacts with [NiL;], forming the
adduct [(olefin)NiL,], while other (gaseous) components (such as alkanes, CO, C;H,, and
so on.) pass unreacted. The olefin adduct is electrochemically reduced. The reduced olefin
adduct [(olefin)NiL2] ~ releases olefin (which is recovered) as [NiL;] ~ is regenerated,
completing the cycle. A similar scheme involves electrochemical reduction of the neutral
species [NiL,] that is in equilibrium with the olefin adduct [(olefin)NiL;], which drives the
release of the olefin from the adduct as the complexation equilibrium (Scheme 1.3) shifts

to replenish the neutral species.

Olefin NiL;~

[(Olefin)NiLz]~ NiL,

@)
Olefin + MCS
e~ [(Olefin)NiL;]

Scheme 1.4. Schematic representation for electrochemlcally driven olefin separation using nickel dithiolene
complexes.

1.5.2. Luminescence and Photochemical Properties
1.5.2.1. Square Planar Metal-Bis(dithiolene) Complexes

Excited States and Luminescence

Research of square planar metal bis(dithiolene) complexes has been focused on the
electronic structure, spectroscopy, redox properties and conductivity to a large extent.'’
The ground state properties of these compounds and orbital nature of the low energy
excited states™'® have been greatly determined by UV-Vis absorption spectroscopy.
Molecular orbital nature of these complexes is further determined by several
computational studies.”® Square planar metal bis(dithiolene) complexes are highly colored

and possess delocalized m-electron system to varying extents in the ground state. For

(9)
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example, The deep red colored solutions of [Pt(mnt),]* are due to the absorption bands at
475-550 nm region, which are assigned as a d(Pt)-w*(mnt) MLCT transition.”® In
addition, very weak d-d transitions are also observed at longer wavelengths (639 and 694
nm), and further bands occur at 336-228 nm region due to the mnt-localized #-z*
transitions and ligand-metal charge transfer transitions. The relative ordering of energy of
these orbitals depends upon the specific dithiolene, metal ion and its metal oxidation state.
Because of the large extent of delocalization in bonding of these systems, it is difficult to
assign the low-energy bands as arising from “pure” d-d, MLCT, LMCT, or n-n* excited
state orbitals.

Intensity {arb. units)

Absorbance (arb. units)

550 600 650 700 750 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

(C) (b)
Figure 1.1. Changes in (a) absorption and (b) emission spectra of (BusN),[Pt(qdt),] upon addition of 10 pl
aliquots of 4.25 x 107 M acetic acid in MeOH.
Photoluminescence properties from metal bis(dithiolene) complexes are rarely observed at
ambient conditions. A weak emission (¢ = 10°) has been observed for the complex
[Pt(mnt),]* at 775 nm at room temperature. Similarly, the compound [Pt(qdt).]*" (1) also

shows a weak emission at significantly higher energy compared to previous compound
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at Amax at 606 nm.'° Absorption and emission spectra of this compound are largely
dependent on the pH of the solution. This is due to the protonation of one of gdt-nitrogen
atom leading to large shifts in absorption and emission spectra as shown in Figure 1.1. The
shift in emission maximum from 606 nm to 728 nm in neutral solutions upon addition of
acid may have sensor application. Luminescence of this compound in frozen glass solvent

at 77k shows much stronger than RT.

lon-Pair Charge-Transfer Photo Chemistry

In the context of photochemistry of metal bis(dithiolene) complexes, the IPCT complexes
have drawn considerable attention. Bis(1,2-dithiolene) complexes, especially those, that
are dianionic, are good electron donors in the excited state. Kish and his co-workers®
have investigated the IPCT complexes quite well of the type A[M(SS)], where A = MV**
= organic acceptors such as dialkylated bipyridinium cations such as viologens, where M
= Ni, Pd, and Pt including tetrahedral complexes of Cu and Zn, and SS corresponds to a
number of different dithiolenes like mnt, dmit, and dmid etc. The IPCT bands appearing
for some ion-pair complexes, that include metal bis(1,2-dithiolene) complexes as donors,
correspond to photo-induced charge transfer transition from donor to acceptor as outlined

in equation.
h
[M(SS),]> + A% — > [M(SS),] +A*

The IPCT band energy and intensity depend on the metal ion and acceptor as well as
the solvent and the absorption maxima are highly dependent on the nature of the dithiolene
ranging from 450 to 730 nm for the A[M(mnt)2] complexes, and from 620 to 950 nm for
A[M(dmit),] complexes. For example, the metal-bis(1,2-dithiolene) complexes of the type
[MVZ][Ni(SS),]*> for which the IPCT band energies decrease with increasing electron
donating ability of the dithiolene along the [Ni(SS),]*" series, where SS = dmid < dmit <
mnt < dto (dto = 1,2-dithiooxalte).”* These ion-pair charge transfer transitions are also
observed in the solid-state diffuse reflectance spectra. Surprisingly, the IPCT band do not
appear for the corresponding monoanionic metal dithiolene complexes, although IPCT has

been observed for the monoanionic complex Ir(CO),(mnt)” with methylviologen.
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Photoproduction of Hydrogen

One of the most important aspect of photo chemistry research involving metal
bis(dithiolene) complexes is the photochemical production of hydrogen. The first
communication has been reported in 1980 by Kisch and co-workers, in which hydrogen
was produced from water by using metal bis(dithiolene) complexes as photocatalysts.” A
neutral complex of following compound Ni(S:C2Ph,) (2) (Scheme 1.5) was used as

photocatalyst for the production of hydrogen in the above communication.

Cl
l D ‘ S, S, ‘

=X /S =X /s
Ni Ni
‘ S S O ‘ S S O
cl
2 3
Scheme 1.5

Another work has been published in 1983% on the photo production of hydrogen
using square-planar bis (dithiolene) complexes of Ni, Pd, and Pt. However the actual
mechanisms for the catalytic activity of square-planar bis(dithiolene) complexes has not
been well understood. Theoretical studies by Alvarez and Hoffmann addressed two
possible mechanisms for the hydrogen elimination as shown in Scheme 1.6. Concerted
elimination of H, from protonated sulfur atoms in the complex was proposed to be
thermally forbidden but photochemically allowed. Another proposed mechanism is
protonation of metal hydride complex.

Subsequently, Katakis and co-workers® reported an another complex, bis(2-
chlorodithiobenzil)nickel(Il) (3) (Scheme 1.5) as a photocatalyst used for the production
of hydrogen from water. However, further mechanistic, photochemical, and photophysical
studies need to be done to clarify the chemistry behind the photoproduction of hydrogen
and whether bis(dithiolene) complexes play a photochemical role or serving simply as

precursor for the generation of colloidal metal sulfide semiconductor particles.
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Scheme 1.6. Two possible pathways, for the photo production of hydrogen by using metal bis(dithiolene)
complex.

1.5.2.2. Square-Planar Mixed-Ligand Dithiolene-Diimine and Related Complexes

Excited States and Luminescence

The combination of dithiolene and diimine chelating ligands in square-planar d®
complexes gives rise to a unique CT excited state. This class of complexes has been the
subject of rich and increasing amount of research in recent years. In this context,
Eisenberg and his coworkers have focused on studying the excited state properties of
mixed-ligand Pt(11) diimine dithiolate complexes.”® They have synthesized an extensive
series of [Pt(diimine)(1,2-dithiolate)] complexes, whose luminescent properties were
extensively investigated. Some examples of Pt(diimine)(dithiolate) complexes which
exhibits the luminescence in solution state are outlined below (4-7) (Scheme 1.7) . The
Pt(diimine)(dithiolate) complexes exhibit the intense solvatochromic absorption band in
the 450-700 nm region of the emission spectrum that shifts to higher energy with
increasing solvent polarity. The solvatochromic transition was assigned as a charge
transfer (CT) from HOMO which is a mixed orbitals of metal and dithiolate components
to a lowest unoccupied orbital (LUMO) localized on the diimine ligand. This assignment
can be due to the mixed-metal/ligand-to-ligand charge transfer (MMLL'CT) and ligand-
ligand charge-transfer (LLCT) transitions.”® Moreover, the [Pt(Il)(diimine)(dithiolate)]
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compounds have been investigated for their use in solar cells?” as they possess a number of

key features that make them of interest as sensitizers.
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Scheme 1.7

These include an absorption band in the visible region with a relatively large molar
extinction coefficient and in some cases, luminescent properties in fluid solution.
Substituents on the diimine ligand affect the LUMO energy while substituents on the
dithiolate ligand affect the HOMO energy and, therefore, the photophysical and
electrochemical properties of the molecule. Tuning of these Pt dye compounds by
manipulation both the HOMO and the LUMO energy levels has been shown by several
groups.?® This tuning is relevant in these systems, since the electrochemical and

photophysical properties of the dye greatly affect the overall performance of the solar cell.

Photooxidation Chemistry

Conic and Gray” reported sulfur oxygenated products of dithiolene-a-diimine
[Pt(bpy)(bdt)] complex and identifying both mono sulfinates and disulfinates products by
photochemical oxidation as shown Scheme 1.8. Irradiation of oxygenated actonitrile
solution with Ze > 450 nm led to oxidation of dithiolene ligand in [Pt(bpy)(bdt)] and
conversion of the complex to the monosulfinated and then disufinated complexes as

shown Scheme 1.8. But Cocker and Bachman® reported that the nickel complex
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Scheme 1.8. Photooxidation of [Pt(bpy)(bdt)] complex.

[Ni(bpy)(bdt)] yields octahedral sulfonate complex by photo chemical oxidation;
cocrystals of both monosulfinate  [(bpy).Ni(bdtO2)Ni(bdt)] and disulfinate
[(bpy)2Ni(bdtO4)Ni(bdt)] bimetallic complexes were observed in solution, which indicates
ligand disproportion chemistry (Scheme 1.9). In order to investigate the role of the central
metal ion, they have further explored photo reactivity of [Pt(bpy)(bdt)].** Photooxidation
of [Pt(bpy)(bdt)] in DMF afforded the monosulfinate complex [Pt(bpy)(bdtO,)] along with
minor amounts of the disulfinate complex [Pt(bpy)(bdtO.)], whereas chemical oxidation of
this compound results only disulfinate complex (Scheme 1.9). The authors suggest that the
anomalous behavior complexes can be attributed to greater flexibility in the coordination

chemistry.

Scheme 1.9. Photo and chemical oxidations of [M(bpy)(bdt)] complexes.

However, metal-sulfinates, based on bis(dithiolene) complexes are still rare in the
literature. To the best of our knowledge, only few reports are shown in literature. %2

Robertson reported trans-di-sulfinate complex of [Ni(bdt)]?, in which sulfur atoms were
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oxidized by receiving of oxygen atoms from counter cation.**

Another report of an
interesting S-bonded sulfinates based on Fe-bis(benzene-1,2-dithiolene) complex, which
relates to the an inactive form of the Fe-containing nitrile hydratase (Fe-NHase)
containing Cys-sulfinic (Cys-SO,) and Cys-sulfenic (Cys-SO) groups.*® Findings the
photochemical oxidation products, based on the dithiolene complexes, are still rare and
interesting is due to their relevance to the deactivated species of [Ni Fe] hydrogenase® and

CO-dehydrogenase.**

1.5.2.3. Tetrahedral d'° Complexes

Few numbers of the tetrahedral mixed-ligand diimine dithiolate complexes of Zn(ll)
exhibit the absorption bands in the 465-590 nm regions. This absorption band assumes the
LLCT transitions®® and attributed to the transition from HOMO (that is localized on the
dithiolene) to a LUMO (that is localized on the diimine). Some of the tetrahedral
Zn(diimine)(dithiolate) complexes are described below (11-13).

|
A L
/,
I SN s Me

Zn(phen)(tdt) (11) Zn(big)(tdt) (12) Zn(bpy)(tdt) (13)

Nevertheless, the d®complexes such as [M(dithiolate)(diimine)] (M= Ni(ll), Pd(ll),
Pt(I1)) exist in square planar geometry; in contrast, the Zn(diimine)(dithiolate) complexes
are in tetrahedral geometry. Significantly, the photoluminescence studies have been
reported for Zn(bpy)(tdt) in the solid state and in CH,Cl,/ethanol solvent glass at 77 K by
Benedix et al.*® The compounds [Zn(phen)(tdt)] and [Zn(bpy)(tdt)] show the room
temperature solid state emission, reported by Bartecki et al.** But the photophysical
properties of [Zn(diimine)(dithiolate)] complexes are still limited to our knowledge. More
work to be needed to examine and characterize the unsymmetrical [M(diimine)(1,2-

dithiolate)] complexes, including their photophysical properties.
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1.5.3. Photo-isomerization of Metal Dithiolenes

Photoisomerization of azobenzenes is the subject of one of the most research interest in
the area of photo-mode high-density information storage and photo-switching devices.®
Transition metal complexes of azo-conjugated systems can provide new advanced
molecular functions, based on the combinations of photo-isomerization of the azo group
and changes in the intrinsic properties including optical, redox, and magnetic properties,
originating from d-electrons. In this regard, Nishihara and his co-workers® introduced the
versatile synthetic method of azo-conjugated metalladithiolenes with various central
metals and substituent groups as shown in Scheme 1.10. They investigated the azo-
conjugated metalladithiolenes including their photo and proton response. Novel proton
coupled cis-trans isomerization, originating from the strong electronic interactions
between the metalladithiolene and azo moiety, was also described. They examined the
curious proton response and proton catalyzed cis-trans isomerization. A novel proton
response of the azo group is occurred due to the strong electron-donating effect of the
metalladithiolene moiety. This is responsible for the novel proton catalyzed cis-trans
isomerization. Remarkably, isomerization behaviors of a wide range of azo-conjugated
metalladithiolenes can be controlled by altering the central metal atoms or varying the

substituents on the dithiolene part.
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Scheme 1.10. Photo and proton responses of azo-conjugated metalladithiolenes.*

(17)



Introduction...

1.5.4. Solid-State Properties

Since last two decades, inorganic molecule- based compounds show remarkable physical
properties. These properties can be electrical, magnetic or optical. In this context, metal
1,2-dithiolene complexes exhibit the unusual solid-state properties, such as magnetic,*
conducting* and nonlinear optics** (NLO) properties. The electronic structure of
dithiolene complex is of crucial importance in determining the electron in the derived
compounds exhibiting interesting physical properties. The electronically delocalized core
comprising the central metal, four sulphur atoms and the C=C units, accounts for a rich
electrochemical behavior that often yields one or more reversible redox processes. The
redox properties of these complexes are strongly dependent on the ligand and its large
contribution to the frontier orbitals. The possible oxidation states of these complexes range
from dianionic to cationic states and partial oxidation situations often occur, especially, in
the solid state. Also different spin states such as S = 0, 1/2, 1 or 3/2, can be easily
obtained, upon variation of both the transition metal M and oxidation state making these
complexes suitable units for magnetic materials. Moreover, the dithiolene complexes
exhibit multiple oxidation states due to this stable ion-radical species that are available at
various rodox potentials. Depending on the partial oxidation of these by electrochemical
oxidation, it results in various nonintegral oxidation state (NIOS). Furthermore these
complexes also show a diversity of geometry, ranging from the more general case of
purely square planar coordination, favorable to solid state extended z—z interactions, to
dimeric, trimeric*® or even polymeric* arrangements. All these features have made
dithiolene complexes suitable building blocks for the preparation of electrical and

magnetic materials.

1.5.4.1. Electrical Properties (Conducting and Super Conducting Properties)

The first typical example of partially oxidized metal-like conductor KCP (kalium
tetracyanoplatinat), Ko[Pt(CN)4Xo3]:nH20; X = Cl, Br was known to be prepared as early
as 1842 by Knop and his co-workers®. In these highly conducting salts, the square planar
platinum complexes are stacked to form one dimensional platinum chains with a very
short Pt--Pt distances of 2.8-3.0 A in which, the one-dimensional metallic state is
constructed by the partially filled energy band associated with the overlap of 5dz* orbitals
of the central platinum atoms along the stack without any contribution by the ligand to the

conduction band. Over past few decades, large number of 1,2-dithiolene based conductor
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and superconductor materials have been developed. Although the first dithiolene ligands
were synthesized in the early 1960,% electrical properties of the dithiolene complexes
were reported only in 1969.*” These complexes exhibit low conductivity values in the
range of 10°-10° S cm™ at room temperature. Then much effort has been devoted to
design new analogues in order to improve the transition metal based conducting
properties. In this context, the first observation of metallic behavior in crystalline metal-
dithiolene was reported for Lio7s[Pt(mnt),]-2H,O by Underhill et al. in 1981.*% In this
complexes the Pt---Pt distance 3.639 A and this indicates that there is no 5dz* orbitals
overlapping. This compound produces the uniform columnar structure. Therefore, the
conduction band in molecular conductor originates from ligand z—orbitals or mixed
metal(d)-ligand(xz) orbitals, in which sulfur atoms play an important role as shown in
Figure 1.2. From this, new aspect of molecular conductors, based on metal dithiolene
complexes, has been developed. In order to improve the conductivity of molecular
conductors, it needs the extension of delocalization and intermolecular interactions. Based
on this argument, the first conducting [M(dmit).]™ salt, (BusN)z[Ni(dmit),];-2CH3sCN was
reported in 1983.“° In this system, the degree of m—electron delocalization core is extended
by sulfur atoms containing hetero rings and the M(dmit), molecule, which resembles to
the organic donor BEDT-TTF. In the soid-state structure of this Ni(dmit),, molecules are
planar and stacked with short S-S interactions. Interestingly, the systematic variation of
the nature of the alkyl cation in dmit-based compounds, with non-integral oxidation state,

was carried out.

Figure 1.2. Crystal structure of (H30)o.33Lios[Pt(mnt),]-1.67H,0.
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Layer I

(@) (b)
Figure 1.3. (a) Crystal structure of (MesN)[Ni(dmit),],, and (b) the crystal structure of (TTF)[Ni(dmit),]..

It was soon observed that a slight, even minute, modification of the cation may result
in important, or even drastic, changes in the conducting behavior. To demonstrate,
whether the cations play role for conductivity or not, in 1986 the [Bus;N]" cation was
replaced by TTF and the compound (TTF)[Ni(dmit);]. (Figure 1.3) was reported to
undergo the superconducting transition at 1.62 K under 7 kbar.® This was the first report
on transition metal dithiolene complex based superconductor. Metal dithiolene complexes
show very interesting conducting behavior, which is mainly due to the involvement of
sulfur-rich dithiolene ligands, owing to the intermolecular S-S interactions of the ligands.
The superconductivity in the system, where the electron conduction originates from only
the M(dmit), molecule, was first found in (MesN)[Ni(dmit),], (Figure 1.3) at 5 K under 7
kbar.>! This clearly indicates that the improvement of the conducting properties connected
with the morphology of the counter cation. For example, the comparison of conductivity
of (MesN)os[Ni(dmit),] and (HMe3N)o s[Ni(dmit),] with non-integeral oxidation states, for
which the only chemical variation consists of substituting just one hydrogen atom for one
methyl group. Few of the superconducting [M(dmit),]™ salts are described in Table 1.1.>
In addition to metal complexes of mnt and dmit ligands, M(dddt), complexes have been
studied because the dddt complexes are closely related to TTF like molecules and
especially BEDT-TTF. Moreover square-planar metal complexes, based on dddt ligand,
share with BEDT-TTF and capacity for its existence as cationic radicals (not only as

neutral species and anionic radicals) like most other dithiolene complexes.>®
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Table 1.1. Molecular Superconductors Based Metal Dithiolene Complexes®®

compound Te/K P/kbar
(TTH)[Ni(dmit),], 1.62 7
a—(EDT-TTF)[Ni(dmit),] 1.3 -
(Me4N)[Ni(dmit)2]. 5 7
o'—(TTF)[Pd(dmit)2]. 593 24
a—(TTF)[Pd(dmit),], 1.7 22
B—(MesN)[Pd(dmit),]. 6.2 6.5
(EtzMezN)[Pd (dmit)2]. 4.2 4
B'—(EtMeP)[Pd(dmit),]. 4 6.9
B'—(MesSb)[Pd(dmit),]. 3 10
B'—(MesAs)[Pd(dmit)]. 4 7(ap)

Figure 1.4. (a) Crystal structure in Cu[Cu(pdt)2]. (b) Perspective view of the crystal structure of
Cu[Cu(pdt),]. Color code: green, Cu; yellow, S; gray, C; blue, N; pink, H.

Recently, porous coordination polymers (metal-organic frameworks) have been
synthesized based on bis(dithiolene) complexes [Cu(pdt),]” (Figure 1.4) and [Ni(pdt)2]
(Figure 1.5) as building blocks.> These polymers Cu[Cu(pdt),] and Cu[Ni(pdt),] show
relatively high conductivity at room temperature with high porosity. In addition,
conductivity of Cu[Ni(pdt),] has been enhanced through partial oxidation of the its
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framework as shown in Figure 1.5. The increase in counducvity is due to oxidative doping

and the resulting framework is a p-type semicounductor.>®

Metal-organic framewoks of
these dithiolene based compounds exhibit reletively high elctrical conductvity, doping
and reox behavior with permenent porosity. Because of such solid-state properties, these
compounds can creat a potentially versatile platform form for genarating hybrid, odered
nanoscale elctronics. Given the wide ange of metal dithiolene chemistry known, these
properties suggest that these and related metal organic framewoks may find applications as

new electronic and photoactive microporous materials.
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Figure 1.5. Left: Portion of the structure of the metal-organic framework Cu[Ni(pdt),], with light blue,
green, yellow, blue, and gray spheres representing Cu, Ni, S, N, and C atoms, respectively; H atoms are
omitted for clarity. Right: Redox behavior associated with the [Ni(pdt),]*" units within the framework.
1.5.4.2. Magnetic Properties

Molecular magnetic materials are potential candidates to develop magnetic,
electromagnetic and magnetic-optic devices. In this point of view, the metal
bis(dithiolene) complexes are attractive. The planar metal bis(1,2-dithiolene) complexes
have been widely investigated, because these complexes exhibit the conductivity /
superconductivity including the magnetic properties at the same time.>> Moreover, the
rational development of new magnetic metal complexes involving both conducting n—
electrons and local d spins is of further interest, since the novel electrical conducting and
magnetic properties might be produced. Anti-ferromagnetism is the most common

phenomena observed magnetic behavior for the most of the metal bis(dithiolene)
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complexes. In spite the large number of dithiolene complexes, very few exhibit unusual
and remarkable magnetic behaviors. These are undergo spin-Peierls (SP) like transitions,
spin-ladder (SL) behavior, exhibiting ferromagnetic interaction and bulk ferromagnets.*®
Mostly, metal bis(1,2-dithiolene) complexes only show these interesting magnetic

behavior.

Spin—Peierls Transition

Spin-Peierls transition®” is magneto-elastic transition that occurs in quasi one-dimensional
antiferromagnetic materials. For the occurrence of a spin-Peierls transition, several
preconditions are necessary: first of all, a crystal must contain (quasi) one-dimensional
antiferromagnetic spin chains of half-integer spin, i.e. the exchange coupling between
neighboring spin along one crystal direction has to be much larger than those, which are
perpendicular to this direction. Secondly, a finite magneto-elastic coupling is necessary,
i.e. the exchange interaction depends on the distance between neighboring sites. It consists
of an S=1/2 antiferromagnetic spin chain with a spin-lattice coupling. The dimerization of
the lattice takes place at a finite temperature Tsp (a—b). The lattice dimerization
alternatively enhances [J(1+6)] or reduces [J(1-8)] the antiferromagnetic interactions, and
brings about singlet pair formations on the enhanced exchange links (form b) as shown in
Figure 1.6. The Spin-Peierls transition has been theoretically predicted only for organic
radicals®® long before. Interestingly, the first experimentally characterized spin—Peierls
system based on the 1,2—dithiolene system, (TTF)[M(tfd),] M = Cu and Au, was reported.

(@)

(b)

J1+8J J+8J J+8J
J-8J J-8J

Figure 1.6. (a) An S=1/2 spin chain with a uniform antiferromagnetic interaction J. (b) The lattice
dimerized state below the spin Peierls transition temperature (Tsp).

These undergo the spin—Peierls transition at 12K for Cu and 2K for Au.>® The spin-Peierls
transition was also observed in the case of (Per)z[Pt(mnt).].*° In the ion-pair complexes,
[RbzPy][Ni(mnt),] (R = Br, Cl, and NO), the [Ni(mnt),]*" anion favors one-dimensional
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columnar molecular arrangements (Figure 1.7). Paramagnetic-diamagnetic phase
transitions in this system involve spin-Peierls-like transition.®* The relevant arrangement is
shown in Figure 1.7. Another ion-pair complex [FBzPy][Ni(mnt),], where [FBzPy]+ = 1-
(4A-fluorobenzyl) pyridinium forms a discrete stacking column, that shows a peculiar

magnetic transition from paramagnetic to diamagnetic around 90 K.
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Figure 1.7. Side view of 1-D anion chain for [BrBzPy][Ni(mnt),] in the high-temperature (HT) and low-
temperature phases.

Spin-Ladder System

The spin ladder system is an S=1/2 antiferromagnetic square lattice with finite width and
infinite length (Figure 1.8). The ground state of this system depends on the lattice width,
namely, the number of legs in the ladder. If the number of the legs is even, the ground state
becomes non-magnetic with a finite energy gap to the excited states. For example, even-
leg ladders of S = 1/2 Heisenberg antiferromagnetic spins are in a resonating valence bond
state® at low-temperature and have a finite spin-gap.®

S=1/2

S

3

Figure 1.8. (a) The N-leg spin ladder structure and (b) a schematic ground state of the 2-leg spin ladder
system.
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It’s odd number of legs display properties similar to those of single chains. Interestingly,
some of the [M(dithiolene),] systems have a tendency to form stacks with side-by-side
S-S interactions, resulting the ladder like structure with S =1/2.

ladder leg
direction

ladder leg
direction

Figure 1.9. Crystal structure of the salts [Ph(NHz)](18-crown-6)[Ni(dmit),] (left) and [p-Ph(NHs;),](18-
crown-6),[Ni(dmit),],(CHsCN), (right). The molecular arrangement of [Ni(dmit),]~ forming dimer chain
structures (red) is overlaid with spool arrays (black).

For example, very recently, Nakamura and co-workers have reported the formation of
[Ni(dmit),]” molecular spin ladder induced by [Ph(NH3)](18-crown-6), and [p—Ph(NHs),]
(18-crown-6); supramolecular cations (Figure 1.9).** A pair of [Ni(dmit),]*~ complex
anions form a dimer surrounded between two adjacent 18-crown-6 moieties of a spool,
and the 1D array of {[Ni(dmit),] }. gives dimer chain structures which exhibit the spin-

ladder magnetic behavior (Figure 1.9).
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p-EPYNN M(dmit),

Figure 1.10. The structure of p-EPYNN[Ni(dmit),], showing one-dimensional chain of p-EPYNN and one-
dimensional ladder chain of Ni(dmit),.

Imai and co-workers® reported [Ni(dmit),]" based two-leg ladder kind of structure, in
which the [Ni(dmit);]'" anion ladder is sandwiched between the p-EPYNN (p-N-
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ethylpyridinium z-nitronyl nitroxide) chains, resulting in the Ni(dmit), ladder-chain
formation.® In the compound p-EPYNNI[Ni(dmit),], the spin-ladder chain of the Ni(dmit),
radical anion coexists with the ferromagnetic one-dimensional chain of the p-EPYNN

radical as shown in Figure 1.10.

1.5.4.3. Optical Materials

1.5.4.3.1. Near-Infrared (NIR) Absorbing Dyes

The near—infrared region is from about 800 nm to 2500 nm. Dyes for applications in the
NIR region require small differences in the energy between HOMO and LUMO. The
donor-acceptor concept was established by Konig® and Ismailsky®’ and further developed
by Dilthey and Wizinger®® and incorporated into the perturbation molecular orbital theory
(PMO) model by Dewar.®® According to this concept, long-wavelength absorption is
expected if n—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 —a — A — @ — 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 uses of NIR dyes has been realized
comparably recently, 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). The optical data storage field (DRAW (Direct Reading After Writing) was first
developed by Philips in 1978. The DRAW disk in the heat-mode system using organic
NIR dyes is currently available. The other NIR-dyes devices are thermal writing displays,
infrared photography, laser printer etc. The NIR dyes have also important medicinal
applications. In the context of medicinal applications, Auler and Banzer (1942) reported
that hemato-porphyrin could be absorbed into cancerous tissues.

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 their
ability to exist in several clearly defined oxidation states which are fully connected
through reversible redox steps. (3) Another characteristic property of dithiolene is their

high thermal and photochemical stability. The absorption spectra of neutral
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[Ni(dithiolene),] have been discussed and the longest wavelength of these complexes has
been assigned to bi,—byg (m—m*) transition. The highest occupied MO (byy) is virtually a
pure ligand orbital and the lowest empty MO (b,g) has some Ni (metal) character as well
as ligand character.” This absorption band can be smoothly tuned over desired wavelength
region by simple and subtle changes on to the dithiolene ligands. Most of the dithiolene
complexes used for the NIR dyes are derived from Ni because of the higher delocalization
within these complexes compared to the Pd and Pt analogues. A detailed review by
Mulller-Westerhoff et al.” is available on this NIR absorption topic and a number of Ni-
based dithiolene complexes with absorption at wavelength > 700 nm have been
described.”™" Some of the dithiolene ligands, involved in dithiolene complexes, exhibit
such strong absorption as shown in Schemes 1.11 and 1.12. Many researchers aimed at
increasing the intensity absorption maximum at low energy. Based on this research, it led
to conclusion that the dithiolene complex should contain

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

(2) Presence of an extended mt-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,”* due to their
low reflectivity of the GaAlAs diode lasers. But the dithiolene Ni complex has been
applied to the optical DRAW disk as an inhibitor of laser induced fading.” The metal
dithiolene complexes have also attracted much interest as Q-switching NIR dyes

applications.
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1.5.4.3.2. Nonlinear Optical Materials

Second-Order NLO

The basic requirements for NLO active molecules, that possess large B values, contain an
electron donor group (D) connected with an electron acceptor group (A) by a n—
conjugated polarizable bridge.”® The nonlinear optical properties of such dipolar,
polarizable (D-n—A) molecules are characterized by low energy, D—A intermolecular
charge transfer (ICT) excitations. However, much number of papers have appeared on
organic molecule-based compound exhibiting NLO properties, especially for SHG, but
only few are reported for inorganic molecule-based materials. In this context, metal
dithiolene complexes have attracted interest for 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.”’
Unfortunately, symmetrical homoleptic bis(dithiolene) complexes do not exhibit any
second harmonic generation (SHG), because the SHG materials require the lack of a
center of symmetry. Symmetrical homoleptic dithiolene complexes, involved in SHG, are
synthesized as counterions with push-pull active molecules such as hemicyanine dye
(HCD)® as shown in Scheme 1.13. Replacement of iodide ion in (HCD)I by dmit-based
complex dianion results in the compounds of general formula {(HCD)[M(dmit),] (M =
Cd, Ni, Zn}.” Interestingly, LB films of these Zn-dmit compounds have been shown to
improve SHG compared to the (HCD)I. This may be due to the fact that Zn complexes act
as spacer avoiding aggregation and/or dispersion of the active chromofore (HCD) and

allowing an ordered segregation of HCD in the films.

\_7

R = Me, Et, Bu, etc.
Scheme 1.13

Interestingly, unsymmetrical homoleptic bis(dithiolene) and heteroleptic dithiolene
complexes are better candidates for SHG, due to their nonzero dipole momentums. Some
of the unsymmetrical bis(dithiolene) complexes (14-17) and heteroleptic dithiolene

complexes (18-21), which exhibit second order NLO properties are shown in Schemes
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1.14 and 1.15, respectively. In those, most promising and extensively studied compounds
are heteroleptic Ni(diimine)(dithiolate) complexes as shown Scheme 1.15.2%% |n 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 o values within the range from 0 to —-16 x

107 esu, depending upon the substituents.
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Third Order NLO

The application of third order NLO effects are in various fields such as optical-phase
configuration (to restore distorted images), all-optical-switching and computing.®
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.* Some of the metal bis(dithiolene) complexes
exhibiting third order NLO are shown in Scheme 1.16. Third order NLO properties of
dmit-based and mnt-based metal complexes with sandwiched organometallic cations

[CpFe(n-CsHe)]™ have also been reported.®®
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Heteroleptic dithiolene complexes also have been studied for their third-order NLO
properties that involve the dmit and mnt ligands as shown in Scheme 1.17,% 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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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. The metal dithiolene complexes are useful 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-workers® described that, the
cobaltadithiolene is effective catalyst for synthesis of y,6—unsaturated cyanofluoroamide
and the reaction is shown in Scheme 1.18. This synthetic reaction proceeded smoothly
under mild reaction conditions and only the cyanofluoroamide product was obtained.
Interestingly, without cobaltadithiolene complex, no target product was obtained. Another
compound tin-bis(1,2-benzenedithiolene) (22, Scheme 1.19) has been used as effective
catalyst for the reduction of azides to amines, which is reported by Bosch et al.?® 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 NaBHa.
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.
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2. Cinnamyl chloride (2.0equiv)
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Scheme 1.18. Synthesis of y,6—unsaturated cyanofluoroamide with cobaltadithiolene complex as catalyst.

S, S
\

7\
S S

Tin-bis(1,2-benzenedithiolene)
Scheme 1.19

(32)



Chapter—1

Das and madhu have described an easy oxidation of a condensed heterocyclic system
(which incorporate pyridinium cations) in a metal bis(dithiolene) complex matrix.®” They
have used the metal bis(dithiolene) complex [M(mnt)2]*>~ (M = Ni, Cu) for the oxidation of
DDP ion to ODP ion as shown in Schemes 1.20.
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Scheme 1.20

Also some more examples illustrate that, metal dithiolene complexes are not only
useful for organic synthesis, but they are also well known for photocatalysis, thermal and
electrochemical catalysis.?® Both square planar M[S;C;R:Rz]; and trigonal prismatic
M[S,C2R:R;]; dithiolenes can be used as photocatalysts, that have been studied in the
water splitting reactions for the production of hydrogen. In this case, the dithiolene
complex absorbs the light energy, transfers it to water and it also acts as a thermal catalyst

in the formation of hydrogen and oxygen.

1.6. 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 receive considerable interest to those scientists studying biological
systems. This is because 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 are

classified into four families as shown in Scheme 1.20.%°
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Dithiolenes play an important role in natural systems. Thus, a dithiolene group is
present an integral component of molybdopterin (MPT), the moiety that binds the
molybdenum (or tungsten) at the catalytic centre of enzymes that transfer an oxygen atom
to or from the substrate. A wide range of reactions are present in virtually all living
systems catalyze by these enzymes, and many of these enzymes are structurally
characterized. Each catalytic centre 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, not the least of these is the role
of the pterin and pyran ring that, together with the dithiolene, form MPT. 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.
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Scheme 1.20. The four families of dithiolene-containing molybdenum and tungsten
enzymes based on structure of the catalytic reaction centers.
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Scheme 1.21. Schematic representations of some of 1,2-dithiolene containing molybdenum and tungsten
cofactors in relevant metalloenzymes.

More significantly, the complexes [MO2(bdt),]*"and [MOz(mnt)2]* (M = Mo or W)
constitute reasonable structural models for the active site of DMSO-reductase and
Pyrococcus furiosus AOR, and also serve as functional models for oxotransferase
enzymes.® 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.®* Some schematic representations of the 1,2-dithiolene containing
molybdenum and tungsten enzymes are depicted in Scheme 1.21.

Rajagopalan and his co-workers®* 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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1.7. Motivation of the present work

From the above description we have seen that, 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
are present in active sites of many biological essential metallo-enzymes 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. However, the coordination polymers, based dithiolene complexes, are still rare in
the literature. Metal coordination polymers are particularly interesting in materials
chemistry and they display significant solid state properties in the fields of conducting,
magnetic, optical (nonlinear) and gas-storage materials. To accomplish these materials, the
use of crystal engineering tools becomes crucial to achieve the adequate packing of the
molecules that may lead to the desired properties. Very recently, two electro conductive
coordination polymers Cu[Cu(pdt),] and Cu[Ni(pdt).] have been reported, and these show
relatively high electrical conductivity at room temperature with high porosity based on
pyrazine bis(dithiolate) building blocks.>* In addition, the conductivity of Cu[Ni(pdt),]
has been enhanced through partial oxidation of its framework. The increase in
counducvity is due to oxidative doping and the resulting framework is a p-type

semicounductor.>*°

Metal-organic framewoks of these dithiolene based compounds exhibit
reletively high elctrical conductvity, doping and reox behavior with permenent porosity.
This inspired us to choose metal bis(dithiolene) complexes as building blocks for the
construction of metal-coordination polymers. Moreover, Rovira and co-workers have
reported the alkali coordination polymers of dithiolene complexes by using N-containing
dithiolate ligands as building blocks.

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.” 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.” The electronic
spectral studies and redox properties would be greater interest in this area of heterocyclic

based dithiolene chemistry. The photo-physical (luminescence) properties of platinum
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complexes of qdt-type ligand have been studied extensively by Eisenberg’s group.*
Additionally, qdt-type ligands are useful in the area of analytical chemistry to analyze the
metal quantification in ppm levels due to their absorption in visible region with large
molar extension coefficient values.”” These facts motivated us to design and synthesize
new type of gdt-based ligands and to synthesize its metal bis(dithiolene) complexes, so
that we can compare the chemistry of this new qdt-system with that of existing qdt
compounds. Furthermore, H. B. Gray et al. studied that the effect of different substituents
on the electronic structure of the {MS,} group in a systematic manner.”® This situation
encouraged us to design and synthesize, new quionxaline-dithiolate systems followed by
the physical properties. Currently, the generation of field-effect transistors (FET) is 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.*® 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.

In addition, one or both nitrogen atoms of the {qdt}* ligand in their complexes could
be protonated and again deprotanated, meaning that it can show acid-base behavior, as
observed in the Ni(11)-,*° Pt(11)-°¢ and Mo(IV)-qdt complexes.” This is also an important
study, because understanding proton transfer reactions are essential for maintaining
cellular life and they are part of the metabolic processes taking part in extra- and intra-
cellular fluids.™™ For example, the energy needed for maintaining the cell alive is
produced by a cycle of reactions implying proton transfer(s).*® But in the literature, there
is only one report (in the area of metal dithiolene systems) by Cummings and Eisenberg
that described the detailed pH dependent absorption and emission studies of a Pt(Il)
quinoxaline-2,3-dithiolate ({qdt}*) complex [BusNJo[Pt(qdt),].*® Because of this
significance of the reversible protonation and deprotonation behavior, we decided to
choose another dithiolate ligand containing more number of nitrogen atoms to perform

acid-base studies.
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Self-Assembly  of Alkali Metal Based ~|
Coordination Polymers of Metal Bis(Dithiolene) 2 |
Complexes: Role of Coordinated Crystallizing |
Solvents and Counter Cations in Tuning the Chapter
Structural Diversity and Dimensionality —

Abstract:— Self assembly of coordination networks based on metal bis(dithiolene) complexes
[M(btdt),]* (M = Cu(l11) and Au(ll1); btdt = 2,1,3-benzenethiadiazole-5,6-dithiolate) are influenced by
the coordinating solvents through the coordination with sodium metal ion. In order to investigate the
effect of coordinating solvent on the dimensionality of the coordination networks, we have synthesized
ten coordination polymers {[Na(CH;OH)4][Cu(btdt);]}n (1), {[Na(THF)4][Cu(btdt).]}» (2),
{[Na(CH;COCHg)o][Cu(btdt)z]}n (3), {[Na(DMF)z][Cu(btdt)z]}n (4), {[Na(CHCN)J[Cu(btdt).]}n (5).
{[Na(CH;OH)J[Au(btdt)]}n (6), {[Na(THF)2][Na(THF)(OH;)][Au(btdt)s] }, @),
{[Na(CH;COCHz)J[Au(btdt)]}n (8), {[Na(DMF)][Au(btdt)z]}, (9) and {[Na(CH;CN)J[Au(btdt)o]},
(10) by varying the coordinating solvents in respective recrystallization process. In addition to this, a
discrete compound [Na,(H,0)s(1-H,0),][Au(btdt),], (11) has been synthesized by the recrystallization of
the gold compound in MeOH in open air. In the self-assembly process, the dimensionality of the
networks of coordination polymers 1-10 has greatly been influenced by the hybridization of central
carbon atom attached to the coordinating solvent atom (‘N’ or ‘O’) of the recrystallizing solvents. To
study the counter cation effect on the structural diversity and dimensionality, we have synthesized two
potassium-based  coordination polymers {[K(CH3COCHj3);z][Cu(btdt),]}n (12) and
{[K(CH3CN),][Cu(btdt),]}, (13). AIll these compounds have been structurally characterized
unambiguously by single crystal X-ray crystallography. Interestingly, copper compounds 1-5 show two

quasi-reversible reduction responses at —0.13 V and —1.10 V vs Ag/AgCl in DMF solutions.

The design and syntheses of coordination polymers or metal-organic frameworks

2.1. Introduction

(MOFs), that involves attentive selection of organic ligands with suitable functional
groups and metal ions, have attracted considerable attention for producing solid-
functional materials, which have the potential to be used as gas storage, nonlinear
optical, conducting and magnetic materials."? Controlling the self-assembly of
coordination polymers in terms of their dimensionality (1D, 2D and 3D) is a
challenging task. This is because the properties of these coordination polymers can be
tuned by the structural diversity and dimensionality of polymeric materials. Thus, by
precise prediction of diversity and dimensionality of self-assembled-coordination
networks, we can control the properties of solid-functional materials.® In the self-
assembly process of a coordination polymer, generally, the structural diversity and
dimensionality are greatly effected by the choice of the ligands,* metal / ligand ratios,’
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solvents® and counterions.’ Among these factors, influence of solvents and counterions
are particularly interesting because, simply, the variations in solvents and counterions,
results in a variety of self assembled structures.®’ Generally, a solvent can influence
the structure assemblies of coordination architecture either by playing role as reaction
medium or in the re-crystallization process. In the course of crystallization, the
solvents can control the crystal structure of coordination networks by its lattice
formation without involving in the final product or its incorporation as guests into the
structures without coordination to the complexing moiety or its involvement in the
coordination to metal ion by coordinate covalent bond.® In the latter case (its
coordination to a metal ion), solvents can directly influence the dimensionality of self-
assembled network, due to difference in their shape, size and polarity. Effects of
solvents on the dimensionality of self-assembled coordination networks are
demonstrated in previous reports.® However, the role of a coordinating solvent on the
structure assemblies of coordination networks has still not been well understood.

On the other hand, square-planar metal-dithiolene complexes have been used as
building blocks for the construction of polymeric compounds to obtain promising
materials, such as, conducting, magnetic and non linear optical materials.® However, the
investigation of influence of solvents on the coordination networks, based on a square-
planar metal bis(dithiolene) complex, is hardly explored. In the present chapter, we have
demonstrated a systematic study of the solvent effects on the formation of crystalline
coordination networks of diverse dimensionalities (from 1D to 3D) by employing different
coordinating solvents such as, MeOH, THF, CH3COCHs, DMF and CH3CN through their
coordination with the sodium cation. We have demonstrated that the geometry of the
central carbon of crystallizing coordinating solvents plays an important role in directing
the dimensionality of coordination polymers. We have also described that, during
recrystallization process, sp® hybridized central carbon containing solvents, such as,
MeOH and THF solvents lead to 1D coordination polymers, sp? hybridized central carbon
containing solvents, such as, DMF and acetone solvents lead to 2D coordination polymers
and sp hybridized central carbon containing solvents, such as, acetonitrile solvent leads to
3D coordination polymers.

We have reported here, five new coordination polymers 1-5 based on [Cu"'(btdt),]*

and five new coordination polymers 6-10 and one discrete compound 11 based on

(48)
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[Au"(btdt),]"" (btdt = 2,1,3-benzenethiadiazole-5,6-dithiolate) systems by varying the
coordinating solvents, by coupling with Na* ion, where the dimensionality would be
controlled by the nature of the hybridization of the sodium coordinating solvent. In order
to investigate the counterion effect, we have synthesized two coordination polymers 12
and 13, by using the potassium(l) as a counter cation. All these compounds have been
structurally characterized unambiguously by single crystal X-ray crystallography
including with their spectral characterizations (IR, NMR and UV-Vis), and elemental

analysis. We have also described electrochemical properties of compounds 1-5 in solution

state.

{[Na(CH3OH)4][Cu(btdt)]}n (1), {[Na(THF)4][Cu(btdt)]}n (2),
{[Na(CH;COCHs) J[Cu(btdt)2]}n (3), {[Na(DMF)][Cu(btdt)z]}n (4),
{[Na(CHsCN):][Cu(btdt)2]}n (5), {[Na(CHsOH)4][Au(btdt)2] }n (6),
{[Na(THF)2][Na(THF)(OHa)][Auz(btdt)4]}n(7), {[Na(CH3COCHs),][Au(btdt)2]}n (8),
{[Na(DMF)z][Au(btdt)2]}x (9), {[Na(CH3CN) ][Au(btdt)2]}n (10),
[Naz(H20)6(H-H20)2][Au(btdt),]. (11), {[K(CH3;COCHE)s][Cu(btdt)]}n (12),

{[K(CH3CN),][Cu(btdt)2]}n (13).

2.2. Experimental Details

2.2.1. General

FLASH EA series 1112 CHNS analyzer performed elemental analyses. Infrared spectra
were recorded as KBr pellets on a JASCO-5300 FT-IR spectrophotometer at 298K.
Electronic absorption spectra of solutions were recorded on a Cary 100 Bio UV-Vis
spectrophotometer. Diffuse reflectance spectra of solid compounds were recorded on a
UV-3600 Shimadzu UV-Vis-NIR spectrophotometer. NMR spectra were recorded in
Bruker 400 MHz spectrometer. The chemical shifts (6) are reported in ppm. A Cypress
model CS-1090/CS-1087 electro analytical system was used for cyclic voltammetric
experiments. The electrochemical experiments were performed in DMF containing
[BusN][CIO4] 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.

The potentials reported here are uncorrected for junction contributions.
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2.2.2. Materials

All the reagents for the syntheses were commercially available and used as received.
2,1,3-Benzenethiadiazole-5,6-dithiol (H,btdt) ligand was synthesized according to
literature procedure.” Syntheses of metal complexes were performed under N, using

standard inert-atmosphere techniques. Solvents were dried by standard procedures.

MeOH/ether _ fINa(CHsOH) J[Cu(btdt) I}, (1)

Diffusion 1-D Coordination polymer
N SH o |THEENET {Na(THRCuGid) T, ()
7 j@i ) NaOH, MeOH _ pack solid Recrystallization Diffusion 1-D Coordination polymer
N sy i) CuCh.2H,0  Cu-complex
) Alr Acetonelether {[Na(CH;COCHs)I[Cu(btdt); I}, (3)
H,btdt = 2,1,3-Benzene Diffusion 2-D Coordination polymer

thiadiazole-5,6-dithiol

DMPIether _ {[Na@MP)I[Cubtdlly (g
Diffusion 2-D Coordination polymer

CHACN/Eher {[Na(CHaCN)J[Cu(btet)s ]}, ()
Diffusion 3-D Coordination polymer

Scheme 2.1. Synthesis of coordination polymers 1-5.

2.2.3. Synthesis and Characterization

Synthesis of Copper Complexes 1-5

The btdt dianion is generated, in situ, by treatment of Hybtdt (0.070 g, 0.35 mmol) with
excess amount of NaOH (0.040 g, 1.0 mmol) in MeOH (7.0 mL). To the resulting clear
red solution, solid CuCl,-2H,0 (0.030 g, 0.176 mmol) was added and the reaction mixture
was stirred for 30 min in presence of open atmosphere. The resulting dark black micro
crystalline solid was separated by filtration and air dried. Yield: 0.040 g. IR (KBr, cm™):
3396w, 1630m, 1477s, 1419s, 1242s, 1078s, 825s, 640m, 522m. *H NMR (400 MHz, ¢
ppm) (DMSO-dg): 7.63(s, 4H). Coordination polymers 1-5 have been prepared from the

different solvent recrystallizations of this black colored solid.

{[Na(CH3OH)4][Cu(btdt)]}n (1)
Black colored crystals of compound 1 were obtained from the vapor diffusion of diethyl

ether into a solution of the black solid compound dissolved in MeOH solvent. Anal. Calcd.
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for C16H20N404SgNaCu: C, 31.44; H, 3.30; N, 9.17. Found: C, 31.62; H, 3.19; N, 9.05. IR
(KBr, cm™): 3398w, 1633m, 1475s, 1419s, 1244s, 1078s, 823s, 640m, 522m. 'H NMR
(400 MHz, ¢ ppm) (DMSO-dg): 7.64(s, 4H).

{[Na(THF)s][Cu(btdt).]}n (2)

Black colored crystals of compound 2 were obtained from the vapor diffusion of diethyl
ether into a solution of the black solid compound dissolved in THF solvent. Anal. Calcd.
for CogH3sN4O4SgNaCu: C, 43.59; H, 4.70; N, 7.26. Found: C, 43.28; H, 4.51; N, 7.68. IR
(KBr, cm™): 1626m, 1471s, 1419s, 1242s, 1076s, 852m, 825s, 626m, 520m. *H NMR
(400 MHz, ¢ ppm) (DMSO-dg): 7.64(s, 4H).

{[Na(CH3COCHs);][Cu(btdt)2]}n (3)

Black colored crystals of compound 3 were obtained from the vapor diffusion of diethyl
ether into a solution of the black solid compound dissolved in acetone solvent. Anal.
Calcd. for CigH1sN4O>SgNaCu: C, 36.08; H, 2.69; N, 9.35. Found: C, 35.79; H, 2.81; N,
9.58. IR (KBr, cm™): 1697m, 1633m, 1477s, 1419s, 1242s, 1078s, 825s, 640m, 522m. *H
NMR (400 MHz, 6 ppm) (DMSO-de): 7.64(s, 4H).

{[Na(DMF)2][Cu(btdt)]}n (4)

Black colored crystals of compound 4 were obtained from the vapor diffusion of diethyl
ether into a solution of the black solid compound dissolved in DMF solvent. Anal. Calcd.
for C1gH1sNgO2SsNaCu: C, 34.36; H, 2.88; N, 13.35. Found: C, 34.51; H, 3.02; N, 13.14.
IR (KB, cm‘l): 1658s, 1631m, 1477s, 1419s, 1242s, 1079s, 824s, 640m, 522m. 'H NMR
(400 MHz, 6 ppm) (DMSO-ds): 7.64(s, 4H).

{[Na(CHsCN).J[Cu(btdt)2]}n (5)

Black colored crystals of compound 5 were obtained from the vapor diffusion of diethyl
ether into a solution of the black solid compound dissolved in acetonitrile solvent. Anal.
Calcd. for. Ci6H10NeSgNaCu: C, 34.00; H, 1.78, N, 14.87. Found: C, 33.61; H, 1.91; N,
15.08. IR (KBr, cm™): 2254m, 1633m, 1477s, 1419s, 1242s, 1078s, 823s, 640m, 522m.*H
NMR (400 MHz, 6 ppm) (DMSO-de): 7.64(s, 4H).
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_ MEOHVether _— {[Na(CH:OH) J[Au(btdt) T}y (6)
Diffusion 1-D Coordination polymer

I THF/ether (iNa(THF),][Na(THF)(OH)][Aux(btdt);]}, (7)
Diffusion 1-D Coordination polymer

Acetone/ether  {[Na(CH3COCH3),][Au(btd)2]},  (8)
N SH . N e o
< j@i i) NaOH, MeOH ~ o o\ olidRecrystallization | Diffusion 2-D Coordination polymer

N SH i) HAUCI,.3H,0 Au-complex
iii) N, atmosphere DMF/ether {INaOMF)J[Au(btdt) I}, ©
H,btdt = 2,1,3-Benzene Diffusion 2-D Coordination polymer

thiadiazole-5,6-dithiol

CHCN/Ether  {[Na(CHaCN)I[AU(btdt): T} (10)
Diffusion 3-D Coordination polymer

MeOH-H,0 [Nag(H,0)6(1-H20),][Au(btdt),], (11)

Discrete compound

Open air

Scheme 2.2. Synthesis of gold compounds 6-11.

Syntheses of Gold Complexes 6-11

The btdt dianion is generated, in situ, by treatment with H,btdt (0.165 g, 0.825 mmol) with
excess amount of NaOH (0.15 g, 3.75 mmol) in MeOH (10 mL). To the resulting clear red
solution, solid HAuCl,;-3H,0 (0.175 g, 0.444 mmol) was added and the reaction mixture
was stirred for 30 min under nitrogen atmosphere. The resulting brown solid was
separated by filtration and air dried. Yield: 0.250 g. IR (KBr, cm™): 3435br, 1628s,
1602m, 1475s, 1419s, 1238s, 1074s, 827s, 706m, 636m, 522m. *H NMR (400 MHz, ¢
ppm) (DMSO-dg): 7.81(s, 4H). Coordination polymers 6-10 and a discrete compound 11
have been prepared from the various solvent recrystallization of the above mentioned

brown-colored solid.

{[Na(CH3;OH),][Au(btdt),]}n (6)

The red colored crystals of compound 6 was obtained from the vapor diffusion of ether
into a solution of the brown solid compound dissolved in dry MeOH. Anal. calcd. for
C1sH20N104SgNaAu: C, 25.81; H, 2.71; N, 7.52%. Found: C, 25.45; H, 2.93; N, 7.40%. IR
spectrum (KBr, cm™): 3427br, 1633s, 1602m, 1475s, 1421s, 1238s, 1074s 827s, 706m,
634m, 522m.*H NMR (400 MHz, § ppm) (DMSO-ds): 7.81(s, 4H).
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{[Na(THF).][Na(THF)(OH2)][Auz(btdt)s]}n (7)

Red colored crystals of compound 7 were obtained from the vapor diffusion of ether into a
solution of the brown colored solid compound dissolved in THF solvent. Anal. calcd. for
CssH30Ns04S12NaAuy: C, 29.55; H, 2.07; N, 7.66%. Found: C, 30.10; H, 2.38; N, 7.89%.
IR (KBr, cm‘l): 3474s, 1630m, 1477s, 1423s, 1242s, 1074s, 831s, 524m. *H NMR (400
MHz, 6 ppm) (DMSO-de): 7.81(s, 4H).

{[Na(CH;COCHj)-][Au(btdt).]}n (8)

Red colored crystals of compound 8 were obtained from the vapor diffusion of diethyl
ether into a solution of the brown colored solid compound dissolved in acetone solvent.
Anal. Calcd. for CigH16N4O2SsNaAu (8): C, 29.51; H, 2.20; N, 7.65%. Found: C, 28.94;
H, 2.38; N, 7.90%. IR (KBr, cm‘l): 1699s, 1628m, 1473s, 1421s, 1242s, 1074s, 821s,
634m, 522m. *H NMR (400 MHz, § ppm) (DMSO-ds): 7.81(s, 4H).

{[Na(DMF)][Au(btdt).]}, (9)

The red colored crystals of compound 9 was obtained from the vapor diffusion ether into a
solution of the brown solid compound dissolved in DMF. Anal. calcd. for
C1gH1sNgO2SgNaAu: C, 28.35; H, 2.38; N, 11.02%. Found: C, 28.20; H, 2.16; N, 11.24%.
IR spectrum (KBr, cm'l): 2918w, 2868w, 1657s, 1477s, 1419s, 1242s, 1080s, 823s, 640s,
526m.*H NMR (400 MHz, 6 ppm) (DMSO-dg): 7.81(s, 4H).

{[Na(CH3CN),][Au(btdt),]}n (10)

The red colored crystals of compound {[Na(CH3CN)2][Au(btdt),]}» (10) was obtained
from the vapor diffusion ether into a solution of the brown solid compound dissolved in
CH3CN. Anal. calcd. for Ci6H10NeSeNaAu (10): C, 27.51; H, 1.44; N, 12.29%. Found: C,
27.78; H, 1.30; N, 12.08%. IR spectrum (KBr, cm'l): 2255m, 1630m, 1476s, 1421s, 1241s,
1077s, 826s, 640m, 525m.*H NMR (400 MHz, § ppm) (DMSO-de): 7.81(s, 4H).

[Naz(H20)6(u-H20)2][Au(btdt)2]2 (11)
The dark brown colored crystals of compound [Naz(H20)e(u-H20)2][Au(btdt)2]> (11) was
obtained from the slow evaporation of solution of the brown solid compound dissolved in

commercial MeOH in open air conditions. Anal. calcd. for C;,H;,N404SgNaAu : C, 20.93;
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H, 1.76; N, 8.14%. Found: C, 21.22; H, 1.67; N, 8.07%. IR spectrum (KBr, cm'l): 3466br,
3369br, 1637s, 1477s, 1425s, 1242s, 1078s 833s, 706m, 528m.

Acetonelether {[K(CHyCOCH)3I[Cu(btdt) T} (1)

Diffusion 3-D Coordination polymer

SH .
& j@[ _ ) KOH,MeOH _ gjack solig Recrystallization
N sy i) CuCh.2H,0  Cu-complex

iii) Air

CH4CN/ether
sztdt =2,1,3-Benzene 3 {[K(CH3CN)2] [Cu(btdt)Z]}n

S (13)
thiadiazole-5,6-dithiol Diffusion 2-D Coordination polymer

Scheme 2.3. Synthesis of potassium-based coordination polymers 12-13.

Synthesis of Potassium-Based Coordination Polymers 12-13

The btdt dianion is generated, in situ, by treatment of H,btdt (0.200 g, 1.0 mmol) with
excess amount of KOH (0.2 g, 3.57 mmol) in MeOH (10.0 mL). To the resulting clear red
solution, solid CuCl,-2H,0 (0.085 g, 0.5 mmol) was added and the reaction mixture was
stirred for 30 min in presence of open atmosphere. The resulting dark black micro
crystalline solid was separated by filtration and air dried. Yield: 0.180 g. IR (KBr, cm™):
3417, 2964, 1597, 1478, 1422, 1384,1361, 1262, 1242, 1080, 853, 799, 701, 618, 525,
475. 'H NMR (400 MHz, 6 ppm) (DMSO-dg): 7.63(s, 4H). K-based coordination
polymers 12-13 have been prepared from the acetone and acetonitrile solvents

recrystallization of this black colored solid, respectively.

{[K(CH3COCHs)s][Cu(btdt)2]}n (12)

Black colored crystals of compound 12 were obtained from the vapor diffusion of diethyl
ether into a solution of the black solid compound dissolved in acetone solvent. Anal. calcd.
for C,1H2,N403SgKCu: C, 37.45; H, 3.29; N, 8.32%. Found: C, 37.25; H, 3.52; N, 8.19%.
IR (KBr, cm™): 3414, 2963, 1594, 1479, 1420, 1363, 1261, 1242, 1079, 1022, 800, 701,
524, 467.'"H NMR (400 MHz, 6 ppm) (DMSO-dg): 7.63(s, 4H).

{[K(CH3CN),][Cu(btdt),]}, (13)

Black colored crystals of compound 13 were obtained from the vapor diffusion of diethyl
ether into a solution of the black solid compound dissolved in acetonitrile solvent. Anal.
caled. for. CiH10N6eSsKCu: C, 33.06; H, 1.73, N, 14.46%. Found: C, 33.47; H, 1.99; N,
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14.12%. IR (KBr, cm™): 3405, 2963, 2925, 2833, 1585, 1479, 1419, 1363, 1261, 1242,
1097, 1078, 1022, 862, 844, 825, 800, 524. 'H NMR (400 MHz, & ppm) (DMSO-ds):
7.63(s, 4H).

2.2.4. Single Crystal Structure Determination

Single crystals suitable for facile structural determination for the compounds (1-3, 5-10
and 13), were measured on a three circle Bruker SMART APEX CCD area detector
system under Mo-Ka (4 = 0.71073 A) graphite monochromatic X-ray beam. The frames
were recorded with an @ scan width of 0.3°, each for 8 s, crystal-detector distance 60 mm,
collimator 0.5 mm. Data reduction performed by using SAINTPLUS.® Empirical
absorption corrections using equivalent reflections performed program SADABS.'
Crystal data for compounds 4 and 11-12 were collected on Oxford, Gemini diffractometer
equipped with EOS CCD detector at 100 K. Monochromatic Mo Ko radiations (0.71073
A) was used for the measurements. Absorption corrections using multi y-scans were
applied. The Structures were solved by direct methods and least-square refinement on F?
for all the compounds 1-13 by using SHELXS-97." All non-hydrogen atoms was 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 1-13 are summarized in Tables 2.1-2.5. Selected bond

lengths and angles for the compounds 1-13 are listed in Tables 2.6-2.18.

2.3. Results and Discussion

2.3.1. Synthesis and Spectroscopic Characterization

The synthetic route for the compounds 1-5 are shown in Scheme 2.1. Copper coordination
polymers 1-5 were obtained from different solvent recrystallization of black colored solid
which was obtained from the reaction of one mole equivalent of CuCl,-2H,O with two
mole equivalents of Hybtdt in MeOH treated with excess amount of NaOH in presence of
open atmosphere. Recrystallization from the MeOH/ether and THF/ether diffusion lead to
the formation of 1D coordination polymers, acetone/ether and DMF/ether diffusion leads
to formation of 2D coordination polymers and acetonitrile / ether diffusion leads to the

formation of 3D coordination polymer. In all these polymeric compounds 1-5, Na" ion is
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the counter cation. In the same way, we have synthesized gold compounds 6-11, by using
HAuCl,-3H0 instead of CuCl,-2H;0, in the reaction procedure, as shown in Scheme 2.2.
The K-based coordination polymers 12 and 13 have been prepared by using same reaction
procedure using for the synthesis of Na-based coordination polymers 1-5, but the KOH is
used for the de-protonation (Scheme 2.3) instead of using NaOH in the Scheme 2.1. The
black colored solid compound obtained from the reaction Scheme 2.3 was used for the
synthesis of coordination polymers 12-13. Recrystallizations from acetone and acetonitrile
/| ether diffusions lead to the formation of 3-D and 2-D coordination polymers,
respectively. All the Compounds 1-13 have been characterized by single crystal X-ray
crystallography and further characterized by IR, *H NMR, UV-Visible spectroscopy and

including their elemental analysis (experimental section).

Spectroscopy

IR Spectroscopy

From the IR spectra (Figure 2.1), we have observed three bands at 1697, 1657 and 2255
cm™, that are due to the coordinated solvent molecules such as acetone (vc=o) in
complexes 3 and 8, DMF (vc=0) in complexes 4 and 9, and CH3;CN (vc=y) in complexes 5
and 10, respectively. A discrete gold compound 11 shows a broad IR bands at 3466 and
3369 cm™, are due to the O-H stretching frequency, conforming the presence of water

molecules present in the compound.

2854

1
1697 em’! 1657 cm

1 l 1 1 | | 1 L = I > i R 'k,m«*- M

20000 2000.0 2000

Figure 2.1. IR spectra of (a) compound 3 (vc=0); (b) compound 4 (vc=o) and (c) compound 5 (vc=y) in the
frequency regions of respective coordinating solvents.
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'H NMR Spectroscopy

'"H NMR spectra of Cu-coordination polymers 1-5 show single narrow peak at 7.63 ppm
in DMSO-ds corresponding to the four benzene protons from the btdt ligands. As
representative example, the '"H NMR spectrum of compound 3 in DMSO-ds solution is
shown in Figure 2.2. According to the nature and position of the signal, copper compounds
in the present study are diamagnetic square planar Cu(lll) d® coordination complexes, as
expected.® As in the case of Au-coordination polymers 610, also we have observed
single narrow peak at 7.81 ppm in DMSO-ds related to the four benzene protons from the
btdt ligands.

7.633
3.355
2.501

A A

I T T T T T T T I T T T T T T T T T T T
50 85 80 15 70 6.5 6.0 35 50 4.5 40 35 30 25 20 1.5 10 0.5 ppen

Figure 2.2. "H NMR spectrum of compound 3 in DMSO-ds solution.

ESR Spectroscpy
None of these copper compounds exhibit any ESR signals confirming again that these

complexes are Cu(lll) complexes.

UV-Visible Absorption Spectroscopy

Copper coordination polymers 1-5 show strong absorption band at 425-435 nm in the
visible region in the solutions of their corresponding recrystallizing solvents as shown in
Figure 2.3(a). In addition to this common feature, there is a weak absorption band
observed at higher concentrations in the region of 540-600 nm, for the copper complexes
1-5, as shown in inset of Figure 2.3(a). The appearance of this weak feature at relatively

higher concentrations can be explained by the intermolecular interactions that may occur
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at higher concentrations.*? The weak band feature at around 540-600 nm can also be due
to d-d transition for a Cu(l11) (d®) system. In the solid state, copper coordination polymers
1, 3 and 4 show band at ~ 435 nm, in its diffuse reflectance spectra, as shown in Figure
2.3(b); this band position is consistent with that of the solution state of all copper
complexes. The similar spectral feature has been observed for the gold compounds 6-11.
We have also observed the similar spectral feature has been observed for the K-
coordination polymers 12-13. The diffuse reflectance of spectra of compounds 12-13

show absorption bands at 420-450 nm regions as shown in Figure 2.3(c).
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Figure 2.3. (a) Normalised electronic absorption spectra of compounds 1-5 in their respective recrystallizing
solvents; (b) The solid state (diffuse reflectance) spectra (normalised) of compounds 1, 3 and 4 and black
solid compound (Scheme 1); (c) The solid state (diffuse reflectance) spectra (normalised) of compounds 12
and 13 and black solid compound (Scheme 3).

2.3.2. Electrochemical Studies
In cyclic voltammetric studies of Cu-compounds 1-5, a common Cu(l11)/Cu(ll) redox
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couple appears as quasi-reversible wave at E1;, = -0.13 V vs Ag/AgCl (AE= 90 mV) in
DMF solutions as shown in Figure 2.4 for compound 3. Interestingly, this is a very low
reduction potential for a Cu(lll)-coordination complex and even it is less than that of
reported Cu(lll) compound of pds ligand [Ei;, = —0.54 V (quasi-reversible)], reported
by Rovira and co-workers,® showing that the present system [Cu''(btdt),]*" is more
easily reduced compared with [Cu"'(pds)2]*". In other words, the corresponding Cu(ll)-
complex [Cu'"(btdt),]*" (which we could not isolate) would be very susceptible to
oxidation. This is supported by the fact that Cu(lll)-compounds 1-5 have been
prepared by simple and rapid air oxidation. We could not isolate the Cu(ll) compounds
of btdt ligand because reaction of CuCl,-2H,0 with Na,btdt results in the formation of
immediate precipitate as a Cu(lll) black-coloured solid (Scheme 1). The second
reductive response that appears at E1;» = -1.10 V (AE= 120 mV, quasi-reversible), can
be assigned to the red-ox couple [Cu" (btdt),]*/ [Cu'(btdt),]*".

20.0p - Compound 4 in DMF

10.0p |

Current (A)

0.0

10.0p

T T T — T T T T T T T
-1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

Potential (V)

Figure 2.4. Cyclic voltammetry of complex 4 in DMF with a scan rate 50 mV s* (nBu,NCIO, as
supporting electrolyte).

2.3.3. Description of Crystal Structures
2.3.3.1. 1D Coordination Polymers

Recrystallization from MeOH Solvent
Both crystal structures of the complexes {[Na(CHs;OH)4][Cu(btdt).]}» (1) and
{[Na(CH30OH).][Au(btdt);]}. (6) were grown from MeOH solvent, which are isomorphous

and crystallize in triclinic space group P-1. The asymmetric unit in the crystal structures of
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©

Figure 2.5. Thermal ellipsoid plots of: (a) compound 1 (70% probability); (b) compound 6 (70%
probability); (c) extended network observed in the crystal structure of compound 1. Hydrogen atoms omitted
for clarity

complexes 1 and 6 [represented as labeled atoms] contain one {btdt}*" ligand and two
CH3OH molecules in general positions, and one-half Cu and Na atoms, both metals being
located at symmetry centers as shown in Figures 2.5(a) and 2.5(b), respectively. The
structures of complexes 1 and 6 show square planar geometry around the M(I11) (M = Cu,
Au) ion, with the average Cu-S and Au-S bond distances 2.174 + 0.002 A and 2.309 +
0.000 A, respectively and there is no deviation between the two btdt ligands. The whole
dithiolene complex (anionic fragment) maintains almost planarity with respect to {MS.}
plane as shown in Figure 2.6(a), unlike the case of [Cu(pds),]*", where pyrazine rings were
shown to be twisted with respect to the {CuSs} plane.®® However, there is a very small
deviation in planarity of dithiolene chelating rings with bending angle () of 0.92°
between the SMS and SCCS planes present in the {Cul1S1S2C1C2} chelating rings. In the
crystal structures of complexes 1 and 6, two nitrogen atoms of dithiolene complex are
coordinated to two different Na* counter ions (Mode 1, Scheme 2.4, vide infra). When we
consider the geometry around Na* ion, it is found to be in almost octahedral environment,
and each Na* ion is coordinated by two nitrogen atoms from two different [M(btdt),]*
anions that are parallel to each other and the remaining four coordination sites are

occupied by four different MeOH molecules. This way, complexes 1 and 6, in their crystal
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structures, are extended to one-dimensional coordination polymers as shown Figure 2.5(c).
The Na-N1 bond distance is 2.520 A in both complexes 1 and 6, which are in good
agreement with relevant literature reports."® The Na—Osiventy COOrdination bond distances
lie in the range of 2.336 to 2.352 A.

L—o—_o—o—c——t—s——i
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Figure 2.6. (a) Anionic complex units through side view of: (a) compound 1; (b) compound 3; (c) compound
8; (d) compound 4 and (e) compound 5.
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Recrystallization from THF solvent

The crystals of the Cu-complex {[Na(THF),][Cu(btdt),]}» (2) were grown from THF
solvent, crystallizes in monoclinic space group C2/c. The asymmetric unit in the crystal
structure of complex 2 [represented as labeled atoms, Figure 2.7(a)] contains one {btdt}*"
ligand and two THF molecules in general positions, and one-half Cu and Na atoms, both
metals being located at symmetry centers as shown in Figure 2.7(a). In the crystal strucure
the carbon atom C1 suffer a significant disorder problem. The structure of the complex 2
shows square planar geometry around the Cu(lll) ion between the two SMS plane with
0.0° dihedral angle and the coordination bond angles range from 87.95(13)° to 92.05(13)°.
The average Cu-S distance is 2.152 + 0.001 A. But there is a more deviation in the planar
nature of the dithiolene ligand (chelate) present in the anionic units of complex 2. The
bending deviation (1) between the SMS plane and SCCS plane is characterized by the
angle of 14.77° present in the {CulS1S2C1C2} chelate (Figure 2.8(a)). In the crystal
structure of the complex 2, two nitrogen atoms of dithiolene complex are coordinated to
two different Na* counter ions (Mode 1, Scheme 2.4, vide infra). When we consider the
geometry around Na" ion, it is found to be in almost octahedral environment, and each Na*
ion is coordinated by two nitrogen atoms from two different [Cu(btdt),]*~ anions that are
parallel to each other and the remaining four coordination sites are occupied by four
different THF molecules. In this manner, complex 2, in its crystal structure, is extended to
one-dimensional coordination polymer as shown Figure 2.7(b). The Na—N1 bond distance
is 2.512 A in the complex 2, which are in good agreement with relevant literature

reports.*® The Na—Osoiventy coordination bond distances lie in the range of 2.282-2.430 A.

Figure 2.7. (a) Crystal structure of the compound 2 (ball and stick representation); and (b) its extended
network in the crystal structure. Hydrogen atoms omitted for clarity (wire frame representation).
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Figure 2.8. Anionic complex units through side view of: (a) compound 7 (btdt planes deviated from the
AulS4 plane); (b) compound 7 (btdt planes deviated from the Au2S4 plane).

The crystals of the complex {[Na(THF).][Na(THF)(OH,)][Aux(btdt)s]}» (7) were
grown from THF solvent, crystallizes in monoclinic space group P2(1)/c. The asymmetric
unit of compound 7 reveals that it consists of two molecules of [Au(btdt),] anions and
two Na® cations; among sodium cations, one is coordinated with two THF solvent
molecules, another is coordinated with one THF and one water molecule as shown in
Figure 2.9 as thermal ellipsoidal plot. In contrast to copper complex 2, the structure of
complex 7 shows slight deviation from square planar geometry around the Au(lll) ion,
with the average Au-S distance is 2.305 + 0.007 A. The dihedral angles between the two
SMS planes are 1.19° and 0.52° present both complexic units AulS1S2S3S4 and
Au2S7S8S9S10, respectively. In addition to these dihedral angles between the SMS
planes, both the complex units are shown by large deviations in the planar nature of the
dithiolene-chelates. The bending deviations (1) between the {STIAulS2} and {S1C1C2S2}
planes, and {S3AulS4} and {S3C7C12S4} planes, are characterized by the angles of
19.49° and 12.83° present in {AulS1S2C1C2} and {AulS3S4C7C12} dithiolate—chelates
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respectively are shown in Figure 2.8(b). In other complexic-unit, the {Au2S7S8C13C18}
and {Au2S9S10C19C24} dithiolate chelates have the bending deviations (1) of 11.87° and
5.65° [between {S7Au2S8} and {S7C13C18S8} planes, {S9Au2S10} and
{S9C19C24S10} planes respectively, as shown in Figure 2.8(c)].

Figure 2.9. Thermal ellipsoidal plot of compound 7 (40% probability, hydrogen atoms are omitted for
clarity)

In the crystal structure of compound 7, two nitrogen atoms and one sulfur atom of
dithiolene complex are coordinated to three Na* counter ions. Two types of Na* counter
ions are present and geometry around the each Na® ion is slightly distorted square
pyramidal. The coordination environment around the one of the Na* ions (Nal) is defined
by two nitrogen atoms from two different [Au(btdt),]'" anions that are parallel to each
other, one sulfur atom of another different dithiolene [Au(btdt),]*” complex and rest of the
coordination sites are occupied with one THF and one water molecule, resulting a one-
dimensional ladder type of coordination polymer in the crystal structure as shown Figure
2.10(a) (upper ladder). The Na1l-N1, Na1l-N4 and Nal-S4 bond distances are 2.486(0) A,
2.501(1) A and 3.044(3) A respectively, which are in the range of relevant literature
values.® The second Na* counter ion (Na2) is coordinated by two nitrogen atoms from
two different [Au(btdt),]'" anions that are parallel to each other, one sulfur atom of

another different dithiolene [Au(btdt),]'~ complex, but rest of the coordination sites
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Figure 2.10. Molecular packing diagrams of compound 7 (a) two types of one dimensional ladders
constructed through two types of sodium coordination’s; (b) Two dimensional network was connected
through Na---S short contacts between the one dimensional ladders.

3.04403) A E Z E S E Z Z

-
S— .).’ C— 2 7(/77
3220 A i
—a =" = -~ 4
> - y ot . e - 7
3043 A
- — o ; >

\-_‘""‘_-7; -"'f_—"v’ “‘f-—’/, =— s
e ™ = ”
(

a) )— b

Figure 2.11. Two dimensional layered structure of compound 7.
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are occupied with two THF solvent molecules resulting in an extended one-dimensional
ladder type coordination polymer as shown in Figure 2.10(a) (lower ladder). Upper ladder
involves Na(1) coordination environment which is separated by Na(1)-S(4) coordination
bond with a distance of 3.044(3) A [Figure 2.10(b) (upper ladder)], whereas, the lower
ladder involves Na(2) coordination environment which is separated by Na(2)-S(10)
coordination bond with a distance of 3.222(1) A [Figure 2.10(b) (lower ladder)]. These
two ladders are connected with two types of Na---S contacts (Na(1)---S(7) and Na(1)---S(2)
with bond distances 3.340(3) A and 3.409(1) A respectively) resulting in a two

dimensional layered structure as shown in Figures 2.10(b) and 2.11.

Influence of steric hindrance of coordinating solvents in the compound 7

From the crystal structure of [{Na(THF)2}{Na(THF)(OH)}{Au.(btdt)s}]. (7), Na(1) octa-
coordination is accustomed with Na(1)--S(7) having contact distance of 3.340(3) A and
Na(2) octa-coordination completed with Na(1)---S(2) with contact distance of 3.409(1) A.
As shown in the Figure 2.12, Na(2)-S(10) and Na(2)-S(2) coordination bonds are longer
than Na(1)-S(4) and Na(1)-S(7) coordination bonds respectively. This is due to more
steric hindrance created by two THF solvent molecules around Na(2) cation, whereas,
only one THF and a water molecule are present around Na(1) cation. As a result, tendency

to allow sulfur atoms is less in Na(2) cation compared to Na(1) cation.

243324

3.400(1) & Na2

N1 SZ\

3.34003) & Na1

s7iy

3.0443) &

2.486(0) & s10
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01 water) \—‘
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N4

Figure 2.12. The coordination environment around the two sodium ions containing the crystal structure of
the complex [{Na(THF),}{Na(THF)(OH,)HAu,(btdt),}], (7), (a) Na(l) octahedral coordination
environment; (b) Na(2) octacoordination environment.

(66)



Chapter-2

2.3.3.2. 2D coordination polymers

Recrystallization from Acetone Solvent

Crystal structure of the complex {[Na(CH3COCHs),][Cu(btdt)2]}n (3) crystallizes in
monoclinic space group P2/c, where as the complex {[Na(CH3;COCH;),][Au(btdt),]}, (8)
crystallizes in triclinic space group P-1. The asymmetric unit in the crystal structures of
the both complexes 3 and 8 (represented as labeled atoms) contain one btdt* ligand and
one CH3;COCH; molecule in general positions, and one-half M (Cu, Au) and Na atoms,
both metals being located at symmetry centers are shown in Figures 2.13(a) and 2.13(b),
respectively as thermal ellipsoidal plots. The structures of the both complexes show a
square planar geometry around the M(IIl) ion with the average Cu-S and Au-S bond
distances 2.168 + 0.002 A and 2.306 + 0.000 A in complexes 3 and 8, respectively.
However, there are deviations in the planar rings of dithiolene chelates (anionic fragment)
with respect to {SMS} (M = Cu, Au) plane as shown in Figures 2.6(b) and 2.6(c),
respectively.

©

Figure 2.13. Thermal ellipsoid plots of: (a) compound 3 (40% probability); (b) compound 8 (40%
probability); Extended networks observed in the crystal structures of compounds (c) 3 and (d) 8. Hydrogen
atoms omitted for clarity.
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The bending deviations (1) between the {S1CulS2} and {S1C1C6S2} planes, and
{S1Au1S2} and {S1C1C6S2} planes, are characterized by the angles of 7.98° and 7.22°
present in {CulS1S2C1C6} and {AulS1S2C1C6} dithiolate—chelates, in complexes 3 and
8, respectively. In the crystal structures of both the complexes 3 and 8, all four nitrogen
donor atoms of each [M(btdt)2]'~ anion are coordinated to four different Na* counterions
(Mode 3, Scheme 2.4). Each Na® ion present in the crystal structures 3 and 8, extends its
coordination ability to the four nitrogen donor atoms of four different [M(btdt),]*~ anions
and hence resulting in the formation of 2D coordination polymeric networks as shown in
Figures 2.13(c) and 2.13(d), respectively. The remaining two coordination sites are
occupied by two oxygen atoms of two different acetone (solvent) molecules. Interestingly,
octahedral geometry around the sodium ion is highly distorted in crystal structure of
complex 3, whereas in the crystal structure of complex 8, it is closed to octahedral. In
complex 3, the coordination bond angle between N1—Na—N2’ is 159.1° and it shows
deviation from octahedral geometry (180°) and the bond angle between the atoms
NI1—Na—NT1’ is 120.2°, highly distorted from octahedral geometry (90°). On the other
hand, in crystal structure of the complex 8, all the coordination bond angles between
NI—Na—N1’, N2’—Na—N2’ and O1—Na—O1’ are 180°. This difference in geometry
around the sodium ion in complexes 3 and 8, results in two different types of 2D
coordination networks in their crystal structures as shown in Figures 2.13(c) and 2.13(d),

respectively.

Figure 2.14. S---S non-covalent interactions between the dithiolate anions in the crystal structure of (a)
compound 3 and (b) compound 8.
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In complex 3, Na-N2 bond distance (2.978 A) is longer than the bond distance Na—
N1 (2.56 A), which are in good agreement with related literature values."® But in the
crystal structure of complex 8, Na—N2 and Na—-N1 bond distances are of 2.918 and 2.482
A, respectively, which are the slightly shorter than the corresponding bond distances in
complex 3. The Na—Oloneny coordination bond distances from acetone molecules in
complexes 3 and 8, are 2.288 and 2.275 A, respectively. Fascinatingly, both complexes 3
and 8 are further characterized by interesting S--S contacts as shown in Figures 2.14(a)
and 2.14(b), respectively. The S-S contacts are 3.547 A and 3.574 A in complex 3 and
3.553 A and 3.583 A in complex 8, which are less than the sum of their van-der waals

radii.**

Recrystallization from DMF Solvent

Both crystal structures of the complexes {[Na(DMF);][Cu(btdt);]}» (4) and
{[Na(DMF),][Au(btdt),]}» (9) were grown from DMF solvent, which are isomorphous
and crystallize in triclinic space group P-1. The asymmetric unit in the crystal structures of
the complexes 4 and 9 [represented as labeled atoms, in Figures 2.15(a) and 2.15(b)]
contain one {btdt}*" ligand and one DMF (solvent) molecule in general positions, and one-
half Cu and Na atoms, both metals being located at symmetry centers as shown in Figures
2.15(a) 2.15(b), respectively. The structures of the complexes 4 and 9 show square planar
geometry around the M(III) ion. However, small distortion (3.90° bending angle) are
observed in the planarity of the dithiolene chelates (CSSC plane), with respect to the
{SMS} plane in the both complexes 4 and 9 [Figure 2.6(d)]. The average Cu-S and Au-S
bond distances are 2.178 + 0.006 A and 2.308 + 0.003 A in complexes 4 and 9,
respectively. Interestingly, in the crystal structures of the complexes 4 and 9, sodium ion is
coordinated via two S atoms from two different dithiolene complexes. The Na-S bond
distances are 3.188 A and 3.202 A in complexes 4 and 9, respectively, which are in good
agreement with relevant literature values.”® The sodium ion is further coordinated by two
N atoms from two different [M(btdt),]"~ anions with bond distances 2.484 A and 2.488 A
in complexes 4 and 9, respectively and remaining two coordination sites of the octahedral
geometry(because all the coordination bond angle between N1—Na—N1°, S2—Na—S2’
and O1—Na—OI1’ are 180°) around sodium ion occupied by two O atoms from two
different DMF molecules. For each dithiolene complex unit [M(btdt),]*", two nitrogen

atoms and two sulfur atoms are coordinated to four different Na* counterions (Mode 2,
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Scheme 4). Extended 2D coordinated networks of complexes 4 and 9 in their crystal

structures are shown Figure 2.15(c).

©

Figure 2.15. Thermal ellipsoid plots of: (a) compound 4 (70% probability); (b) compound 9 (60%
probability); (c) extended network in the crystal structure of the compound 4. Hydrogen atoms omitted for
clarity.

2.3.3.3. 3D Coordination Polymers

Recrystallization from Acetonitrile Solvent

Both crystal structures of the complexes {[Na(CH3;CN).]J[Cu(btdt)]}, (5) and
{[Na(CHsCN),]J[Au(btdt),]}» (10) were grown from acetonitrile solvent, which are
isomorphous and crystallize in monoclinic space group P2;/c. The asymmetric unit in the
crystal structures of complexes 5 and 10 [represented as labeled atoms, in Figures 2.16(a),
and 2.16(b)] contain one {btdt}*" ligand and one acetonitrile (solvent) molecule in general
positions, and one-half M (= Cu, Au) and Na atoms, that are located at symmetry centers

as shown in Figures 2.16(a) and 2.16(b), respectively.
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Figure 2.16. Thermal ellipsoid plots of: (a) compound 5 (40% probability); (b) compound 5 (60%
probability); (c) extended network in the crystal structure of the compound 5. Hydrogen atoms omitted for
clarity.

The structures of complexes 5 and 10 show square planar geometry around the M(I11)
ion and with a small bending deviation (3.66°) in the planarity of the dithiolene chelating
rings (CSSC plane) with respect to the {SMS} plane in complexes 5 and 10 as shown in
Figure 2.6(e). The average Cu—S and Au-S bond distances are 2.175 + 0.003 A and 2.304
+ 0.001 A in complexes 5 and 10, respectively. In the crystal structure, all the four
nitrogen atoms of dithiolene complex [M(btdt),]* are coordinated to four different Na*
counter ions (Mode 3, scheme 2.4). Geometry around the sodium ion in these complexes,
is almost octahedral (the entire coordination bond angles between N1—Na—NI1°,
N2—Na—N2’ and N3—Na—N3’ are 180°). In the crystal structures, each sodium ion is
coordinated to six nitrogen atoms, in which four nitrogen atoms are from four different
dithiolene complex [M(btdt),]*" anions and the remaining two nitrogen atoms are from
two different acetonitrile (solvent) molecules. Na-N1, Na-N2 and Na—-N3giveny bond
distances are 2.584, 2.489 and 2.472 A, and 2.542, 2.456 and 2.455 A in complexes 5 and

(71)



Self-Assembly of alkali...

10, respectively. The crystal structure of complexes 5 and 10 show an interesting and rare

kind of (5,%,)' Catalan 3-D coordination network as shown in Figure 2.16(c).

Mode-I
1D coordination polviner

Mode-II
2D coordination polymer

N ’,*s Y Mode-TII
X — 2D and 3D coordination polymers

N N
P
Scheme 2.4. Observed coordination modes of counter ion with [M(btdt),]*" in the coordination polymers 1—

10.

2.3.3.4. Discrete structure

[Naz(H20)6(p-H20)2][Au(btdt),], (11)

Single crystals of the compound [Naz(H,0)s(p-H20)2][Au(btdt),], (11) were grown from
commercial MeOH (water containing) solvent by slow evaporation in open atmosphere,
that crystallizes in orthorhombic space group Pccn. The asymmetric unit in the crystal
structure of compound 11 consists of one [Au(btdt),] anion and one Na® cation
surrounded by four water molecules. Thus, the molecular structure of compound 11
contains [Naz(H20)s(p-H20)2] dimer, in which both sodium ions are bridged by two water
molecules and each sodium center is penta-coordinated with 3 terminal and 2 bridged
aqua- ligands, as shown in Figures 2.17(a). It is worth mentioning that {[Na,(H.O)es(u-
H,0)2]} dimer was observed in few systems as a counter cation,"” but there is no report of

its presence in metal dithiolene systems. The structure of the complex 11 shows square-
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(b)

Figure 2.17. Thermal ellipsoid plots of: (a) compound 11; (b) Anionic
compound 11.

(3 (b)

Figure 2.18. (a) Two dimensional supramolecular layered network characterized by S---S non-covalent
interactions (Hydrogen atoms omitted for clarity).; (b) 2D supramolecular network formed by the
combination of S---S and S--N non-covalent interactions and C—H:--O hydrogen bonding interaction.

planar geometry around the Au(ll1l) metal ion with dihedral angle of 2.17° between the two
SMS planes. In addition to dihedral angle, there are deviations in the planar nature of the

dithiolene ligands (chelates) present in the anionic units of complex 11. The bending
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deviations (1) between the {S1AulS2} and {S1C1C6S2} planes, and {S3AulS4} and
{S3C7C12S4} planes are characterized by the angles of 3.01° and 4.79° present in
{AulS1S2C1C6} and {AulS3S4C7C12} dithiolate—chelated rings, respectively are
shown in Figure 2.17(b). Interestingly all the sulfur atoms present in the dithiolene
complex are involved in the S-S non covalent interactions and resulting in 2-dimensional
layered network as shown in Figure 2.18(a), which is further connected through S:--:N
interaction results in 2D double layered network. The S---S contact distance are in the
range from 3.495 A to 3.541 A and S---N contact distance is 3.254 A, which are less than
the sum of their van-der waals radii.** The Na,Og cationic dimers were connected through
C-H---O hydrogen bonding interactions inside the channels of above 2-dimensional double

layered network resulting supramolecular network as shown in Figure 2.18(b).

2.3.3.5. Potassium Based Coordination Polymers

Recrystallization from Acetone Solvent

Crystal structure of the complex {[K(CH3COCHSz)s][Cu(btdt),]} (12) crystallizes in
monoclinic space group C2/c. The asymmetric unit in the crystal structures of the complex
12 (represented as labeled atoms) contains one {btdt}*" ligand and one CHsCOCH;
molecule in general positions, and one-half of acetone, one Cu and K atoms are being
located at symmetry centers as shown in Figure 2.19(a) as thermal ellipsoidal plot. The
structure of the complex shows square planar geometry around the Cu(l1) ion because the
coordination angles are in the range of 87.87(3)°-92.13(3)° which are slightly deviated
from 90.0° and other coordination angles are 180.0°, which are not deviated. The Cu-S
bond distances are in the range of 2.1526(19)-2.1653(17) A. However, there is a deviation
in the planar nature of the dithiolene ligand (chelate) present in the anionic units of
complex 12. The bending deviation (1) between the SMS plane and SCCS plane is
characterized by an angle of 1.23° present in the {CulS1S2C1C6} chelate as shown in
Figure 2.20(a). In the crystal structure of the complex 12, two nitrogen and two sulfur
donor atoms of each [Cu(btdt),]* anion are coordinated to four different K* counter ions.
Each K™ ion present in the crystal structure 12, extends its coordination ability to the two
nitrogen and two sulfur donor atoms of four different [Cu(btdt),]'~ anions and hence
resulting in the formation of 3D coordination polymeric networks are shown in Figures

2.19(b) and 2.19(c). The remaining three coordination sites of hepta-coordinated geometry
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of potassium ion are occupied by three oxygen atoms of three different acetone (solvent)
molecules. In complex 12, K-N bond distance is 2.845(5) A and K-S bond distance is
3.498(2) A. The Na—O1soneny coordination bond distances from acetone molecules are in

the range from 2.605(8) to 2.703(5) A.

Figure 2.19. (a) Thermal ellipsoid plot of compound 12 (50% probability); Extended networks observed in
the crystal structures of compound 12 when views down to crystallographic (b) a axis (Hydrogen atoms
removed for clarity) and (c) ¢ axis (Hydrogen atoms and coordinated acetone molecules are removed for

clarity).
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Figure 2.20. Anionic complex units through side view of: (a) compound 12; (b) compound 13.
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Recrystallization from acetonitrile solvent

Single crystals of the complex {[K(CHs;CN)2][Cu(btdt).]}, (13) were grown from
acetonitrile, and crystallizes in triclinic space group P-1. The asymmetric unit in the
crystal structure of complex 13 [represented as labeled atoms] contains one btdt* ligand
and one acetonitrile (solvent) molecule in general positions, and one-half Cu and K atoms,
that are located at symmetry centers as shown in Figure 2.21(a). The structure of complex
13 shows square planar geometry around the Cu(l11) ion because the coordination angles
are in the range of 88.034(16)°-91.966(16)° which are slightly deviated from 90.0° and
other coordination angles are 180.0°, which are not deviated. The Cu-S bond distances are
in the range of 2.1730(5)-2.1817(5) A. However, there is a deviation in the planar nature
of the dithiolene ligand (chelate) present in the anionic units of complex 13. The bending
deviation (1) between the SMS plane and SCCS plane is characterized by the angle of
6.91° present in the {CulS1S2C1C6} chelate as shown in Figure 2.20(b). In the crystal
structure of the complex 13, two nitrogen and two sulfur donor atoms of each [Cu(btdt),]*
anion are coordinated to four different K™ counter ions. Geometry around the potassium
ion in this complex, is close to octahedral (the entire coordination bond angles between
S2—K—S2’, N2—K—N2’ and N3—K—N3’ are 180°). In the crystal structure, each
potassium ion is coordinated to four nitrogen atoms and sulfur atoms, in which two
nitrogen and two sulfur atoms are from four different dithiolene complex [Cu(btdt),]*
anions and the remaining two nitrogen atoms are from two different acetonitrile (solvent)
molecules. K-S2, K-N2 and K—N3sivenry bond distances are 3.3795(5), 2.7649(16) and
2.7873(17), in complex 13, respectively. The extended crystal structure of complex 13

shows 2-D coordination network, as shown in Figure 2.21(b).

Figure 2.21. (a) Thermal ellipsoid plot of compound 13 (50% probability); (b) Extended network observed
in the crystal structures of compound 13 when views down to crystallographic a axis (Hydrogen atoms have
been omitted clarity).
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Table 2.1. Crystal Data and Structural Refinement for Compounds 1-2

1 2
Empirical formula C16H20N4O486N3CU C23H36N40486N3CU
Formula weight 611.25, 771.50
TIK], A [A] 100(2), 0.71073 100(2), 0.71073
Crystal system Triclinic Monoclinic
Space group P-1 C2/c
a[A] 7.4010(5) 22.428(13)
b [A] 9.0175(6) 9.673(6)
c [A] 10.1302(7) 17.730(10)
a [deg] 64.183(10) 90.000
B [deg] 76.489(10) 120.880(8)
y[deq] 85.946(10) 90.000
V [A7] 591.3(7) 3301(3)
Z, Deac [Mg m¥] 1,1.716 4,1.552
p [mm™], F[000] 1.504, 312 1.095, 1600
Crystal size [mm?] 0.24 x 0.16 x 0.08 0.24 x 0.14 x 0.06
0 range for data collection [deg] 2.29t0 25.89 2.12t025.24
Reflections collected / unique 6071/2277 13058/2965
R(int) 0.0174 0.1055
Data / restraints /parameters 227710/ 158 2965/0/202
Goodness-of-fit on F? 1.120 1.193
Ry/WR; [T> 26(D)] 0.0225/0.0567 0.1381/0.3392
Ry/wWR; (all data) ) 0.0229/0.0570 0.1469/0.3446
Largest diff. Peak/hole [e A™%] 0.284/-0.389 1.942/-1.372

Table 2.2. Crystal Data and Structural Refinement for Compounds 3-5

3 4 5)
Empirical formula C13H16N40286N3CU ClnggNGOZSeNaCU CleHloNGSGNaCU
Formula weight 599.24 629.27 565.19
TI[K], A [A] 298(2), 0.71073 100(2), 0.71073 298(2), 0.71073
Crystal system Monoclinic Triclinic Monoclinic
Space group P2/c P-1 P2,/c
a[A] 12.549(4) 8.5323(17) 12.981(3)
b [A] 7.391(2) 8.5509(17) 10.299(2)
c [A] 13.095(4) 9.1258(18) 8.4568(17)
a[deg] 90.000 105.69(3) 90.000
/2 [deg] 102.817(4) 95.52(3) 101.53(3)
y[deq] 90.000 99.88(3) 90.000
Vv [A7] 1184.3(6) 624.3(2) 1107.7(4)
Z, Deac [Mg m™] 2,1.680 1,1.674 2,1.695
p [mm*], F[000] 1.494, 608 1.424, 320 1.588, 568
Crystal size [mm?] 0.48x0.24 x 0.12 0.46 x 0.20 x 0.10 0.26 x 0.16 x 0.12
0 range for data collection [deg]  1.66 to 25.04 3.64 t0 24.71 1.60to0 25.01
Reflections collected / unique 10777/2073 4169/2104 10246/1947
R(int) 0.0242 0.0212 0.0229
Data / restraints /parameters 2073/0/149 2104/0/ 167 1947/0/140
Goodness-of-fit on F? 1.062 1.103 1.062
Ry/WR; [1> 26(1)] 0.0280/0.0738 0.0246/0.0651 0.0288/0.0729
Ry/wWR; (all data) ) 0.0311/0.0756 0.0282/0.0663 0.0350/0.0775
Largest diff. Peak/hole [e A™%] 0.325/-0.269 0.309/-0.329 0.416/-0.238
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Table 2.3. Crystal Data and Structural Refinement for Compounds 6-7

6 7
Empirical formula C16H20N4O486N3AU C36H30N804812N32AU2
Formula weight 744.68 1463.31
TIK], A~ [A] 100(2), 0.71073 100(2), 0.71073
Crystal system Triclinic Monoclinic
Space group P-1 P2(1)/c
a[A] 7.4087(5) 14.7196(8)
b [A] 9.1583(6) 16.9437(10)
c[A] 10.1717(7) 20.3793(9)
o [deg] 63.777(10) 90.000
/3 [deg] 76.735(10) 113.843(3)
y[deg] 86.033(10) 90.000
Vv [A% 602.2(7) 4648.9(4)
Z, Deac [Mg m”] 1,2.053 4,2.091
p [mm*], F[000] 6.678, 362 6.912, 2824
Crystal size [mm?] 0.46 x 0.18 x 0.08 0.18 x 0.08 x 0.06
0 range for data collection [deg] 2.2910 26.03 1.51t025.99
Reflections collected / unique 6241/2361 47565/9115
R(int) 0.0186 0.0489
Data / restraints /parameters 2361/0/158 9155/0/577
Goodness-of-fit on F2 1.125 1.151
Ri/WR; [1> 20(D)] 0.0155/0.0401 0.0396/0.0787
Ri/wWR; (all data) ) 0.0155/0.0401 0.0448/0.0806
Largest diff. Peak/hole [e A~%] 0.877/-1.350 1.493/-0.643

Table 2.4. Crystal Data and Structural Refinement for Compounds 8-10

8 9 10
Empirical formula C18H16N40286N3AU ClnggNGOZSeNaAU CleHloNGSGNaAU
Formula weight 732.66 762.70 698.62
TIK], 2 [A] 100(2), 0.71073 100(2), 0.71073 100(2), 0.71073
Crystal system Triclinic Triclinic Monoclinic
Space group P-1 P-1 P2(1)/c
a[A] 6.4374(5) 8.4687(7) 12.9803(14)
b [A] 7.6809(5) 8.6531(7) 10.1794(11)
c[A] 11.9468(8) 9.2081(7) 8.4481(9)
o [deg] 85.773(4) 106.46710) 90.000
B [deg] 81.274(4) 95.289(10) 102.981(2)
y[deq] 85.366(4) 98.941(10) 90.000
Vv [A7] 580.8(7) 632.59(9) 1087.7(2)
Z, Deac [Mg m¥] 1, 2.095 1, 2.002 2,2.133
p [mm*], F[000] 6.916, 354 6.356, 370 7.376, 668
Crystal size [mm?] 0.18 x0.12 x 0.08 0.44x0.22 x0.10 0.20x0.16x0.20
0 range for data collection [deg]  1.73t0 25.99 2.331026.02 1.611t0 26.36
Reflections collected / unique 5933/2246 6479/2493 11244/2224
R(int) 0.0186 0.0155 0.0318
Data / restraints /parameters 2246/0/150 2463/0/ 159 2224/0/140
Goodness-of-fit on F? 1.068 1.073 1.069
Ri/WR; [1> 206(D)] 0.0156/0.0388 0.0172/0.0434 0.0218/0.460
Ri/wWR; (all data) ) 0.0156/0.0388 0.0172/0.0434 0.218/0.471
Largest diff. Peak/hole [e A~%] 1.078/-0.891 1.008/-1.114 0.905/-0.635
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Table 2.5. Crystal Data and Structural Refinement for Compounds 11-13

Chapter—2

11 12 13

Empirical formula C12H4N4O486N3AU C21H22N40386KCU CleHloNGSGKCU
Formula weight 680.51 673.43 581.30

T[K] 298(2) 100(2) 100(2)
A TA] 0.71073 0.71073 0.71073 A
Crystal system Orthorhombic Monoclinic Triclinic
Space group Pcen C2/c P-1

a[A] 13.3285(20) 18.244(4) 7.6325(7)

b [A] 18.0188(12) 10.794(2) 7.9361(7)

c [A] 17.3305(12) 15.035(3) 9.1797(8)

o [deg] 90.000 90.000 81.6030(10)
B [deg] 90.000 113.94(3) 78.3720(10)
Y[ deq] 90.000 90.000 80.3500(10)
Vv [A7] 4162(7) 2723.9(9) 533.28(8)

Z 8 4 1

Deaic [Mg m?] 2.172 1.642 1.810

p [mm?] 7.718 1.447 1.825

F[000] 2576 1376 292

Crystal size [mm?] 0.42x0.32x0.20 0.32x0.14 x 0.04 0.58 x0.20 x 0.10
0 range for data collection [deg]  2.97 to 28.28 2.9510 25.00 2.28 10 26.01
Reflections collected / unique 15074/5165 4877/2392 5546/2092
R(int) 0.0339 0.0525 0.0169
Data / restraints /parameters 5165/0/253 2392/0/169 2092/0/140
Goodness-of-fit on F? 0.990 1.407 1.068
Ry/WR; [T> 26(D)] 0.0320/0.0743 0.0808/0.2381 0.0238/0.0606
Ry/wWR; (all data) ) 0.0757/0.0818 0.1017/0.3170 0.0244/0.0609
Largest diff. Peak/hole [e A™%] 1.197/-0.646 2.652/-2.938 0.340/-0.354
Table 2.6. Selected Bond lengths and Bond Angles for Compound 1

Cu(1)-S(2) 2.1727(4) Cu(1)-S(2)#1 2.1727(4)
Cu(1)-S(1) 2.1761(4) Cu(1)-S(1)#1 2.1761(4)
N(1)-S(3) 1.6206(15) N(1)-Na(1) 2.5202(14)
N(2)-S(3) 1.6251(15) Na(1)-O(2)#2 2.3356(13)
Na(1)-0(2) 2.3356(13) Na(1)-O(1)#2 2.3518(14)
Na(1)-O(1) 2.3518(14) Na(1)-N(1)#2 2.5202(14)
S(2)-Cu(1)-S(2)#1 180.0 S(2)-Cu(1)-S(1) 92.113(15)
S(2)#1-Cu(1)-S(1) 87.886(15) S(2)-Cu(1)-S(1)#1 87.887(16)
S(2)#1-Cu(1)-S(1)#1 92.113(15) S(1)-Cu(1)-S(1)#1 180.000(1)
C(4)-N(1)-S(3) 106.86(12) C(4)-N(1)-Na(1) 127.01(11)
S(3)-N(1)-Na(1) 113.93(7) C(5)-N(2)-S(3) 106.76(12)
O(2)#2-Na(1)-0(2) 180.00(4) O(2)#2-Na(1)-O(1)#2 81.12(5)
0(2)-Na(1)-0(1)#2 98.88(5) O(2)#2-Na(1)-0(1) 98.88(5)
0(2)-Na(1)-0(2) 81.12(5) O(1)#2-Na(1)-0(1) 179.999(2)
O(2)#2-Na(1)-N(1) 84.32(5) 0O(2)-Na(1)-N(2) 95.68(5)
O(1)#2-Na(1)-N(1) 86.27(5) O(1)-Na(1)-N(2) 93.73(5)
O(2)#2-Na(1)-N(1)#2 95.68(5) 0O(2)-Na(1)-N(2)#2 84.32(5)
O(1)#2-Na(1)-N(1)#2 93.73(5) O(1)-Na(1)-N(1)#2 86.27(5)
N(1)-Na(1)-N(1)#2 180.0 C(7)-0(1)-Na(1) 121.56(11)
C(8)-0(2)-Na(1) 140.09(12) C(1)-S(1)-Cu(1) 105.17(6)
C(2)-5(2)-Cu(1) 105.15(6) N(1)-S(3)-N(2) 100.20(8)

Symmetry transformations used to generate equivalent atoms: #1 -x+1,-y,-z+2; #2 -x+1,-y+2,-z+1.
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Table 2.7. Selected Bond lengths and Bond Angles for Compound 2

Self-Assembly of alkali...

Cu(1)-S(2) 2.150(3) Cu(1)-S(1)#1 2.150(3)
Cu(1)-S(2) 2.153(3) Cu(1)-S(2)#1 2.153(3)
N(1)-Na(1) 2.518(10) Na(1)-O(2)#2 2.282(8)
Na(1)-0(2) 2.282(8) Na(1)-O(1) 2.430(9)
Na(1)-O(1)#2 2.430(9) S(1)-Cu(1)-S(1)#1 180.0
S(1)-Cu(1)-S(2) 92.05(13) S(1)#1-Cu(1)-S(2) 87.95(13)
S(1)-Cu(1)-S(2)#1 87.95(13) S(1)#1-Cu(1)-S(2)#1 92.05(13)
S(2)-Cu(1)-S(2)#1 179.999(1) C(1)-S(1)-Cu(1) 104.1(4)
C(2)-S(2)-Cu(1) 104.5(4) C(5)-N(1)-Na(1) 123.0(8)
S(3)-N(1)-Na(1) 119.4(6) C(4)-N(2)-5(3) 107.2(10)
O(2)#2-Na(1)-0(2) 179.999(1) O(2)#2-Na(1)-0(1) 93.3(3)
0(2)-Na(1)-0(1) 86.7(3) O(2)#2-Na(1)-O(1)#2 86.7(3)
0O(2)-Na(1)-0(1)#2 93.3(3) O(1)-Na(1)-0(1)#2 179.999(1)
O(2)#2-Na(1)-N(1)#2 94.9(3) 0O(2)-Na(1)-N(1)#2 85.1(3)
O(1)-Na(1)-N(1)#2 81.1(3) O(1)#2-Na(1)-N(1)#2 98.9(3)
O(2)#2-Na(1)-N(1) 85.1(3) 0O(2)-Na(1)-N(1) 94.9(3)
O(1)-Na(1)-N(1) 98.9(3) O(1)#2-Na(1)-N(1) 81.1(3)
N(1)#2-Na(1)-N(1) 179.999(1) C(7)-O(1)-Na(1) 132.9(8)
C(10)-O(1)-Na(1) 120.7(8) C(11)-0(2)-Na(1) 132.6(8)
C(14)-0(2)-Na(1) 117.2(8)

Symmetry transformations used to generate equivalent atoms: #1 -x+1/2,-y+3/2,-z+1; #2 -X,-y+1,-z.
Table 2.8. Selected Bond lengths and Bond Angles for Compound 3

Cu(1)-S(2) 2.1668(8) Cu(1)-S(1)#1 2.1668(8)
Cu(1)-S(2)#1 2.1707(7) Cu(1)-S(2) 2.1707(7)
Na(1)-O(1) 2.2877(19) Na(1)-O(1)#2 2.2877(19)
Na(1)-N(2) 2.560(2) Na(1)-N(1)#2 2.560(2)
Na(1)-N(2)#3 2.978(3) Na(1)-N(2)#4 2.978(3)
N(2)-C(4) 1.341(3) N(2)-Na(1)#4 2.978(3)
S(1)-Cu(1)-S(1)#1 179.999(1) S(1)-Cu(1)-S(2)#1 88.17(3)
S(1)#1-Cu(1)-S(2)#1 91.83(3) S(1)-Cu(1)-S(2) 91.83(3)
S(1)#1-Cu(1)-S(2) 88.17(3) S(2)#1-Cu(1)-S(2) 179.998(1)
C(6)-S(2)-Cu(1) 105.01(8) O(1)-Na(1)-0(1)#2 179.29(14)
O(1)-Na(1)-N(1) 96.36(7) O(1)#2-Na(1)-N(1) 84.00(8)
O(1)-Na(1)-N(1)#2 84.00(8) O(1)#2-Na(1)-N(1)#2 96.36(7)
N(1)-Na(1)-N(1)#2 120.27(12) O(1)-Na(1)-N(2)#3 90.06(7)
O(1)#2-Na(1)-N(2)#3 89.40(8) N(1)-Na(1)-N(2)#3 159.10(8)
N(1)#2-Na(1)-N(2)#3 80.10(7) O(1)-Na(1)-N(2)#4 89.40(8)
O(1)#2-Na(1)-N(2)#4 90.06(7) N(1)-Na(1)-N(2)#4 80.10(7)
N(1)#2-Na(1)-N(2)#4 159.10(8) N(2)#3-Na(1)-N(2)#4 80.10(9)
C(4)-N(2)-S(3) 107.14(16) C(4)-N(2)-Na(1)#4 107.91(15)
S(3)-N(2)-Na(1)#4 116.48(11) C(6)-C(5)-C(4) 118.5(2)
C(3)-N(1)-Na(1) 132.05(15) S(3)-N(1)-Na(1) 113.96(10)
C(7)-O(1)-Na(1) 163.2(2)

Symmetry transformations used to generate equivalent atoms: #1 -x+1,-y+1,-z+1; #2 -x+2,y,-z+1/2; #3 X,-
y+2,z-1/2; #4 -x+2,-y+2,-z+1.
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Table 2.9. Selected Bond lengths and Bond Angles for Compound 4

Cu(1)-S(2) 2.1727(10) Cu(1)-S(2)#1 2.1727(10)
Cu(1)-S(1) 2.1844(7) Cu(1)-S(1)#1 2.1844(7)
S(2)-Na(1) 3.1878(10) N(L)-Na(1)#2 2.4838(19)
Na(1)-O(1)#3 2.3043(17) Na(1)-0(1) 2.3044(17)
Na(1)-N(1)#4 2.4838(19) Na(1)-N(1)#5 2.4838(19)
Na(1)-S(2)#3 3.1878(10) S(2)-Cu(1)-S(2)#1 180.0
S(2)-Cu(1)-S(1) 92.21(4) S(2)#1-Cu(1)-S(1) 87.79(4)
S(2)-Cu(1)-S(1)#1 87.79(4) S(2)#1-Cu(1)-S(1)#1 92.21(4)
S(1)-Cu(1)-S(1)#1 179.999(1) C(1)-S(1)-Cu(1) 105.00(8)
C(2)-S(2)-Cu(1) 104.85(8) C(2)-S(2)-Na(1) 89.28(7)
Cu(1)-S(2)-Na(1) 115.38(3) C(5)-N(1)-Na(1)#2 138.35(14)
S(3)-N(1)-Na(L)#2 114.39(9) O(1)#3-Na(1)-0(1) 180.0
O(L)#3-Na(1)-N(1)#4 96.57(6) 0(1)-Na(1)-N(1)#4 83.43(6)
O(1)#3-Na(1)-N(L)#5 83.43(6) O(1)-Na(1)-N(1)#5 96.57(6)
N(L)#4-Na(1)-N(1)#5 180.0 O(1)#3-Na(1)-S(2)#3 90.59(5)
0(1)-Na(1)-S(2)#3 89.41(5) N(L)#4-Na(1)-S(2)#3 89.60(5)
N(L)#5-Na(1)-S(2)#3 90.40(5) O(1)#3-Na(1)-S(2) 89.41(5)
0(1)-Na(1)-S(2) 90.59(5) N(L)#4-Na(1)-S(2) 90.40(5)
N(L)#5-Na(1)-S(2) 89.60(5) S(2)#3-Na(1)-S(2) 180.000(8)
C(7)-0(1)-Na(1) 142.92(15)

Symmetry transformations used to generate equivalent atoms: #1 -x+1,-y,-z; #2 X,y+1,z; #3 -x+1,-y,-z+1; #4
X,y-1,z; #5 -x+1,-y+1,-z+1.

Table 2.10. Selected Bond lengths and Bond Angles for Compound 5

Cu(1)-S(1)#1 2.1722(3) Cu(1)-S(1) 2.1722(3)
Cu(1)-S(2)#1 2.1783(8) Cu(1)-S(2) 2.1783(8)
Na(1)-N(3)#2 2.472(3) Na(1)-N(3) 2.472(3)
Na(1)-N(2) 2.489(2) Na(1)-N(2)#2 2.489(2)
Na(1)-N(1)#3 2.584(2) Na(1)-N(1)#4 2.584(2)
N(L)-Na(1)#5 2.584(2) S(1)#1-Cu(1)-S(1) 180.0
S(1)#1-Cu(1)-S(2)#1 87.91(3) S(1)-Cu(1)-S(2)#1 92.09(3)
S(1)#1-Cu(1)-S(2) 92.09(3) S(1)-Cu(1)-S(2) 87.91(3)
S(2)#1-Cu(1)-S(2) 180.0 C(1)-S(2)-Cu(1) 104.91(9)
C(2)#1-S(1)-Cu(1) 105.19(9) N(3)#2-Na(1)-N(3) 180.0
N(3)#2-Na(1)-N(2) 94.90(9) N(3)-Na(1)-N(2) 85.10(9)
N(3)#2-Na(1)-N(2)#2 85.10(9) N(3)-Na(1)-N(2)#2 94.90(9)
N(2)-Na(1)-N(2)#2 180.00(2) N(3)#2-Na(1)-N(1)#3 87.99(9)
N(3)-Na(1)-N(1)#3 92.01(9) N(2)-Na(1)-N(1)#3 93.66(7)
N(2)#2-Na(1)-N(1)#3 86.34(7) N(3)#2-Na(1)-N(1)#4 92.02(9)
N(3)-Na(1)-N(L)#4 87.99(9) N(2)-Na(1)-N(L)#4 86.34(7)
N(2)#2-Na(1)-N(1)#4 93.66(7) N(L)#3-Na(1)-N(1)#4 180.00(2)
C(5)-N(2)-Na(1) 131.87(17) S(3)-N(2)-Na(1) 119.53(10)
C(7)-N(3)-Na(1) 153.1(3) C(4)-N(1)-Na(1)#5 130.83(16)
S(3)-N(1)-Na(L)#5 106.06(10)

Symmetry transformations used to generate equivalent atoms: #1 -x+1,-y+1,-z+2; #2 -x+2,-y+2,-z+2; #3 -
X+2,y+1/2,-z+3/2;#4 X,-y+3/2,z+1/2; #5 -x+2,y-1/2,-z+3/2.
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Table 2.11. Selected Bond lengths and Bond Angles for Compound 6

Self-Assembly of alkali...

AU(L)-S2)#1 2.3085(6) AU(1)-S(2) 2.3085(6)
Au(1)-S(1)#1 2.3085(6) Au(1)-S(1) 2.3085(6)
N(1)-Na(1) 2.518(2) O(1)-Na(1) 2.3479(18)
0(2)-Na(1) 2.3511(19) Na(1)-O(1)#2 2.3479(18)
Na(1)-O(2)#2 2.3511(19) Na(1)-N(1)#2 2.518(2)
S(2)#1-Au(1)-S(2) 180.0 S(2)#1-Au(1)-S(1)#1 90.01(2)
S(2)-Au(1)-S(L)#1 89.99(2) S(2)#1-Au(1)-S(1) 89.99(2)
S(2)-Au(1)-S(1) 90.01(2) S(1)#1-Au(1)-S(1) 179.999(1)
C(1)-S(1)-Au(L) 103.82(8) C(2)-S(2)-Au(l) 103.88(8)
C(5)-N(1)-S(3) 106.59(16) C(5)-N(1)-Na(1) 127.01(15)
S(3)-N(1)-Na(1) 114.02(10) C(7)-0(1)-Na(1) 140.13(17)
C(8)-0(2)-Na(1) 122.17(15) 0O(1)-Na(1)-O(L)#2 180.00(10)
0(1)-Na(1)-0(2)#2 98.25(7) O(L)#2-Na(1)-O(2)#2 81.75(7)
0(1)-Na(1)-0(2) 81.75(7) O(L)#2-Na(1)-0(2) 98.25(7)
0(2)#2-Na(1)-0(2) 180.0 0O(1)-Na(1)-N(1) 95.58(6)
O(L)#2-Na(1)-N(1) 84.42(6) O(2)#2-Na(1)-N(1) 85.82(7)
0(2)-Na(1)-N(1) 94.18(7) O(1)-Na(1)-N(L)#2 84.41(6)
O(L)#2-Na(1)-N(L)#2 95.59(6) O(2)#2-Na(1)-N(L)#2 94.18(7)
0(2)-Na(1)-N(L)#2 85.82(7) N(1)-Na(1)-N(L)#2 180.0

Symmetry transformations used to generate equivalent atoms: #1 -x+2,-y,-z+1; #2 -x+2,-y+2,-z.

Table 2.13. Selected Bond lengths and Bond Angles for Compound 8

Au(1)-S(2) 2.3063(7) Au(l)-S(2)#1 2.3063(7)
Au(1)-S(1) 2.3072(6) Au(1)-S(1)#1 2.3072(6)
Na(1)-O(L1)#2 2.2756(19) Na(1)-0(1) 2.2756(19)
Na(1)-N(1) 2.482(2) Na(1)-N(L)#2 2.482(2)
Na(1)-N(2)#3 2.918(2) Na(1)-N(2)#4 2.918(2)
N(2)-Na(L)#5 2.918(2) S(2)-Au(1)-S(2)#1 180.00(3)
S(2)-Au(1)-S(1) 89.79(2) S(2)#1-Au(1)-S(1) 90.21(2)
S(2)-Au(1)-S(1)#1 90.21(2) S(2)#1-Au(1)-S(1)#1 89.79(2)
S(1)-Au(1)-S(1)#1 180.0 C(1)-S(1)-Au(1) 103.75(9)
C(6)-S(2)-Au(1) 103.54(9) O(1)#2-Na(1)-0(1) 180.0
O(1)#2-Na(1)-N(1) 96.49(7) O(1)-Na(1)-N(1) 83.51(7)
O(1)#2-Na(1)-N(L1)#2 83.51(7) O(1)-Na(1)-N(1)#2 96.49(7)
N(L)-Na(L)-N(1)#2 180.0 O(1)#2-Na(1)-N(2)#3 93.38(7)
O(1)-Na(1)-N(2)#3 86.62(7) N(L)-Na(1)-N(2)#3 99.59(7)
N(L)#2-Na(1)-N(2)#3 80.41(7) O(1)#2-Na(1)-N(2)#4 86.62(7)
O(1)-Na(1)-N(2)#4 93.38(7) N(L)-Na(1)-N(2)#4 80.41(7)
N(L)#2-Na(1)-N(2)#4 99.59(7) N(2)#3-Na(1)-N(2)#4 180.0
C(7)-0(1)-Na(1) 162.16(19) C(4)-N(2)-Na(1)#5 101.73(15)
S(3)-N(2)-Na(1)#5 114.49(10) C(3)-N(1)-Na(1) 135.57(17)
S(3)-N(1)-Na(1) 113.21(11)

Symmetry transformations used to generate equivalent atoms: #1 -x+1,-y+1,-z+2; #2 -x,-y,-z+1; #3 x-1,y,Z;
#4 -x+1,-y,-z+1; #5 x+1,y,z.
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Table 2.12. Selected Bond lengths and Bond Angles for Compound 7

Au(L)-S(@) 2.2983(15) Au(D)-S(2) 2.3033(15)
Au(1)-S(1) 2.3101(15) Au(1)-S(3) 2.3123(15)
S(4)-Na(1)#1 3.044(3) Na(1)-0(1) 2.358(5)
Na(1)-0(2) 2.385(5) Na(1)-N(4)#2 2.486(6)
Na(1)-N(1) 2.501(6) Na(1)-S(4)#3 3.044(3)
Na(1)-S(7) 3.340(3) N(4)-Na(1)#4 2.486(6)
AU(2)-S(9) 2.2978(16) AU(2)-S(7) 2.2987(15)
Au(2)-S(10) 2.3045(15) Au(2)-S(8) 2.3174(16)
S(10)-Na(2)#5 3.222(3) Na(2)-0(4) 2.388(5)
Na(2)-0(3) 2.433(5) Na(2)-N(6) 2.471(5)
Na(2)-N(7)#4 2.490(6) Na(2)-S(10)#6 3.222(3)
N(7)-Na(2)#2 2.490(6) S(4)-Au(1)-S(2) 88.81(5)
S(4)-Au(1)-S(1) 178.04(6) S(2)-Au(1)-S(1) 89.57(5)
S(4)-Au(1)-S(3) 90.16(5) S(2)-Au(1)-S(3) 178.89(6)
S(1)-Au(1)-S(3) 91.45(5) C(1)-S(1)-Au(L) 102.2(2)
C(2)-5(2)-Au(l) 102.4(2) C(7)-5(3)-Au(L) 103.1(2)
C(12)-S(4)-Au(1) 102.9(2) C(12)-S(4)-Na(1)#1 102.88(19)
AU(1)-S(4)-Na(1)#1 91.23(7) 0(1)-Na(1)-0(2) 174.55(19)
O(1)-Na(1)-N(4)#2 85.08(18) 0(2)-Na(1)-N(4)#2 97.28(18)
0(1)-Na(1)-N(1) 94.04(18) 0(2)-Na(1)-N(1) 83.54(18)
N(4)#2-Na(1)-N(1) 178.9(2) 0(1)-Na(1)-S(4)#3 89.73(13)
0(2)-Na(1)-S(4)#3 94.79(13) N(4)#2-Na(1)-S(4)#3 97.98(14)
N(1)-Na(1)-S(4)#3 82.71(13) 0(1)-Na(1)-S(7) 93.14(13)
0(2)-Na(1)-S(7) 82.85(12) N(4)#2-Na(1)-S(7) 73.77(13)
N(1)-Na(1)-S(7) 105.60(14) S(4)#3-Na(1)-S(7) 170.97(9)
C(28)-0(2)-Na(1) 127.7(4) C(25)-0(2)-Na(1) 124.5(4)
C(4)-N(1)-Na(1) 137.3(4) S(5)-N(1)-Na(1) 115.7(3)
C(5)-N(2)-S(5) 106.7(4) C(9)-N(4)-Na(1)#4 135.2(4)
S(6)-N(4)-Na(1)#4 118.2(3) S(9)-Au(2)-S(7) 87.86(5)
S(9)-Au(2)-S(10) 90.32(5) S(7)-Au(2)-S(10) 178.11(6)
S(9)-Au(2)-S(8) 177.51(5) S(7)-Au(2)-S(8) 89.65(5)
S(10)-Au(2)-S(8) 92.17(5) C(13)-S(7)-Au(2) 103.7(2)
C(13)-S(7)-Na(1) 76.37(19) AU(2)-S(7)-Na(1) 111.34(7)
C(18)-S(8)-Au(2) 103.5(2) C(19)-5(9)-Au(2) 104.3(2)
C(24)-5(10)-Au(2) 103.2(2) C(24)-5(10)-Na(2)#5 110.60(19)
AU(2)-S(10)-Na(2)#5 108.53(7) 0(4)-Na(2)-0(3) 173.80(19)
0(4)-Na(2)-N(6) 90.86(18) 0(3)-Na(2)-N(6) 94.89(18)
0(4)-Na(2)-N(7)#4 92.20(18) 0(3)-Na(2)-N(7)#4 81.78(17)
N(6)-Na(2)-N(7)#4 171.3(2) 0(4)-Na(2)-S(10)#6 94.61(14)
0(3)-Na(2)-S(10)#6 87.76(13) N(6)-Na(2)-S(10)#6 89.62(13)
N(7)#4-Na(2)-S(10)#6 98.20(14) C(32)-0(3)-Na(2) 114.5(4)
C(29)-0(3)-Na(2) 136.5(4) C(36)-0(4)-Na(2) 118.2(4)
C(33)-0(4)-Na(2) 136.1(4) C(16)-N(6)-Na(2) 133.3(4)
S(11)-N(6)-Na(2) 119.3(3) C(21)-N(7)-Na(2)#2 136.0(4)
S(12)-N(7)-Na(2)#2 114.5(3)

Symmetry transformations used to generate equivalent atoms: #1 -x+1,y-1/2,-z+3/2; #2 x,y+1,z; #3 -
x+1,y+1/2,-z+3/2; #4 x,y-1,z; #5 -x,y+1/2,-z+3/2; #6 -X,y-1/2,-z+3/2.
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Table 2.14. Selected Bond lengths and Bond Angles for Compound 9

Self-Assembly of alkali...

Au(L)-S(L)#1 2.3051(7) Au(1)-S(1) 2.3051(7)
Au(1)-S(2) 2.3107(7) Au(1)-S(2)#1 2.3107(7)
N(2)-Na(1) 2.488(2) Na(1)-O(1)#2 2.316(2)
Na(1)-0(1) 2.316(2) Na(1)-N(2)#2 2.488(2)
Na(1)-S(1)#3 3.2020(8) S(1)#1-Au(1)-S(1) 179.999(2)
S(1)#1-Au(1)-S(2) 89.94(2) S(1)-Au(1)-S(2) 90.06(2)
S(1)#1-Au(1)-S(2)#1 90.06(2) S(1)-Au(1)-S(2)#1 89.94(2)
S(2)-Au(1)-S(2)#1 180.0 C(4)-N(2)-Na(1) 137.23(18)
S(3)-N(2)-Na(1) 115.70(12) O(L)#2-Na(1)-0(1) 180.0
O(L)#2-Na(1)-N(2)#2 83.55(7) O(1)-Na(1)-N(2)#2 96.45(7)
O(L)#2-Na(1)-N(2) 96.45(7) 0(1)-Na(1)-N(2) 83.55(7)
N(2)#2-Na(1)-N(2) 180.00(8) O(L)#2-Na(1)-S(1)#3 87.99(6)
O(1)-Na(1)-S(1)#3 92.01(6) N(2)#2-Na(1)-S(1)#3 92.31(5)
N(2)-Na(1)-S(1)#3 87.69(5) O(L)#2-Na(1)-S(1)#4 92.01(6)
O(1)-Na(1)-S(L)#4 87.99(6) N(2)#2-Na(1)-S(1)#4 87.69(5)
N(2)-Na(1)-S(1)#4 92.31(5) S(1)#3-Na(1)-S(1)#4 179.999(12)
C(7)-0(1)-Na(1) 143.47(19) C(1)-S(1)-Au(l) 103.61(9)
C(1)-S(1)-Na(1)#5 91.78(9) Au(1)-S(1)-Na(L)#5 112.42(3)
C(2)-S(2)-Au(1) 103.75(9)

Symmetry transformations used to generate equivalent atoms: #1 -x+1,-y+2,-z+2; #2 -x+1,-y,-z+1; #3 -x+1,-
y+1,-z+1; #4 X,y-1,z; #5 x,y+1,z.

Table 2.15. Selected Bond lengths and Bond Angles for Compound 10

AU(L)-S2)#1 2.3033(9) AU(L)-S(2) 2.3033(9)
Au(1)-S(1)#1 2.3052(9) Au(1)-S(1) 2.3052(9)
N(2)-Na(1)#2 2.456(3) N(1)-Na(1) 2.542(3)
Na(1)-N(3) 2.455(3) Na(1)-N(3)#3 2.455(3)
Na(1)-N(2)#4 2.456(3) Na(1)-N(2)#5 2.456(3)
Na(1)-N(1)#3 2.542(3) Na(1)-S(3)#3 3.3616(8)
S(2)#1-Au(1)-S(2) 180.0 S(2)#1-Au(1)-S(1)#1 90.03(3)
S(2)-Au(1)-S(L)#1 89.97(3) S(2)#1-Au(1)-S(1) 89.97(3)
S(2)-Au(1)-S(1) 90.03(3) S(1)#1-Au(1)-S(1) 180.0
C(6)-S(1)-Au(1) 103.42(11) C(1)-S(2)-Au(l) 103.49(11)
C(4)-N(2)-Na(1)#2 129.5(2) S(3)-N(2)-Na(1)#2 121.63(14)
C(3)-N(1)-Na(1) 132.4(2) S(3)-N(1)-Na(1) 105.46(13)
N(3)-Na(1)-N(3)#3 180.0 N(3)-Na(1)-N(2)#4 95.90(10)
N(3)#3-Na(1)-N(2)#4 84.10(10) N(3)-Na(1)-N(2)#5 84.10(10)
N(3)#3-Na(1)-N(2)#5 95.90(10) N(2)#4-Na(1)-N(2)#5 180.0
N(3)-Na(1)-N(L)#3 88.37(10) N(3)#3-Na(1)-N(1)#3 91.63(10)
N(2)#4-Na(1)-N(1)#3 92.80(9) N(2)#5-Na(1)-N(1)#3 87.20(9)
N(3)-Na(1)-N(1) 91.63(10) N(3)#3-Na(1)-N(1) 88.37(10)
N(2)#4-Na(1)-N(1) 87.20(9) N(2)#5-Na(1)-N(1) 92.79(9)
N(1)#3-Na(1)-N(1) 180.0 N(3)-Na(1)-S(3)#3 67.55(7)
N(3)#3-Na(1)-S(3)#3 112.45(7) N(2)#4-Na(1)-S(3)#3 112.10(7)
N(2)#5-Na(1)-S(3)#3 67.90(7) N(1)#3-Na(1)-S(3)#3 27.74(6)
N(1)-Na(1)-S(3)#3 152.26(6) C(7)-N(3)-Na(1) 152.5(3)

Symmetry transformations used to generate equivalent atoms: #1 -x+1,-y+1,-z+2; #2 -x+2,y+1/2,-z+3/2; #3 -

X+2,-y+1,-z+1; #4 X,-y+3/2,2-1/2; #5 -x+2,y-1/2,-z+3/2
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Table 2.16. Selected Bond lengths and Bond Angles for Compound 11

Au(D)-S(2) 2.3090(15) Au(L)-S(@) 2.3100(14)
Au(1)-S(3) 2.3174(15) Au(1)-S(1) 2.3176(15)
Na(1)-0(1) 2.282(5) Na(1)-0(3) 2.335(6)
Na(1)-0(2) 2.384(6) Na(1)-0(4) 2.415(5)
Na(1)-O(4)#1 2.422(5) Na(1)-Na(L)#1 3.282(5)
O(4)-Na(1)#1 2.422(5) S(2)-Au(1)-S(4) 177.85(6)
S(2)-Au(1)-S(3) 90.17(5) S(4)-Au(1)-S(3) 89.62(5)
S(2)-Au(1)-S(1) 89.60(5) S(4)-Au(1)-S(1) 90.60(5)
S(3)-Au(1)-S(1) 179.57(6) 0(1)-Na(1)-0(3) 90.9(2)
0(1)-Na(1)-0(2) 96.0(2) 0(3)-Na(1)-0(2) 162.0(2)
0(1)-Na(1)-0(4) 168.0(2) 0(3)-Na(1)-0(4) 88.2(2)
0(2)-Na(1)-0(4) 81.64(19) O(1)-Na(1)-O(4)#1 97.20(18)
0(3)-Na(1)-O(4)#1 105.4(2) 0(2)-Na(1)-O(4)#1 90.31(19)
0(4)-Na(1)-O(4)#1 94.56(17) 0(1)-Na(1)-Na(1)#1 144.3(2)
0(3)-Na(1)-Na(1)#1 99.9(2) 0(2)-Na(1)-Na(1)#1 84.09(16)
0(4)-Na(1)-Na(1)#1 47.37(13) O(4)#1-Na(1)-Na(1)#1 47.19(13)
Na(1)-O(4)-Na(1)#1 85.44(17) C(6)-S(1)-Au(L) 103.91(18)
C(1)-S(2)-Au(L) 103.97(18) C(12)-S(3)-Au(l) 103.65(18)
C(7)-S(4)-Au(L) 103.77(18)

Symmetry transformations used to generate equivalent atoms: #1 -x+1,-y+1,-z+1.

Table 2.17. Selected Bond lengths and Bond Angles for Compound 12

Cu(1)-S(1) 2.1526(19) Cu(1)-S(1)#1 2.1526(19)
Cu(1)-S(2)#1 2.1653(17) Cu(1)-S(2) 2.1653(17)
S(2)-K(1) 3.498(2) N(2)-K(L)#2 2.845(5)
K(1)-0(3) 2.605(8) K(1)-O(1)#3 2.703(5)
K(1)-0(1) 2.703(5) K(1)-N(2)#4 2.845(5)
K(1)-N(2)#2 2.845(5) K(1)-S(2)#3 3.498(2)
S(1)-Cu(1)-S(1)#1 180.0 S(1)-Cu(1)-S(2)#1 87.87(7)
S(1)#1-Cu(1)-S(2)#1 92.12(7) S(1)-Cu(1)-S(2) 92.13(7)
S(1)#1-Cu(1)-S(2) 87.88(7) S(2)#1-Cu(1)-S(2) 180.00(8)
C(1)-S(1)-Cu(1) 104.8(2) C(6)-S(2)-Cu(1) 105.6(2)
C(6)-5(2)-K(1) 92.7(2) Cu(1)-S(2)-K(1) 120.25(6)
C(3)-N(2)-K(1)#2 135.4(4) S(3)-N(2)-K(1)#2 118.9(3)
0(3)-K(1)-0(1)#3 86.19(11) 0(3)-K(1)-0(1) 86.19(11)
O(1)#3-K(1)-0(1) 172.4(2) 0(3)-K(1)-N(2)#4 74.63(11)
O(L)#3-K(1)-N(2)#4 78.78(15) O(1)-K(1)-N(2)#4 99.17(15)
0(3)-K(1)-N(2)#2 74.63(11) O(L)#3-K(1)-N(2)#2 99.17(15)
0(1)-K(1)-N(2)#2 78.79(15) N(2)#4-K(1)-N(2)#2 149.3(2)
0(3)-K(1)-S(2)#3 148.30(3) O(1)#3-K(1)-S(2)#3 75.07(11)
0(1)-K(1)-S(2)#3 111.75(12) N(2)#4-K(1)-S(2)#3 76.76(11)
N(2)#2-K(1)-S(2)#3 132.84(12) 0(3)-K(1)-S(2) 148.30(3)
O(1)#3-K(1)-S(2) 111.75(12) 0(1)-K(1)-S(2) 75.07(11)
N(2)#4-K(1)-S(2) 132.84(12) N(2)#2-K(1)-S(2) 76.76(11)
S(2)#3-K(1)-S(2) 63.39(6) C(9)-0(1)-K(1) 163.7(5)
C(12)-0(3)-K(1) 180.000(4)

Symmetry transformations used to generate equivalent atoms: #1 -x,-y+1,-z+2; #2 -x+1/2,-y+3/2,-z+2; #3 -
X,Y,-2+3/2; #4 x-1/2,-y+3/2,z-1/2.
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Table 2.18. Selected Bond lengths and Bond Angles for Compound 13

Cu(1)-S(2) 2.1730(5) Cu(1)-SQ)#1 2.1730(5)
Cu(1)-S(1) 2.1817(5) Cu(1)-S(L)#1 2.1817(5)
S(2)-K(1) 3.3795(5) N(2)-K(1)#2 2.7649(16)
K(1)-N(2)#3 2.7649(16) K(1)-N(2)#4 2.7649(16)
K(1)-N(3)#5 2.7872(17) K(1)-N(3) 2.7873(17)
K(1)-C(5)#5 3.2917(18) K(1)-C(6)#5 3.2919(18)
K(1)-S(2)#5 3.3794(5) S(2)-Cu(1)-S(2)#1 180.0
S(2)-Cu(1)-S(1) 91.966(16) S(2)#1-Cu(1)-S(1) 88.034(16)
S(2)-Cu(1)-S(1)#1 88.034(16) C(7)-N@3)-K(L) 148.32(16)
S(2)#1-Cu(1)-S(1)#1 91.966(16) S(1)-Cu(1)-S(1)#1 180.0
C(6)-S(2)-Cu(1) 104.92(6) C(6)-S(2)-K(1) 71.99(6)
Cu(1)-S(2)-K(1) 109.589(18)  C(1)-S(1)-Cu(l) 104.96(6)
C(3)-N(Q)-K(1)#2 134.24(12) S(3)-N(2)-K(L)#2 118.42(8)
N(2)#3-K(1)-N(2)#4 180.0 N(2)#3-K(1)-N(3)#5 103.12(5)
N(2)#4-K(1)-N(3)#5 76.88(5) N(2)#3-K(1)-N(3) 76.88(5)
N(2)#4-K(1)-N(3) 103.12(5) N(3)#5-K(1)-N(3) 180.0
N(2)#3-K(1)-C(5)#5 79.62(5) N(2)#4-K(1)-C(5)#5 100.38(5)
N(3)#5-K(1)-C(5)#5 66.49(5) N(3)-K(1)-C(5)#5 113.51(5)
N(2)#3-K(1)-C(6)#5 75.57(4) N(2)#4-K(1)-C(6)#5 104.43(4)
N(3)#5-K(1)-C(6)#5 90.40(5) N(3)-K(1)-C(6)#5 89.60(5)
C(5)#5-K(1)-C(6)#5 24.08(4) N(2)#3-K(1)-S(2)#5 98.92(3)
N(2)#4-K(1)-S(2)#5 81.08(3) N(3)#5-K(1)-S(2)#5 104.05(4)
N(3)-K(1)-S(2)#5 75.95(4) C(5)#5-K(1)-S(2)#5 47.96(3)
C(6)#5-K(1)-S(2)#5 30.51(3) N(2)#3-K(1)-S(2) 81.08(3)
N(2)#4-K(1)-S(2) 98.92(3) N(3)#5-K(1)-S(2) 75.95(4)
N(3)-K(1)-S(2) 104.05(4) C(5)#5-K(1)-S(2) 132.04(3)
C(6)#5-K(1)-S(2) 149.49(3) S(2)#5-K(1)-S(2) 180.0

Symmetry transformations used to generate equivalent atoms: #1-x+1,-y+2,-z-1; #2 x,y-1,z; #3 x,y+1,z; #4 -
X+1,-y+1,-; #5 -x+1,-y+2,-z.

2.3.3.6. Role of coordinating solvents in directing the dimensionality of sodium based
coordination polymers 1-10

Since we obtained coordination polymers of diverse dimensions (one-dimension through
three-dimension) in diverse solvents, an obvious question comes at the first place to our
mind: does the coordinating solvent influence /direct the dimensionality of coordination
networks in coordination polymers 1-10? There are some reports on this topic.?*™ A
recent report® of solvent effects on dimensionality of the coordination networks says that
DMF with the more steric hindrance is expected to reduce the possibility for the formation
of 2D or 3D networks and thus forms 1D chain. On the other hand, the less steric
hindrance for CH3CN and CH3;OH are suggested to be responsible for the formation of 2D
or 3D networks respectively. The authors also have mentioned that, besides solvent effect,
the coordinated ligand Py,S might play an important role on this diverse dimensionality.
The present study deals with a binary system consisting of a square planar M(III)-
dithiolene complex and an octahedral Na(l)-solvent complex, in which the M(lII)-
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dithiolene complex [Mu"(btdt),]*” [M = Cu(lll), Au(ll1)] acts as a “N” and “S” donor
ligands towards sodium coordination. Careful analyses on the crystal structures of
compounds 1-10 demonstrate that the coordination around sodium ion decides the fate of
dimensionality. Sodium ion, when it is present in a solvent, is expected to be preferentially
solvated due to its high positive charge density. If the same system contains other auxiliary
ligands, for example, N or S donor containing ligands, as in the present case, some of
these sodium coordinated solvent molecules would be replaced by these auxiliary ligands
during the crystallization of the relevant system. As the nucleation starts from solution,
dithiolene complex anion and the counterion Na* come closer to each other, and a
coordinate covalent bond will be formed between the N or S atoms and Na* counterion,
leaving some coordinated solvent molecules around sodium ion. In this course of action,
the structural diversity and dimensionality of this system are expected, because the
auxiliary ligand (ligand {btdt}?", in the present case), having more donor centers, can
coordinate with more than one sodium ion. In such situation, the dimensionality would be

influenced by the factors such as shape, size and polarity of the coordinating solvents.

L | "Sp:
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Figure 2.22. [Na(solvent),][M(btdt),] [M = Cu(ll), Au(lIl)] complexes present in solution state (left above);
crystallization from MeOH and THF (sp® hybridized orbitals of central carbon) directs the formation of 1D
coordination polymer (right above); crystallizing in DMF and acetone (sp? hybridized orbitals of central
carbon) influences the formation of 2D coordination polymer (left below); crystallization from CH;CN (sp
hybridized orbitals of central carbon) directs the formation of 3D coordination polymer (right below).
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Thus we have investigated the solvent coordination to sodium ion more vigilantly.
The following observations are noteworthy: during crystallization, the 1D coordination
polymers 1 and 6 are obtained from MeOH, 2 and 7 are obtained from THF and the
hybridization of central carbon atom attached to the sodium-coordinated solvent atom (O)
is sp* (Figure 2.22); likewise, the sp hybridized central carbon atom (of acetone and DMF
solvents) attached to the coordinating atom (O) leads to the formation of 2D coordination
polymers (3 and 8 are crystallized from acetone and 4 and 9 are crystallized from DMF
solvents). The 3D coordination polymers 5 and 10, crystallized from CHsCN, includes N
as coordinating solvent atom, which is attached to sp hybridized central carbon atom.
These three observations clearly reveal that the diverse hybridizations of the central
carbon atoms of the solvents (MeOH, THF, acetone, DMF and CH3CN in the present
study), attached to the coordinating atoms, have a wonderful relationship with the
dimensional-topologies of the compounds 1-10. As shown in Figure 2.22, in the case of
compounds 1-2 and 6-7, the more bulkier sp® hybridized orbitals (tetrahedral) of the
central carbon atom of methanol and THF solvents occupies more space around the alkali
metal ion (sodium cation) and prevent further coordination of more dithiolene complex
units (through N or S donor atoms), thereby it allows the extension only in 1-dimension
rather than 2-dimensions or 3-dimensions. The less bulkier sp hybridized orbitals (linear
shape) of the central carbon atom of CH3;CN occupy less space around sodium cation,
thus allow more dithiolene complex units to coordinate sodium ion leading to 3-
dimensional coordination polymers (compounds 5 and 10). The recrystallization from
acetone and DMF type of coordinating solvents, the planar shape of sp? hybridized orbitals
of the central carbon atom attached to coordinating donor atom of acetone and DMF
solvents, direct towards the formation of 2-dimensional networks (compounds 3 and 8
from acetone recrystallization, 4 and 9 from DMF recrystallization). However, even
though, both acetone and DMF coordinating solvents direct towards the 2-dimensional
coordination polymers (3, 4, 8 and 9), the structural diversity was observed among acetone
recrystallized products and DMF recrystallized products, probably due to difference in the
size of the relevant solvent molecules. Thus, the shape and space occupied by the
hybridized orbitals of central carbon atom attached to the coordinating solvent atoms are
the major factors in directing the dimensionality of coordination polymers of the present

system, as described in Table 2.19.
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Table 2.19. Role of coordinating solvent in directing the dimensionality of sodium based
coordination polymers 1-10

S. No Recrystallizing Hybridization and Dimensionality of
solvent geometry of central coordination networks
carbon observed in compounds
1 MeOH sp°, Tetrahedral 1Din2and7
2 Acetone sp?, Trigonal planar 2Din3and 8
3 DMF sp?, Trigonal planar 2Din4and 9
4 Acetonitrile sp, Linear 3Din5and 10

2.3.3.7. Influence of counter cations on the dimensionality of coordination polymers
From the above coordination polymers 1-10, the dimensionality of a sodium coordination
based polymer system, coupled with a metal(111) bis(dithiolene) complex (metal = copper
and gold), has been shown to be regulated by the type of hybridization of the central
carbon atom of the solvent coordinating to the sodium ion. From careful crystal structure
analyses, it has been generalized a relation between dimensionality of coordination
polymers (based on a square planar metal(lll) bis(dithiolene) complex coupled with an
octahedral sodium complex) and the type hybridization of the central carbon atom of the
sodium coordinated solvent molecules. It has been stressed that the hybridization of the
central carbon atoms of the solvents (MeOH, CH3;COCHs;, DMF and CH3CN), attached to
the coordinating atoms, plays an important role in directing the dimensional-topologies of
the coordination polymers 1-10. As a continuation of our systematic investigations of
coordinating solvents and counter cations (i.e. K* ion instead of Na* ion) effect on the
structural diversity and dimensionality of coordination networks, we have investigated two
new potassium-coordination polymers (12-13) based on [Cu''(btdt),]"". Interestingly,
compounds 12 and 13 are 3-D and 2-D extended networks observed in the crystal
structures which are obtained from recrystallization of acetone and acetonitrile
coordinating solvents, respectively.

When we compare the crystal structures of the compounds 3 and 12 (both obtained
from acetone recrystallization), in which coordinated acetone solvents coordinated to the

Na" and K" ions, respectively, compound 3 is coordinated to sodium ion through the four
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nitrogen atoms whereas compound 12 is coordinated to potassium ion through the two
nitrogen and two sulfur atoms. In compound 3 the coordination number of Na* ion is six
with two coordinated solvent molecules, whereas in compound 12, the K* ions as
coordination number seven with three coordinated acetone solvent molecules. This is
probably due to the difference in the size of the counter ion (between sodium and
potassium) influences the diversities in the crystal structures and also results in the
variation in the dimensionality of extended networks. i.e. compound 3 is extended into 2-
D, whereas compound 12 extended into 3-D coordinated networks in their solids.

The comparison of the crystal structures of compounds 5 and 13 (both obtained from
acetone recrystallization), in which coordinated acteonitrile solvents is coordinated to the
Na" and K" ions, respectively, compound 5 is coordinated to sodium ion through the four
nitrogen atoms of four different dithiolene units whereas in compound 13 coordinated to
potassium ion through the two nitrogen and two sulfur atoms of four different dithiolene
units. Due to the difference in coordination environment, compounds 5 and 13 are not
isomorphs, even though both having the coordination number six, and the diversities in the
crystal structures. Compound 5 is extending into 3-D, whereas compound 13 was extended

into 2-D coordinated networks in their crystal structures.

2.4. Conclusion

In summary, We have demonstrated here, the synthesis of sodium metal based
coordination polymers of diverse dimensionality (from 1D to 2D through 3D) based on a
Metal(111) dithiolene complex anion [M"(btdt),]*” [M = Cu(llI), Au(l11)] by changing the
solvents of recrystallization. We have shown that dimensionality of a sodium coordination
based polymer system, coupled with a Metal(l11) (bis)dithiolene complex, can be regulated
by the type of hybridization of the central carbon atom of the solvent coordinating to the
sodium ion. In which, Cu(lll) analogues offers us opportunity to perform electrochemical
studies and to carry out spectroscopy. The electrochemistry of the copper (111) complexes
is very interesting in the sense that these complexes get reduced more easily. This
indicates that the present system (Cu(lll) dithiolate) might act as oxidation catalyst for
organic transformations / oxidation reactions of industrial importance. In order to
attempting to generalize above concept (relation between the hybridization and

dimensionality) by choosing an alkali metal ion (e.g., K" cations instead of Na* ions)
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coupled with a transition metal(bis) dithiolene complex, additionally we have synthesized,
two new potassium metal coordination polymers of diverse dimensionality based on a
Metal(11l) dithiolene complex anion [Cu''(btdt),]'" by changing the solvents of
recrystallization. From the recrystallization the coordinating acetone and acotonitrile
solvents are results in the formation of 3-D and 2-D extended networks in their crystal
structures, respectively. We have also described the comparisons in the structures and
dimensionalities with previously reported sodium coordination polymers. Interestingly, the
potassium based polymeric compounds 12-13, are not supports the above mentioned
concept (i.e relation between the hybridization and dimensionality). This is probably due
to difference in size of the counter cations (between sodium and potassium). So that the
above concept is only limited to sodium based coordination polymers. We believe that in
the sodium based coordination polymeric system, octahedral geometry of sodium ion
playing a role in directing the dimensionality of coordination polymers compared to the K-
based coordination polymers (because of its larger size, coordination number is varying).
In order to get good conducting and magnetic coordination polymeric materials based on
dithiolene complexes, we are now attempting to synthesizing by choosing an alkali metal
ion (e.g., Na", K cations etc) coupled with a transition metal(bis) dithiolene complex
(e.g., Ni(lll)(bis) dithiolene complex) in synthesizing a new class of coordination
polymers system. Finally it is worth mentioning that we have established a new class of
dithiolene-based materials, where hybridization of central carbon atom of the coordinating
solvent plays an important role in determining the dimensionality of the resulting
coordination polymer. Thus this work is not only importance in terms of practical
applications, but also it serves in understanding the basic principle of crystal engineering

chemistry.
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New Square-Planar Metal-Bis(1,2-Dithiolene)
Complexes Based on 2,1,3-Benzenethiadiazole- 3
5,6-dithiolate ({btdt}2-) ligand and Nickel Trans-
disulfinate Complex: Synthesis, Crystallography Chapter
and Properties S—

Abstract:- The syntheses, crystal structures and properties of four new coordination complexes
[BuN][M"!(btdt),] [M = Cu (1), Au (2)] and [BusN];[M"(btdt),] [M = Pt (3), Ni (4)] ({btdt}* =2,1,3-
benzenethiadiazole-5,6-dithiolate) have been described. In addition to this, trans disulfinate complex
[BusN]2[Ni(btdtOy),]-H.0 (5) has been synthesized by the air oxidation of the compound 4 in MeOH
solutions. Single crystal X-ray structural analyses of complexes 1-5 show that {MS,} chromophores lies
in almost square—planar coordination environment in complexes 1 and 4, whereas in complexes 2, 3 and
5, this chromophore has slightly distorted square-planar geometry around the central metal ion.
Interactions in the solid-state for all these compounds have been studied by intermolecular contacts, such
as, weak hydrogen bonding interactions and non-covalent interactions. Complexes 1-5 show broad
absorption bands in the visible region, with that of 3 and 4 are being sensitive to solvent polarity. Blue-
colored air-saturated solutions of [BusN].[Ni(btdt),] (4) gradually turn red in the presence of visible light
(room light). This transformation requires both oxygen (air) and light. Electrochemical properties of all

these compounds have been described by cylicvoltammetric studies.

Since 1960s, the interests are continuing in the design and synthesis of square planar

3.1. Introduction

metal-bis(dithiolene) complexes, because the redox active dithiolene ligands have ability
to form highly electron delocalized systems.! Metal bis(dithiolene) complexes are
important in terms of their potential applications in the areas of conducting—, magnetic—,’
nonlinear optical-materials, and near—infrared (NIR) dyes.* The scope of metal dithiolene
complexes has extended to bioinorganic modeling studies because of the existence of
metal-dithiolene moiety in the active sites of many metallo—enzymes.® Families of arene—
dithiolene complexes are highly stable with metals in their higher oxidation states.
Quinoxaline based dithiolate-system ({qdt}?”, Scheme 3.1) and its molybdenum-oxo
complexes have been investigated for modeling the active sites of molybdenum
hydroxylase enzymes.® The changes in electronic absorption spectra and redox properties
of relevant metal dithiolene complexes have been explored by the reversible protonation
of the coordinated qdt-ligand.” In addition, qdt-type ligands are useful in the area of
analytical chemistry.® The utility of qdt- complexes as ion—active substances of membrane

electrodes has also been reported in literature.” The photo—physical (luminescence)
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properties of platinum complexes of qdt-type ligand have been studied extensively.’® On
the other hand, benzene-1,2-dithiolato ligand ({bdt}*>, Scheme 3.1) containing
molybdenum and tungsten complexes have been reported in literature, that are described
as structural analogues of the oxidized active sites in the xanthine oxidoreductase enzyme
family." Some of the metal(lll) complexes of benzene-1,2-dithiolate ({bdt}*") and 1-
toluene-3,4-dithiolate ({tdt}z_) have been studied by Kamenicek group.12 The detailed
physical properties of bis-(benzene-1,2-dithiolato)-gold(1V) {[Au(bdt),]} compound have
been reported by the Bjgrnholm group.** This group has also studied the electronic
structure of substituted aromatic dithiolene complexes of gold(111).**

Based on the importance of heterocyclic based dithiolene complexes, it has prompted
us to choose a dithiolate ligand Hqbtdt system ({btdt}*” = 2,1,3-benzenethiadiazole-5,6-
dithiolate, Scheme 3.1) for the synthesis of a new series of ‘discrete’ metal dithiolene
complexes with various metal ions which are able to from square-planar complexes. In
this context, we must mention that we have recently reported the sodium-associated
‘coordination polymers’ based on this ligand system (chapter 2).™ In this contribution, we
wish to report synthesis, crystal structures and supramolecular features of the complexes
[BusN][M"(btdt),] [M = Cu (1), Au (2)] and [BusN]2[M"(btdt),] [M = Pt (3), Ni (4)]. The
electronic absorption and electrochemical properties of these compounds have also been

described.

N.__SH SH N SH
N 7
X (X P
— N\
N~ “SH SH N SH
qudt szdt sztdt

Scheme 3.1. Structral representation of some arene dithiols.

On the other hand, [Ni Fe] hydrogenase® and CO-dehydrogenase'’ belong to the
nickel-containing enzymes possessing a sulfur-rich (cysteinate) environment around
nickel. These nickel-containing enzymes show an interesting and complicated air
sensitivity, which includes reversible inhibition of activity and irreversible deactivation of
the enzyme by dioxygen. The electrochemical and spectroscopic studies of enzymes
support that the deactivated species might be the products of oxygen addition at sites other

than the metal. Excluding metal center, the only possible site is the sulfur that may be
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involved in oxidation.® The possible sulfur oxygenates are (a) sulfinates, or
metallosulfones M-SO;R, and (b) sulfenates, or metallosulfoxides, M—(S=O)R.
Darensbourg research group*® and others®® extensively studied, synthesis and mechanistic
understanding about sulfinates and sulfenates of nickel-thiolate (type A, Scheme 3.2)
complexes. Nickel-sulfinates are quite interesting because these are all S-bound and the
oxygen atoms cannot be removed by any chemical agents. That’s why S-bound Ni-
sulfinates can be represented as an irreversibly oxygen-damaged deactivated species of
nickel-containing enzymes. All these literatures show that production of Ni-sulfinates are
from the reactions with H,O, or gaseous Os.

Gray” and Bachman? reported sulfur oxygenated products of dithiolene-a-diimine
(type B, Scheme 3.2) complexes and identified both mono sulfinates and disulfinates
depending on the oxidation conditions. Photochemical oxidation of dithiolene-a-diimine
(type B, Scheme 3.2) results in mono-sulfinates and chemical oxidation with H,O- results
in di-sufinates. However, metal-sulfinates based, on bis(dithiolene) complexes (type C,
Scheme 3.2), are still rare in the literature. To the best of our knowledge, only few reports

21b,22

are shown in literature, wherein, Robertson reported trans-di-sulfinate complex of

[Ni(bdt)]*", in which sulfur atoms were oxidized by receiving of oxygen atoms from

counter cation.?®

Anther report of an interesting S-bonded sulfinates, based on Fe-
bis(benzene-1,2-dithiolene) complex (type C, Scheme 3.2), relates to the an inactive form
of the Fe-containing nitrile hydratase (Fe-NHase) containing Cys-sulfinic (Cys-SO;) and

Cys-sulfenic (Cys-SO) groups.??
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N S s s

A B C
//N s\ /s N\\
S M S
N\ /7 \ V4
N S s N
D

Scheme 3.2. Structral representation of metal dithiolene complexes.
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We have described here, trans-disufinate nickel complex 5 by the simple and air
oxidation of compound 4 (type D, Scheme 3.2) at room temperature. We have
demonstrated here that, compound 5 has been characterized unambiguously by X-ray
crystallography along with its spectral studies (IR, UV-Vis in solution and solid), electro

chemistry and elemental analysis.

3.2. Experimental Details

3.2.1. General Methods

Micro analytical (C, H, N) data were obtained with a FLASH EA 1112 Series CHNS
Analyzer. Infrared (IR) spectra were recorded on KBr pellets with a JASCO FT/IR-5300
spectrometer in the region of 400-4000cm™. 'H NMR spectra of compounds were
recorded on Bruker DRX- 400 spectrometer using Si(CHz)4 [TMS] as an internal standard.
Electronic absorption spectra were recorded on a Cary 100 Bio UV-Visible
spectrophotometer. A Cypress model CS-1090/CS-1087 electro analytical system was
used for cyclic voltammetric experiments. The electrochemical experiments were
measured in MeOH containing [BusN][CIO4] as a supporting electrolyte, using a
conventional cell consisting of two platinum wires as working and counter electrodes, and
a Ag/AQCI electrode as a reference. The potentials reported here are uncorrected for

junction contributions.

3.2.2. Materials

All the chemicals for the synthesis were commercially available and used as received. 1,2-
Diaminobenzene-bis(thiocyanate)”® was prepared according to literature procedure.
Syntheses of metal complexes were performed under N using standard inert-atmosphere

techniques. Solvents were dried by standard procedures.

3.2.3. Synthesis and Characterization

Synthesis of [BusN][Cu(btdt),] (1)

The {btdt}* ion is generated, in situ, by treatment of H,btdt (0.070 g, 0.35 mmol) with
excess amount of NaOH (0.040 g, 1.0 mmol) in MeOH (20.0 mL). To the resulting
clear red solution, solid CuCl;-:2H,0 (0.030 g, 0.176 mmol) was added and the reaction
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mixture was stirred for 30 min in presence of open atmosphere. The precipitates were
then removed by filtration; to the filtrate obtained, tetrabutylammonium bromide
solution (0.1 g in 40.0 mL deionised water) was added and stirred for 15 min. The
resulting black precipitate was separated by filtration, washed with water followed by
diethyl ether, and dried at room temperature. It was recrystallized from acetonitrile
solution by vapor diffusion with diethyl ether. Yield: 0.050 g (40.4% based on Cu). IR
(KBr, Cm_l): 2957, 2870, 1556, 1460, 1419, 1377, 1226, 1114, 1039, 976, 814, 528. *H
NMR (400 MHz, ¢ ppm) (DMSO-dg): 0.92(br, 12H), 1.29(br, 8H), 1.55(br, 8H),
3.15(br, 8H), 7.63(s, 4H). Anal. Calcd. for CygHsoNsSgCu: C 47.87 H 5.74, N 9.97%.
Found: C 47.50, H 5.88, N 10.13%.

Synthesis of [BusN][Au(btdt),] (2)

The in situ generation of {btdt}*” ion was performed by the treatment of H,btdt (0.165 g,
0.825 mmol) with excess amount of NaOH (0.15 g, 3.75 mmol) in MeOH (40 mL). To the
resulting clear red solution, solid HAuCl,-3H,0O (0.175 g, 0.444 mmol) was added and the
reaction mixture was stirred for 30 min under nitrogen atmosphere. The precipitates were
then separated by filtration; to the filtrate obtained, tetrabutylammonium bromide solution
(0.2 g in 40.0 mL deionised water) was added and stirred for 15 min. The resulting dark
brown precipitate was separated by filtration, washed with water followed by diethyl
ether, and dried at room temperature. It was recrystallized by the slow evaporation of the
acetone solution. Yield: 0.222 g (59.6% based on Au). IR (KBr, cm™): 2957, 2868, 1628,
1469, 1423, 1381, 1240, 1072, 875, 814, 636. 'H NMR (400 MHz, 6 ppm) (DMSO-ds):
0.92(br, 12H), 1.30(br, 8H), 1.55(br, 8H), 3.15(br, 8H), 7.81(s, 4H). Anal. Calcd. for
CasHaoNsSgAu: C 40.23, H 4.82, N 8.38%. Found: C 40.52, H 4.68, N 8.52%.

Synthesis of [BusN]2[Pt(btdt),] (3)

The {btdt}*" dianion was generated, in situ, by treatment of H,btdt (0.058 g, 0.29 mmol)
with excess amount of NaOH (0.040 g, 1.0 mmol) in MeOH (10.0 mL). To the resulting
clear red solution, 10.0 mL aqueous solution of K,PtCl, solution (0.060 g, 0.145 mmol)
was added and the reaction mixture was stirred for 24 h resulting in dark purple solution.
Dark red micro-crystals were precipitated by adding tetrabutylammonium bromide (0.150

g, 0.47 mmol); the micro crystals were filtered, washed with water followed by diethyl
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ether, and dried at room temperature. It was recrystallized from acetonitrile solution by
vapor diffusion with diethyl ether. Yield: 0.083 g (53.9% based on Pt). IR (KBr, cm™):
2959, 2872, 1641, 1579, 1483, 1425, 1381, 1236, 1170, 1062, 985, 860, 812, 736, 707,
667, 528. '"H NMR (400 MHz, 6 ppm) (CDsCN): 0.92(br, 24H), 1.32(br, 16H), 1.57(br,
16H), 3.09(br, 16H), 7.81(s, 4H). Anal. Calcd. for CssH7sNeSePt: C 49.09, H 7.12, N
7.81%. Found: C 48.62, H 7.31, N 8.13%.

Synthesis of [BusN]2[Ni(btdt),] (4)

The {btdt}*"ion is generated, in situ, by the treatment of H,btdt (0.076 g, 0.38 mmol) with
excess amount of NaOH (0.045 g, 1.125 mmol) in dry MeOH (8.0 mL) through purging
with nitrogen gas. To the resulting clear red solution, solid NiCl,.6H,O (0.045 g, 0.189
mmol) was added and the reaction mixture was stirred for 30 min under nitrogen
atmosphere. Dark black micro crystalline solid was precipitated by adding
tetrabutylammonium bromide (0.2 g, 0.621mmol) in degassed (N2 gas bubbled) water (20
mL); the solid was filtered immediately, washed with water followed by diethyl ether, and
dried at room temperature. Black colored blocks type crystals of compound
[BusN]2[Ni(btdt),] (4), suitable for single crystal X-ray structure analysis, were grown
from vapor diffusion of diethyl ether into acetonitrile solution. Yield: 0.140 g (79.0%
based on nickel metal). IR (KBr, v/cm‘l): 2959, 2868, 1574, 1458, 1425, 1242, 1168,
1059, 827, 800, 738, 640, 520. *H NMR (400 MHz, § ppm) (CDsCN): 0.92(t, 24H), 1.30-
1.35(m, 16H), 1.60(s, 16H), 3.13(t, 16H), 7.22(s, 4H). Anal. Calcd. for C44H76NsSeNi: C,
56.21; H, 8.15; N, 8.94%. Found: C, 56.03; H, 7.96; N, 9.38%.

Synthesis of [BusN]2[Ni(btdtO,),]-H20 (5)

The btdt dianion is generated, in situ, by the treatment of H,btdt (0.076 g, 0.38 mmol) with
excess amount of NaOH (0.045 g, 1.125 mmol) in dry MeOH (8.0 mL). To the resulting
clear red solution, solid NiCl,:6H,O (0.045 g, 0.189 mmol) was added and the reaction
mixture was stirred for 30 min in open atmospheric conditions. Reddish brown micro
crystalline solid was precipitated by adding tetrabutylammonium bromide (0.2 g, 0.621
mmol) in water (20 mL); the solid was filtered, washed with water followed by diethyl
ether, and dried at room temperature. This compound was recrystallized in acetonitrile by

diffusing with diethyl ether. Black colored block crystals of compound 4 and red colored
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needle crystals of compound 5 were obtained as mixture in recrystallization. Compound 5
has been separated as red needle crystals different from the black colored block crystals of
compound 4 by manually under microscope from the above mixture. Yield: 0.025¢g (13.0%
based on nickel metal). IR (KBr, v/cm‘l): 3441, 2959, 2868, 1743, 1575, 1469, 1381,
1230, 1159, 1022, 862, 798, 524. '"H NMR (400 MHz, ¢ ppm) (CDsCN): 0.98(t, 24H),
1.32-1.38(m, 16H), 1.56-1.64(m, 16H), 3.09(t, 16H), 7.68(s, 2H), 7.79(s, 2H). Anal.
Calcd. for CasH7sNsOsSgNi: C, 51.70; H, 7.69; N, 8.22%. Found: C, 51.89; H, 7.83; N,
7.96%.

3.2.4. Single Crystal Structure Determination

Single crystals suitable for facile structural determination for the compounds 1-5, were
measured on a three circle Bruker SMART APEX CCD area detector system under Mo-
Ko (4 =0.71073 A) graphite monochromatic X-ray beam. The frames were recorded with
an o scan width of 0.3°, each for 8 s, crystal-detector distance 60 mm, collimator 0.5 mm.
Data reduction performed by using SAINTPLUS.** Empirical absorption corrections using
equivalent reflections performed program SADABS.?* The structures were solved by
direct methods and least-square refinement on F? for all the compounds 1-5 by using
SHELXS-97.% 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 1-
3 and 4-5 are summarized in Tables 3.1 and 3.2, respectively. Selected bond lengths and

angles for the compounds 1-3 and 4-5 are listed in Tables 3.3 and 3.4, respectively.

3.3. Results and Discussion

3.3.1. Synthesis and Characterization

The synthetic route for the complexes 1-3 are presented in Scheme 3.3. The square planar
metal bis(dithiolene) complexes 1-3 were synthesized by the reactions of one mole
equivalent of metal chlorides with two mole equivalents of Na,btdt (insitu preparation by
the de-protonation of Hybtdt in excess of NaOH treated MeOH). The synthesis of the
copper(l1) bis(dithiolate) complex 1 has been carried out in an aerial atmosphere so that
Cu(ll) can be oxidized to Cu(lll), whereas the synthesis of other two complexes 2 and 3

are carried out in nitrogen atmosphere. These bis(dithiolate) complexes are isolated by the
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addition of tetrabutylammonium bromide, affording respective microcrystalline forms of

compounds 1-3 in reasonable yields.

I) NaOH, MeOH Bu,NBr
Filtrate ———— [BuyN][Cu(btdt),] (1
ii) CuCl, 2H,0 [BusN][Cu(btdt),] (1)
iii) Air
N SH i) NaOH, MeOH BUNBr
4 I:[ Filtrate ——— > [BuNJ[Au(btet);] (2
N SH ii) HAuCl,.3H,0
H,btdt = 2,1,3-Benzene
thiadiazole-5,6-dithiol i) NaOH, MeOH
- ’ [BusN]o[Pt(btdt),] (3)
i) K,PtCl,
iii) BuyNBr

Scheme 3.3. Schematic representation for the synthesis of metal bis(dithiolene) complexes 1-3.

Nitrogen N S\ S N
atomsphere [Bu4N} s’ j@[ Ni :@E 'S @
2 N J 5 N

30 min, RT

S,,NIISH i) NaOH, MeOH

N sH i) NiCl26H;0 [N S N |

iii) BuyNBr [ Bu4N} s j@[ :Ni Vs (4), 80%
2 | N s s N

Hobtdt = 2,1,3-Benzene
thiadiazole-5,6-dithiol

Open air N
Q.0
,,N S\ /S N\\ ;
BuyN S. Ni S (5), 20%
/ \
2 N g /S N
7\
O O

Scheme 3.4. Schematic representation for the synthesis of metal-dithiolene complexes 4 and 5.

30 min, RT

The synthetic approach for the compounds 4 and 5 is shown in Scheme 3.4.
Compound 4 has been synthesized by the reaction of one mole equivalent of NiCl,-6H,0
with two mole equivalents of Hjbtdt in MeOH, treated with NaOH under nitrogen
atmospheric conditions and then precipitated by adding tetrabutylammonium bromide,
yielding the microcrystalline form of compound 4 in reasonable yield (Scheme 3.4). If the
above reaction is carried out in an open atmospheric condition, compound 5 is obtained
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along with compound 4. Compound 5 can be separated as red needle crystals, which are
different from the black colored block crystals of compound 4 by manually under
microscope from the mixture of compounds after recrystallization. *H NMR and UV-Vis

absorption spectra are consistent with the separated crystals of compound 5.
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Figure 3.1. '"H NMR spectrum of compound 1 in DMSO-d
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Figure 3.2. 'H NMR spectra of compounds 4 and 5 in CD;CN.
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Infrared spectra of complexes 1-3 show two strong absorption bands at 2957, 2870
cm', are characteristic of the alkane C—H stretching frequency, confirming the presence of
Bu,N" cations in the complexes 1-3 as a counter cation. *H NMR spectrum of complex 1
shows single narrow peak at 6 7.63 ppm in DMSO-ds corresponding to four benzene
protons from the {btdt}*" ligands as shown in Figure 3.1. According to the nature and
position of the signal, copper compound 1 is diamagnetic square planar Cu(lll) d®
coordination complex, as expected.?® Copper compound 1 does not show any ESR signals,
which further confirms that our present copper system is a Cu(l1l) complex. In the case of
Au(lll) complex 2 also, we have observed a single narrow *H NMR peak at ¢ 7.81 ppm in
DMSO-ds related to the four benzene protons from the two {btdt}*" ligands. Complex 3
displays single narrow peak at ¢ 7.81 ppm in CD3CN, which is related to the four benzene
protons from the two {btdt}*" ligands. Proton NMR spectra of all three complexes 1-3
exhibit four peaks in aliphatic region corresponding to the tetrabutylammonium counter
cation present in the respective complexes.

The infrared spectrum of complex 5 shows strong bands at 1159 and 1022 cm™ (KBr),
corresponding to the v(SO) stretching frequency of the S-bonded sulfinate group.'®?%
Both the complexes 4 and 5 show IR bands at 2959 and 2868 cm™ (KBr), corresponding to
the v(alkane C—H) stretching frequencies of the tetrabutylammonium salts. *H NMR
spectrum of complex 4 shows singlet proton at 7.22 ppm (Figure 3.2) in dueterated
acetonitrile solution, but complex 5 shows two type’s singlet protons at 7.68 and 7.79 ppm
(Figure 3.2) and shifts to low magnetic field region. The electron withdrawing capability
of sulfinate group reduces the electron density on aromatic protons observed at 7.68 and

7.79 ppm for the compound 5.

3.3.2. Electronic Absorption Spectroscopy

Copper and gold complexes 1 and 2 show strong absorption bands at 420-430 nm in the
visible region in acetonitrile as shown in Figure 3.3. In addition to this common feature,
there is a weak absorption bands observed at higher concentrations in the region of 540-
600 nm, for the complexes 1 and 2, as shown in inset of Figure 3.3. The appearance of this
weak feature at relatively higher concentrations can be explained by the intermolecular
interactions that may occur at higher concentrations.?” The weak feature at around 540

600 nm can also be due to d-d transitions for a Cu(lll) / Au(l11) (d®) system. This spectral
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feature is similar to the Cu(lll) and Au(lll) coordination polymers, reported in our
previous chapter 2."> The electronic absorption spectrum for complex 3 in acetonitrile is
shown in Figure 3.3. The complex 3 shows a broad band in low energy region compared
to the copper and gold compounds. The broad feature observed in the visible region for the
Pt-complex 3, centered at ~483 nm, is due to the charge transfer (CT) transitions involving
electronic excitation from a HOMO which is a mixture of dithiolate (m) and metal (d)
orbital character to a LUMO which is a «* orbital of the dithiolate, that are characteristics

of metal(11) bis(dithiolene) complexes. %

357 —— [Bu NJ|Cu(btdt),|

----- [Bu N|[Au(btdt) |
—— [Bu,N] [Pt(btdt) |

3.0

2.5

2.0

1.5

Absorbance (a.u)

1.0 S

0.5

oo  STE=s

300 400 500 600 700 800

Wavelength (nm)

Figure 3.3. Electronic absorption spectra of compounds 1-3 in acetonitrile solutions.

The effect of solvent polarity on the absorption band in the visible region for the
complex 3 is shown in Figure 3.4. However, the effect of solvent polarity has been studied
previously in dianionic dithiolene complexes.29 The CT band is sensitive to the solvent
polarity, shifting significantly to low energy region in less polar solvents, which is further
considerable charge-transfer character as shown in Figure 3.4. This negative
solvatochromism (hypsochromic shift) indicates a polar ground state and non-polar
excited state: with increasing polarity of solvents, polar ground state is more stabilized
than non-polar excited state, thus increasing the energy gap between HOMO and LUMO
of the CT band and shifts to high energy region. Absorption maxima (1) of the complex 3
(4, nm) in solutions of MeOH, acetonitrile, DMF, acetone, DCM and toluene are observed

at 469, 483, 492, 497, 497 and 507 nm respectively. In polar aprotic solvents, the CT
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bands in the visible region get slightly resolved into two maxima and absorption maxima
shifts to higher energy region. In the case of non-polar aprotic solvent, the absorption
maxima shift to low energy region. It is worth mentioning that, in MeOH (protic solvent),

the band is not resolved but observed as broad band for the compound 3.

MeOH
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= %87 DMF
8 Toluene
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Figure 3.4. Electronic absorption spectra of complex [BusN],[Pt"(btdt),] (3) in different solvents.

UV-Visible absorption spectrum of complex 4 in MeOH is shown in Figure 3.5. The
band observed at 360 nm is slightly sensitive to solvent. In solutions of toluene, this band
slightly shifts to 378 nm. Blue solution of the complex 4 is due to the highly dominated
broad band feature observed in the visible region at 586 nm. This band can be described as
charge transfer (CT) transition, which involve electronic excitation from a HOMO which
is a mixture of dithiolate () and metal (d) orbital character to a LUMO which is a n*
orbital of the dithiolate, that are characteristics of metal(11) bis(dithiolene) complexes.***?®
This broad band is highly sensitive to the solvent polarity, shifting significantly to higher
energy region in less polar solvents, which is further considerably charge-transfer
character. This positive solvatochromism (bathochromic shift) indicates a non-polar
ground state and polar excited state: with increasing the polarity of solvents polar excited
state is more stabilized than non-polar excited state, thereby reducing the energy gap
between HOMO and LUMO of the CT band and shifts to low energy region. Absorption
maxima (4, nm) in solutions of acetone (665), DMF (667), DMSO (644), acetonitrile
(617), DCM (617), chloroform (613), and toluene (611) are shown in Figure 3.6.
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However, in protic solvent, such as, CT band MeOH (585 nm) further shifts to higher,
even it is more polar. In polar aprotic solvents, this CT band slightly separated into two
resolved maxima and absorption maxima is in low energy region, which was observed in

DMF and acetone solutions. Nevertheless, in polar protic solvent such as in MeOH
solutions CT band not separated.

[Bu,N|[Ni(btdt),] in MeOH
[Bu,N|[Ni(btdtO ). |- H,O in MeOH

Absorbance (a.u)

487 nm

586 nm

200 300 400 500 600 700 800

Wavelength (nm)

Figure 3.5. Electronic absorption spectra for the compounds 4 and 5 are in MeOH solutions.

MeOH
Toluene
DCM
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Acetonitrile
DMF
Acetone
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T T T T T T T T T
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Figure 3.6. Electronic absorption spectra of complex [BusN]2[Ni"(btdt),] (4) in different solvents.
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Absorption spectrum of separated red needles of complex 5 in MeOH, is shown in Figure
3.5. Blue shift of the complex 5, is due to the non planarity of [Ni(btdtO),]*~ molecule,
broad band is observed at 480 nm in comparison to the square-planar complex 4 (585 nm).
Blue-colored air-saturated solutions of [BusN]:[Ni(btdt),] (4) gradually turn red in the
presence of visible light (room light). This transformation requires both oxygen (air) and
light. Methanolic solution of complex 4, under oxygen atmosphere (1 atmospheric
pressure) was stirred at room conditions for 1 week to result in the formation of complex
5, which was confirmed by *H NMR and absorption spectroscopy. We have recorded the
absorption spectra at different intervals of time as shows in Figure 3.7. As shown in Figure
3.7, the CT band at 586 nm gradually decreases with appearance of new absorption band
at 485 nm in the blue region. At the same time, the band at 360 nm also gradually
decreases with the appearance of new band at 310 nm. The appearance of new bands at
485 and 310 nm are due to the characteristics of the oxidized (sufinate) compound 5 for
corresponding compound 4. These absorption spectral changes are maximum at the initial
intervals / stages of the time as shown in Figure 3.7. The solid-state diffuse reflectance
spectra (DRS) of compounds 4 and 5 match with the solution spectra as shown in Figure
3.8. In DRS, the CT band observed at 600-680 nm and absorption maxima split in two
well resolved maxima, whereas sulfinate-compound 5 shows only broad band at 510 nm

as shown in Figure 3.8.
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Figure 3.7. Absorption spectral changes for the methanolic solution of complex [BusN],[Ni"(btdt),] (4) in
oxygen atmosphere at different intervals of time.
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Figure 3.8. Solid-state diffuse reflectance spectra of compounds 4 and 5.

3.3.3. Electrochemical Studies

The cyclic voltammetric studies of compound 1 shows a Cu(lll)/Cu(ll) redox couple
appearing as a reversible wave at E;» = -0.11 V vs Ag/AgCl (AE= 74 mV) in DMF
solution as shown in Figure 3.9. Interestingly, this is a very low reduction potential for a
Cu(lll)-coordination complex and it is even less than that of similar reported Cu(lll)
compound of pds ligand (pds® = pyrazine-2,3-diselenote) [E1, = —0.54 V (quasi-reversibl

le)], reported by Rovira and co-workers.?® Thus the present system [Cu'"'(btdt),]*" is more

Current (pA)

T T T T
0.2 0.0 -0.2 -0.4 -0.6
Potential (V)

Figure 3.9. Cyclic voltammogram of compound 1 in TBAP/DMF at a scan rate 50 mV/ s™.
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easily reduced than [Cu''(pds).]*". In other words, the corresponding Cu(ll)-complex
[Cu"(btdt)2]* (which we could not isolate) would be very susceptible to oxidation. This is
supported by the fact that Cu(lll)-compound 1 has been prepared by simple and rapid air
oxidation. The same type of reduction potentials are observed in the case of previously

described cooper coordination polymers in Chapter 2.

Current (uA)

22U
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Potential (V)

Figure 3.10. Cyclic voltammograms of compound [BusN].[Pt"(btdt);] (3) in TBAP/MeOH at a scan rate 50
mV s (dotted line corresponding to the first oxidation).

[Bu N[ [Ni(btdt), |
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Figure 3.11. Cyclic voltammogram of compound 4 in TBAP/MeOH at a scan rate 50 mV s™.
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The platinum complex 3 exhibits two irreversible oxidative responses at 0.45 V and
0.74 V vs Ag/AgCIl in MeOH as shown in Figure 3.10. The first irreversible oxidation
peak appears at +0.45 V of the Pt-complex 3 suggesting that the [Pt(btdt),]"" is unstable in
electrochemical cell. As shown in Figure 3.11, complex 4 undergoes quasi-reversible
oxidation (AE= 0.10 V) at E1;, = +0.16V vs Ag/AgCl, that corresponds to the [Ni(ppdt),]*~
/ [Ni(ppdt)2]* redox couple, indicating that Ni(l11) complex [Ni(ppdt),]*~ is fairly stable in
the electrochemical scale. Interestingly, compound 4 is oxidizes to Ni(lll) oxidation state

at very low oxidation potentials. However, complex 5 is inactive in electrochemical cell.

Figure 3.12. Thermal ellipsiodal plot of the asymmetric unitin compound 1 (20% probabilty).

3.3.4. X-ray Crystallographic Studies

Crystal Structure Description of [BusN][Cu(btdt),] (1)

The crystals of complex 1, suitable for single crystal X-ray structure determination, were
obtained from acetonitrile solution by the vapor diffusion of diethyl -ether.
Crystallographic analysis revealed that complex 1 crystallizes in triclinic space group P-1.
The relevant asymmetric unit contains two half molecules of [Cu(btdt),]"~ anion and one
tetrabutylammonium cation, as shown in Figure 3.12. In the anion, the geometry around

the copper (I11) ion, which is coordinated by four sulfur atoms from two {btdt}*" ligands,
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is almost square planar geometry, because the coordination angles are in the range of
87.80(3)°-92.20(3)° which are slightly deviated from 90.0° and other coordination angles
are 180.0°, which are not deviated. The Cu-S bond distances are in the range of
2.1595(8)-2.1769(8) A. However, there is a deviation in the planar nature of the dithiolene
ligand (chelate) present in the both anionic units of complex 1. The bending deviation (1))
between the SMS plane and SCCS plane are characterized by the angles of 2.91°and 8.08°
present in the {CulS1S2C1C6} and {Cu2S4S5C7C12} chelates respectively. In general, if
n <6, it is considered as highly planar nature of the dithiolate—chelate.! In the present
study, in the case of chelate {Cu2S4S5C7C12} in compound 1, the bending angle () is

Figure 3.13. Anionic complex units through side view of: (a) complex 1 {CulS4} plane; (b) complex 1
{Cu2S4} plane.

¢¢<><¢>
tee

Figure 3.14. One dimensional supramolecular chain characterized by C—H---N weak interactions among the
anions in the crystal structure of compound 1.

(114)



Chapter—3

8.08°, indicating the considerable deviation of the planar nature of the metal chelate
system. These bending of the dithiolate—chelates present in the crystal structure of the
complex 1 are shown in Figures 3.13(a) and 3.13(b) with respect to their SMS planes (the
side view).

In the crystal structure of the compound 1, the intermolecular interactions, such as,
C—H--N hydrogen bonding contacts (H:--N contact distance of 2.67 A and CHN bond
angle of 163.9°) among the anions [Cu(btdt),]*" result in the formation of one dimensional
supramolecular chain (stepwise) as shown in Figure 3.14. In addition to this, complex 1 is
further characterized by C—H---N hydrogen bonding interactions between the [Cu(btdt),]*

anion and [Bu,N]" cation with a H---N contact distance of 2.62 A.

Crystal Structure Description of [BusN][Au(btdt),] (2)

Single crystals of compound 2, suitable for single crystal X-ray structure determination,
were obtained by slow evaporation of acetone solution of compound 2. Crystallographic
analysis reveals that complex 2 crystallizes in monoclinic space group P2i/c. The relevant
asymmetric unit contains two molecules of [BusN][Au(btdt),] as shown in Figure 3.15(a).
Thermal ellipsoid diagram of compound 2 containing one of these units is shown in Figure
3.15(b). In the two anionic portions of compounds present in the asymmetric unit, the
geometry around gold(I1l) ion, which is coordinated by four sulfur atoms from two
{btdt}* ligands, is slightly distorted from square planar geometry with dihedral angles of
1.62° and 4.63° between the two SMS planes; this is unlike to [BusN][Cu(btdt).] (1), in
which the geometry is almost square planar with 0.0° dihedral angle. The coordination
angles are in the range of 89.28(6)-91.16(6)° and 175.99(8)-177.28(7)° in the anionic
portion of one of the asymmetric unit (AulS1S2S3S4). In other complexic unit, the
coordination angles are in the range of 89.61(6)-90.74(6)° and 178.38(7)-179.18(6)°
({Au2S7S8S9S10}). Here, in both complexic units, coordination angles have deviations
from the 180.0°. The Au-S bond distances are in the range of 2.2965(16)-2.3101(16) A in
both the anionic units. The deviation in the planarity of dithiolene units are shown in
Figures 3.16(a) and 3.16(b). In addition to this, there is a deviation in the planar nature of
the dithiolate—chelate present in the both complexic units of compound 2. The bending
deviations (n) between the {S1AulS2} and {S1CIC2S2} planes, and {S3AulS4} and
{S3C7C8S4} planes, are characterized by the angles of 3.92°and 7.76° present in

(115)



New square—planar...

s12

C49 Cca0

(b)

Figure 3.15. (a) Asymmetric unit in compound 2 (20% probability, ball and stick representation) [There are
two molecules in the asymmetric unit, the carbon atoms (C42, C43, C45, C47, C49, C50, C51, C53, C54,
C55) and nitrogen atom (N10) in one of the [Bu,N]" cations suffer a significant disorder problem].
Hydrogen atoms omitted for clarity; (b) Thermal ellipsiodal plot of one of the unit found in the asymmetric
unit in compound 2 (20% probability). Hydrogen atoms are omitted for clarity.
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{AulS1S2C1C2} and {AulS3S4C7C8} dithiolate—chelates respectively. In other
complexic-unit, the {Au2S7S8C17C18} and {Au2S9S10C19C20} dithiolate chelates have
the bending deviations (1) of 3.33° and 12.64° (between {S7Au2S8} and {S7C17C18S8}
planes, {S9Au2S10} and {S9C19C20S10} planes respectively). Hence the bending
deviations (1) are more in compound 2 than those in compound 1. In other words,
compound 2 is less planar than compound 1 as far as dithiolate—chelates are concerned.
The deviation from planarity in the case of compound 2 is not only supported by dihedral
angles and bending variations, but also by its c;—M-c, angles (where c; and c, are
midpoints between the two S atoms of each dithiolene ligand). In the crystal structure of
compound 2, these angles 178.72° and 178.97°, which are some extent of deviations from

180.0°, found in the compound 1.
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Figure 3.16. Anionic complex units through side view of: (a) complex 2 {AulS4} plane; (b) complex 2
{Au2S4} plane.

Compound 2 is further characterized by non-covalent interactions, such as, weak
S--N and S---S supramolecular contacts among the [Au(btdt),]"" ions [Figure 3.17(a)]. The
S--N contact distances are in the range 3.131-3.190 A and S---S contact distance is 3.534
A, which are less than the sum of van-der waals radii (1.55 A for nitrogen and 1.80 A for
sulfur).®* The resulting two dimensional network is shown in Figure 3.17(b). The
distortions are more in the complex 2 compared to those in complex 1 may be due to the

presence of S---N and S---S non-covalent intermolecular interactions.

(117)



New square—planar...

(b)

Figure 3.17. (a) SN and S---S interactions around one [Au(btdt),]*" ion with surrounding anions in the
crystal structure of compound 2; and (b) the resulting two-dimensional supramolecular network
characterized by S---N and S---S interactions among the anions in the crystal structure of compound 2.

Crystal Structure Description of [BusN].[Pt(btdt)] (3)

The crystals of compound 3, suitable for single crystal X-ray structure determination, were
obtained from acetonitrile solution by the vapor diffusion of diethyl ether. Single crystal
X-ray analysis shows that complex 3 crystallizes in monoclinic space group C2/c. The
relevant asymmetric unit contain half molecule of [BusN][Pt(btdt),] as shown in Figure
3.18(a). In this complex, the geometry around the Pt(l1l) ion, which is coordinated by four
sulfur atoms from two {btdt}*" ligands, is slightly distorted from square planar geometry
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with dihedral angle (2) of 3.90° between the two SMS planes. The coordination angles are
in the range of 88.52(6)-91.83(8)° and 177.26(6)-177.27(6)° and deviates from 90.0° and
180.0° respectively. The deviation in the planarity of the complex has been shown Figure
3.18(b). The Pt-S bond distances are in the range of 2.2785(19)-2.2830(17) A in complex
3. In this complex also, there is a deviation in the planar nature of the dithiolate-chelate
present in the complexic unit of complex 3. The bending deviation (1) between the
{S1Pt1S2} and {S1C1C6S2} planes has been observed with an angle of 2.09° present in
{Pt1S1S2C1C6} dithiolate-chelate system. This complex also shows small deviation of
c1—M-c; angle (179.82°).

o s2 Pt
(b)

Figure 3.18. (a)Thermal ellipsoidal plot of the asymmetric unit of compound [BuyN],[Pt(btdt),] (3), that
contains one tetrabutylammoniumcation and half molecule of [Pt(btdt),]* ion. Hydrogen atoms are not
shown for clarity (20% probability). (b) Anionic complex unit through side view of complex 3 {Pt1S4}
plane.

Complex 3 has been characterized by non-covalent interactions, such as S---N
supramolecular interactions among [Pt(btdt),]> anions. The S--N contact is 3.127 A,
which is less than the sum of van-der waals radii (1.55 A for nitrogen and 1.80 A for
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sulfur).® The resulting one dimensional supramolecular chain as shown in Figure 3.19(a).
In addition to this non covalent interaction, complex 3 is further characterized by C—H---N
and C—H---S hydrogen bonding interactions between the [Pt(btdt),]* anion and [BusN]*
cation with H--N and H---S bond distances are 2.59 A and 2.81 A respectively. The
relevant hydrogen bonding parameters are listed in the Table 3.5. The effective
combination of S---N non covalent interaction and C—H---N and C—H---S hydrogen bonding
interactions, results in a three dimensional supramolecular network as shown in Figure
3.19(b).

- \ - A .’ \ ' 4 " - X ";‘ . '
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Figure 3.19. (a) The S--N interactions among the [Au(btdt),]*" ions, resulting in one-dimensional
supramolecular chain, observed in Complex 3. (b) Three-dimensional supramolecular network as a result of
combination of S---N non-covalent interactions and C—H---N and C—H---S interaction between the cation and
anions in the crystal structure of complex 3 (2x2x2 cells).
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Figure 3.20. (a) Thermal ellipsoidal plot of the asymmetric unit of compound [BusN],[Ni(btdt),] (4), that
contains one tetrabutylammoniumcation and half molecule of [Ni(btdt),]>~ ion. Hydrogen atoms are not
shown for clarity (20% probability); (b) one dimensional hydrogen bonding chain characterized by C-H--S
hydrogen bonding interactions; and (c) two dimensional supramolecular network is characterized by the
combination of C—H:--S and S-S interactions in the crystal structure of the compound 4.
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Crystal Structure Description of [BusN]o[Ni(btdt),] (4)

Black colored blocks type crystals of compound [BusN]2[Ni(btdt),] (4), suitable for single
crystal X-ray structure analysis, were grown from vapor diffusion of diethyl ether into
acetonitrile solution. Crystal structure of complex 4 crystallizes in triclinic space group P-
1. The asymmetric unit in the crystal structure of compound 4 (represented as labeled
atoms) contains half molecule of [BusN]2[Ni(btdt).] (4) shown as thermal ellipsoidal plot
in Figure 3.20(a). The structure of complex 4 shows square planar geometry around the
Ni(ll) ion, there is no deviation between the two SMS planes with average Cu—S bond
distance of 2.162 + 0.001 A. However, there is a small deviation in the planarity of
dithiolate-chelated ring with an angle of 1.56° between S1Nil1S1 and S1C1C6S2 planes
present in the Ni1lS1C1C6S2 dithiolate-chelated ring as shown in Figure 3.21(a).

@
\ | —
©

(©
Figure 3.21. Anionic complex units through side view of: (a) complex 4 {Ni1S4} plane; (b) complex 5

{Ni1S4} plane; (c) {Ni2S4} plane.

In the molecular packing diagram of the complex 4, both cation [BusN]" and anion
[Ni(btdt),]*> are involved in C—H-S hydrogen bonding interactions resulting in a one
dimensional supramolecular chain as shown in Figure 3.20(b). The relevant hydrogen

bonding geometrical parameters are listed in the Table 3.6. Each tetrabutylammonium
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cation is characterized by three C—H--S hydrogen bonding contacts with two surrounding
[Ni(btdt),]* anions as shown in Figure 3.20(b). Wherein, two of them are described as
C—H---S interactions with S2 atom of surrounding anions, positioned at -x+1, -y+1, -z+1
symmetry. The remaining one is described as C—H---S weak interaction with S1 atom of
other anion positioned at X, y-1,z. symmetry. As shown in the packing diagram (Figure
3.20(b)), each dithiolate ligand connects with two distinct tetrbutylammonium cations,
characterized by three weak C—H---S hydrogen bonding interactions. Thus, each metal-
dithiolate anion is surrounded by four discrete tetrbutylammonium cations. Interestingly,
this one-dimensional supramolecular chain is further characterized by S---S contacts
resulting in a two dimensional supramolecular sheet as shown in Figure 3.20(c). The S---S

contact distance is 3.734 A.

Crystal Structure Description of [BusN]2[Ni(btdtO4),]-H20 (5)

Red colored needles of Ni-sulfinate complex [BusN]2[Ni(btdtO,),]-H20 (5), suitable for
single crystal X-ray structure analysis, were grown from vapor diffusion of diethyl ether
into acetonitrile solution, which crystallizes in monoclinic system with C2/c space group.
The asymmetric unit in the crystal structure complex 5 contains two half molecules of
[Ni(btdtO4)2]* anions, two tetrabutylammonium cations and one lattice water molecule

shown as thermal ellipsoidal plot in Figure 3.22.

Figure 3.22. (a) Thermal ellipsoidal plot of the asymmetric unit of compound [BusN]>[Ni(btdtO,),]-H,O (5),
that contains two tetrabutylammonium cations, two half molecules of [Ni(btdtO,),]> ions and one lattice
water molecule. Hydrogen atoms are not shown for clarity (30% probability).
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In the crystal structure, the geometry around Ni(ll) ions, are surrounded by four sulfur
atoms with distorted from square-planar geometry, and there are dihedral angles of 0.80°
and 2.24° between the two SMS planes present in the both molecules containing Ni(1) and
Ni(2), ions, respectively. In addition to these small deviations from the square planar
geometry around the metal ion, dithiolate complexes present in the complex 5 largely
suffers from the planarity in the dithiolene chelated rings. The bending deviations (1)
between the {S1INi11S2} and {S1C1C6S2} planes, {S4Ni2S5} and {S4C12C7S5} planes,
are characterized by the angles of 2.09° and 10.40° present in {Ni1lS1S2C1C6} and
{Ni2S4S5C7C12} dithiolate—chelated rings, respectively as shown Figures 3.21(b) and
3.21(c). As shown in Figure 3.21(a) in parallel view of [Ni(btdt),]*" anion in complex 4,
there is no deviation to the molecular plane. But in complex 5, both molecules
[Ni(btdtO4)2]* are bent from the molecular plane, leading to the boat shapes as shown in
Figures 3.21(b) and 3.21(c). The oxygen atoms of sulfinates are involved in C—H:-O
hydrogen bonding interaction, that is the reason why [Ni(btdtO4)2]> molecules are bending

into boat shapes.

Figure 3.23. (b) Two-dimensional supramolecular network as a result of combination of S---N non-covalent
interactions and C—H---O and O—H---O hydrogen bonding interactions in the crystal structure of complex 5.

If the bottom of boat shape is considered as molecular plane containing
S(1)S(2)Ni(1)S(1#)S(2#) atoms in complex 5, the plane containing 2,1,3-
benzenethiadiazole atoms, is bent from the molecular pane by an angle 5.97, but the
molecular plane of other molecule (S(4)S(5)Ni(1)S(4#)S(5#)) is more bending than

previous one, which is an angle of 13.12°. In this molecule of Ni(2) complexing unit, the
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oxygen atoms of sulfinates are involved in O—H--O interaction with lattice water molecule
along with C—H--O hydrogen bonding interactions. In disulfinate complex 5, average
Ni—S distances (Ni(1)—S and Ni(2)—S bond distances are 2.149 + 0.001 A and 2.156 +
0.01 A, respectively) are less than those in complex 4 (2.162 + 0.001). The S—O bond
distances are in the range of reported sulfinate complexes of dithiolene.*®** The molecular
packing diagram of the complex 5, characterized by C—H:-O and O—H:-O hydrogen
bonding and S--:N non-covalent interactions resulting in a two dimensional supramolecular
network view down to crystallographic b axis, is shown in Figure 3.23. The relevant
hydrogen bonding geometrical parameters are listed in the Table 3.6, and S:-N

interactions are in the range from 3.194 to 3.513 A.

3.4. Conclusions

We have described here, new metal bis(dithiolene) complexes [BusN]J[M"(btdt),] [M =
Cu (1), Au (2)] and [BusN];[M"(btdt)2] [M = Pt (3), Ni (4)] based on H,btdt (btdt* =
2,1,3-benzenethiadiazole-5,6-dithiolate) ligand, and the solid state structures of these
compounds have been characterized by single crystal X-ray crystallography. We have
explained distortion in square-planar geometry of compounds 14, in the terms of dihedral
angle (1) between two SMS planes, bending angle (1) (between the SMS and CSSC
planes) of dithiolene chelate ring system and c;—M-c, angles (where c; and c, are
midpoints between the two coordinated sulfur atoms of each dithiolene ligand). Solution
absorption spectra of these compounds have been described, in which the solvent sensitive
broad band is observed for the complex 3 and 4; this is assigned as charge transfer (CT)
transition involving electronic excitation from a HOMO which is a mixture of dithiolate
(m) and metal (d) orbital character to a LUMO which is a ©* orbital of the dithiolate. The
electrochemistry of the copper(lll) complex 1 is very interesting in the sense that these
complexes get reduced more easily. This indicates that the complex 1 might act as
oxidation catalyst for organic transformations / oxidation reactions of industrial
importance. The S---S non covalent intermolecular interactions among the complexes are
very important to get the promising materials such as conducting and magnetic materials.
The compounds 2 and 4 are characterized by S---S non covalent interactions between the
dithiolate molecules. To our knowledge, we have described for the first time sulfur

oxygenated product 5 of metal bis(dithiolene) complex by simple air oxidation of
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compound 4 at room light. Interestingly Ni-compound 4 is oxidized electrochemically at

very low oxidation potentials.

Table 3.1. Crystal Data and Structural Refinement for Compounds 1-3

1 2 3
Empirical formula C28H40N5SGCU C28H40N5SGAU C44H76N686Pt
Formula weight 702.55 835.98 1076.56
TI[K], L [A] 298(2), 0.71073 100(2), 0.71073 298(2), 0.71073
Crystal system, Space group Triclinic, P-1 Monoclinic, P2(1)/c Monoclinic, C2/c
a[A] 10.5295(9) 23.281(8) 23.092(3)
b [A] 12.7015(11) 12.001(4) 10.1561(11)
c[A] 13.9428(12) 25.913(8) 21.949(2)
o [deg] 72.887(10) 90.000 90.000
B [deg] 80.949(10) 109.832(5) 93.579(2)
y[deq] 72.642(10) 90.000 90.000
Vv [A7] 1696.1(3) 6811(4) 5137.5(10)
Z, Deac [Mg m¥] 2,1.376 8,1.631 4,1.392
i [mm™], F[000] 1.040, 736 4.715, 3344 3.010, 2224
Crystal size [mm?] 0.34 x0.24 x 0.06 0.40x0.24 x0.12 0.34x0.24 x0.12
0 range for data collection [deg]  1.53to 25.97 1.61t025.12 1.77 to 25.06
Reflections collected / unique 15724/6551 63523/12099 23386/4532
R(int) 0.0248 0.0710 0.0509
Data / restraints /parameters 6551/0/368 12099/0/729 4532/0/262
Goodness-of-fit on F? 1.022 1.033 1.065

Ri/WR; [1> 26(1)]
R1/WR; (all data)

0.0425/0.1019
0.0573/0.1097

0.0414/0.1004
0.0605/0.1109

0.0416/0.1041
0.0723/0.1254

Largest diff. Peak/hole [e A’S] 0.382/-0.259 1.297/-0.877 1.339/-0.786
Table 3.2. Crystal Data and Structural Refinement for Compounds 4 and 5

4 5
Empirical formula C44H76N686Ni C44H78N60586Ni
Formula weight 940.18 1022.19
TI[K], L [A] 298(2), 0.71073 298(2), 0.71073
Crystal system, Space group Triclinic, P-1 Monoclinic, C2/c
a[A] 7.7925(16) 21.927(4)
b [A] 12.946(3) 18.645(4)
c[A] 12.957(3) 27.178(5)
o [deg] 86.80(3) 90.000
B [deg] 83.34(3) 107.26(3)
y[deq] 82.19(3) 90.000
Vv [A7] 1285.2(5) 10611(4)
Z, Deac [Mg m¥] 1,1.215 8, 1.280
p [mm'Y], F[000] 0.656, 506 0.648, 4384
Crystal size [mm?] 0.34x0.22 x0.10 0.38 x0.10 x 0.06
0 range for data collection [deg] 1.58t0 25.00 1.46 to 25.00
Reflections collected / unique 12361/4513 50482/9340
R(int) 0.0243 0.1460
Data / restraints /parameters 4513/0/263 9340/0/577
Goodness-of-fit on F? 1.041 0.934

RJWR, [1> 20(1)]
R1/WR; (all data) )
Largest diff. Peak/hole [e A~%]

0.0495/0.1291
0.0665/0.1418
0.386/-0.201

0.0561/0.1091
0.1379/0.1347
0.676/-0.330
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Table 3.3. Selected Bond Lengths (A) and Bond Angles (°) for compounds 1-3

Compound 1
Cu(1)-S(2) 2.1595(8) Cu(1)-S(1)#1 2.1595(8)
Cu(1)-S(2)#1 2.1769(8) Cu(1)-S(2) 2.1769(8)
Cu(2)-S(4)#2 2.1656(8) Cu(2)-S(4) 2.1656(8)
Cu(2)-S(5) 2.1736(7) Cu(2)-S(5)#2 2.1736(7)
S(1)-Cu(1)-S(1)#1 180.0 S(1)-Cu(1)-S(2)#1 87.80(3)
S(1)#1-Cu(1)-S(2)#1 92.20(3) S(1)-Cu(1)-S(2) 92.20(3)
S(1)#1-Cu(1)-S(2) 87.80(3) S(2)#1-Cu(1)-S(2) 180.0
S(4)#2-Cu(2)-S(4) 180.0 S(4)#2-Cu(2)-S(5) 87.97(3)
S(4)-Cu(2)-S(5) 92.03(3) S(4)#2-Cu(2)-S(5)#2 92.03(3)
S(4)-Cu(2)-S(5)#2 87.97(3) S(5)-Cu(2)-S(5)#2 180.0(2)
C(1)-S(1)-Cu(1) 105.14(10) C(6)-S(2)-Cu(1) 104.78(9)
C(7)-S(4)-Cu(2) 104.98(9) C(12)-S(5)-Cu(2) 104.73(9)

Compound 2
Au(1)-S(2) 2.2965(16) Au(1)-S(3) 2.2966(17)
Au(1)-S(1) 2.3030(17) Au(1)-S(4) 2.3090(16)
Au(2)-S(7) 2.3011(17) Au(2)-5(8) 2.3020(16)
Au(2)-5(10) 2.3098(17) Au(2)-S(9) 2.3101(16)
S(2)-Au(1)-S(3) 177.68(8) S(2)-Au(1)-S(1) 89.28(6)
S(3)-Au(1)-S(1) 91.16(6) S(2)-Au(1)-S(4) 90.41(6)
S(3)-Au(1)-S(4) 89.31(6) S(1)-Au(1)-S(4) 175.99(7)
S(7)-Au(2)-S(8) 90.01(6) S(7)-Au(2)-S(10) 178.38(7)
S(8)-Au(2)-S(10) 89.65(6) S(7)-Au(2)-S(9) 90.74(6)
S(8)-Au(2)-S(9) 179.18(6) S(10)-Au(2)-S(9) 89.61(6)
C(1)-S(1)-Au(1) 104.1(2) C(2)-5(2)-Au(1) 104.28(19)
C(7)-S(3)-Au(1) 104.8(2) C(8)-S(4)-Au(1) 103.1(2)
C(17)-S(7)-Au(2) 103.7(2) C(18)-5(8)-Au(2) 104.40(19)
C(19)-S(9)-Au(2) 103.6(2) C(20)-S(10)-Au(2) 103.5(2)

Compound 3
Pt(1)-S(1)#3 2.2785(19) Pt(1)-S(1) 2.2785(19)
Pt(1)-S(2) 2.2829(17) Pt(1)-S(2)#3 2.2830(17)
S(1)#3-Pt(1)-S(1) 91.25(10) S(L)#3-Pt(1)-S(2) 177.27(6)
S(1)-Pt(1)-S(2) 88.52(7) S(L)#3-Pt(1)-S(2)#3 88.52(6)
S(1)-Pt(1)-S(2)#3 177.26(6) S(2)-Pt(1)-S(2)#3 91.83(8)
C(6)-S(2)-Pt(1) 105.8(2) C(1)-S(1)-Pt(1) 105.7(2)

Symmetry transformations used to generate equivalent atoms: #1 -x+2,-y+1,-z+2; #2 -x+1,-y+1,-z+1; #3 -
x+1,y,-2+3/2.
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Table 3.4. Selected Bond Lengths (A) and Bond Angles (°) for compounds 4 and 5

Compound 4
Ni(1)-S(2) 2.1614(9) Ni(1)-S(2)#1 2.1614(9)
Ni(1)-S(1)#1 2.1629(10) Ni(1)-S(1) 2.1629(10)
S(2)-Ni(1)-S(2)#1 180.0 S(2)-Ni(1)-S(1)#1 88.87(4)
S(2)#1-Ni(1)-S(1)#1 91.13(4) S(2)-Ni(1)-S(1) 91.13(4)
S(2)#1-Ni(1)-S(1) 88.87(4) S(1)#1-Ni(1)-S(1) 179.99(14)
C(1)-S(2)-Ni(2) 106.16(11) C(6)-S(2)-Ni(1) 106.26(10)
C(1)-S(2)-Ni(2) 106.16(11) C(6)-S(2)-Ni(1) 106.26(10)
Compound 5

0O(1)-S(2) 1.471(3) 0(2)-S(1) 1.453(3)
0(4)-S(4) 1.470(3) 0(3)-S(4) 1.452(3)
Ni(1)-S(1)#3 2.1479(13) Ni(1)-S(1) 2.1479(12)
Ni(1)-S(2) 2.1498(11) Ni(1)-S(2)#3 2.1499(11)
Ni(2)-S(4)#2 1458(12) Ni(2)-S(4) 2.1458(12)
Ni(2)-S(5)#2 2.1666(13) Ni(2)-S(5) 2.1667(12)
S(1)#3-Ni(1)-S(1) 179.40(8) S(1)#3-Ni(1)-S(2) 88.19(5)
S(1)-Ni(1)-S(2) 91.81(5) S(L)#3-Ni(1)-S(2)#3 91.81(5)
S(1)-Ni(1)-S(2)#3 88.19(5) S(2)-Ni(1)-S(2)#3 179.51(8)
S(4)#2-Ni(2)-S(4) 178.71(8) S(4)#2-Ni(2)-S(5)#2 90.99(5)
S(4)-Ni(2)-S(5)#2 88.99(5) S(4)#2-Ni(2)-S(5) 89.00(5)
S(4)-Ni(2)-S(5) 90.99(5) S(5)#2-Ni(2)-S(5) 178.18(8)
0(3)-S(4)-Ni(2) 116.80(15) 0O(4)-S(4)-Ni(2) 110.64(14)
C(12)-S(4)-Ni(2) 105.96(14) 0(2)-S(1)-Ni(1) 114.09(14)
O(1)-S(1)-Ni(1) 112.57(14) C(1)-S(2)-Ni(2) 105.89(14)
C(7)-S(5)-Ni(2) 106.15(14) C(6)-S(2)-Ni(1) 106.37(14)

Symmetry transformations used to generate equivalent atoms: #1 -x,-y+2,-z+1; #2 -x+2,y,-z+1/2; #3 -x+1,y,-
z+1/2

Table 3.5. Hydrogen Bonds for Compounds 1-3

D-H--A d(D---H) d(H--A) d(D:-A) <(DHA)
Compound 1

C(8)-H(8)---N(3)#1 0.93 2.67 3.578(4) 164.0

C(13)-H(13A)---N(2)#2 0.97 2.62 3.570(4) 166.7
Compound 2

C(45)-H(45B)---N(1)#3 0.97 2.69 3.621(13) 162.1
Compound 3

C(15)-H(15B)---S(2) 0.97 2.81 3.751(7) 162.9

C(7)-H(7A)---N(1)#4 0.97 2.59 3.551(9) 172.7

Symmetry transformations used to generate equivalent atoms: #1 -x+1,-y+2,-z+1; #2 -x+1,-y+1,-z+2; #3 X,y-
1,z; #4 x,-y+1,z+1/2.
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Table 3.6. Hydrogen Bonds for Compounds 4 and 5

D-H--A d(D--H) d(H:--A) d(D:-A) <(DHA)
Compound 4
C(11)-H(11B)...S(2)#1 0.97 2.94 3.850(4) 157.4
C(8)-H(8A)...S(2)#1 0.97 2.92 3.714(4) 140.1
C(19)-H(19B)...S(1)#2 0.97 2.87 3.754(3) 152.3
Compound 5
C(8)-H(8)...N(2) 0.93 2.65 3.431(6) 142.2
0(10)-H(100)...0(4)#3 0.97 1.95 2.884(5) 162.6
C(14)-H(14A)...0(10) 0.97 2.60 3.561(6) 169.7
C(21)-H(21B)...0(10) 0.97 2.53 3.290(6) 135.1
C(18)-H(18A)...0(1)#4 0.97 2.70 3.283(6) 119.2
C(13)-H(13B)...0(3)#3 0.97 2.64 3.582(5) 163.1
C(33)-H(33B)...0(1)#5 0.97 2.60 3.538(6) 163.7

Symmetry transformations used to generate equivalent atoms: #1 -x+1,-y+1,-z+1; #2 X,y-1,Z; #3 -x+2,y,-
Z+1/2; #4 -x+1,y,-z+1/2; #5 x+1/2,y-1/2,z.
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Acid-Base Behavior of a Simple and Nitrogen
Rich Metal Bis(Dithiolene) System: Syntheses, 4
Crystal Structures and Spectroscopy of
[BusNJ2[M!(ppdt)2] (M = Ni, Pt; {Ppdt}> = chapter
Pyrido[2,3-b]pyrazine-2,3-dithiolate)

Abstract:- The syntheses, crystal structures and properties of compounds [BusN],[Ni(ppdt),] (1) and
[BusN]o[Pt(ppdt),] (2) ({ppdt}>” = pyrido[2,3-b]pyrazine-2,3-dithiolate) have been described. Compound
1 crystallizes in P2,/c space group (monoclinic system), whereas compound 2 crystallizes in C2/c space
group (monoclinic system). The crystal structures of both compounds 1 and 2 have been characterized by
C-H--S and C-H--N hydrogen bonding interactions between cation and anions resulting in 3-
dimensional supramolecular networks in the crystals of 1 and 2, respectively. The acid-base behavior of
the ground states of both 1 and 2 also the excited state of compound 2 in solutions has been studied. The
pH dependent changes in the charge-transfer absorption and emission spectra are attributed to the
protonation on an imine nitrogen of the ppdt ligand. The ground-state basicity constants of the two
complexes 1 and 2 have been determined from spectrophotometric analysis by titrating with an weak
acid, yielding pKp; = 8.0 for complex 1 and pKy; = 7.8 for complex 2. The excited—state basicity constant
pKp1* for complex 2 has been determined by a thermodynamic equation using a Forster analysis yielding
the value of 1.8. The complex 1 is electrochemically quasi-reversible with an oxidation potential of E;, =
+0.46 V vs Ag/AgCl (AE= 0.12 V), whereas the complex 2 is electrochemically irreversible with an

oxidation potential of E;, = +0.41 V vs Ag/AgCI in methanol solutions.

Chemical research on metal-dithiolene complexes has always remained active, since its

4.1. Introduction

inception in the early of 1960s, because the relevant transition metal coordination
complexes have distinctive redox characteristics." Today, dithiolene chemistry is more
recognized by its relations to materials science in the context of molecular electronic
conductors and NLO materials.”® Choosing a dithiolate ligand is very important in
obtaining a successful dithiolene based material. Recently, the scope of metal dithiolene
complexes has extended to bioinorganic modeling studies because of the existence of
metal-dithiolene moiety in many metallo-enzymes.” In this regard, nitrogen atom
containing heterocyclic based dithiolene complexes are present in “molybdopterin” that
constitutes the molybdenum cofactor of these hydroxylase type molybdo—enzymes.10 For
example, one of the nitrogen containing dithiolene ligands, namely, qdt*" and its
molybdenum-oxo complexes have been investigated for modeling the active sites of
molybdenum hydroxylase enzymes.™* These studies have explored the changes in the

redox properties'® and the electronic absorption spectra of relevant metal dithiolene
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complexes upon reversible protonation of the coordinated qdt ligand.** One or both
nitrogen atoms of the {qdt}*" ligand in their complexes could be protonated and again
deprotanated, meaning that it shows acid—base behavior, as observed in the Ni(ll)-,****
Pt(11)-*°> and Mo(IV)-qdt complexes.*®

A metal dithiolene complex, exhibiting acid-base behavior, is important to study,
because understanding proton transfer reactions are essential for maintaining cellular life
and they are part of the metabolic processes taking part in extra- and intra-cellular fluids.*’
For example, the energy needed for maintaining the cell alive is produced by a cycle of
reactions implying proton transfer(s).!” Enzymes are essential in the metabolic processes
and their three-dimensional structures determine the reactivity. In turn, this structure
depends both on the temperature and on the acidity level, which consequently influences
the reactivity of proteins. The latter is optimum for a given acidity level.'” For example,
trypsine, a digestive enzyme located in the intestine, has an optimal activity when its
acidity level is low. When the acidity level increases, the enzyme is denatured, as observed
in majority of the enzymes. On the other hand, pepsin, a digestive enzyme of the stomach,
has an optimal activity when the acidity level is high; it is perfectly adapted to the acidic
environment of the stomach. In the same way, within the active site of the enzyme, the
catalytic reaction implies specific functional groups of some amino acids, for example, a
carboxylate group. When the level of acidity is increased, this group will be protonated
and will no more be able to play a role in the reaction, resulting in inhibition of the
enzymatic activity. Because of this significance of the proton transfer reactions in biology,
we are interested to study the acid-base properties for the nitrogen containing heterocyclic
based metal-dithiolene complexes.

In literature, there is only report (in the area of metal dithiolene systems) by
Cummings and Eisenberg that described the detailed pH dependent absorption and
emission studies of a Pt(Il) quinoxaline-2,3-dithiolate ({qdt}*, Scheme 4.1) complex
[BusN]2[Pt(qdt),]."™> With the aim of understanding the acid-base behavior for the metal-
dithiolene complexes, we have synthesized [BusN].[M(ppdt),] (M = Ni (1), Pt (2);
{ppdt}* = pyrido[2,3-b]pyrazine-2,3-dithiolate, Scheme 4.1) and described pH dependent
absorption and emission studies by the protonation and deprotonation of imine nitrogen
atom of {ppdt}*” ligand present in the metal complex. This pH dependent absorption and
emission studies have been studied by adding with weak acids and weak bases as well as

the strong acids and strong bases. In this chapter, we have described syntheses,
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electrochemical characterization, crystal structures, pH dependent absorption and emission
studies and the supramolecular features of compounds 1 and 2 in the solid state

emphasizing C—H---S and C—H---N weak interactions.

[va\SH @NISH [\INISH
= = =

N/ SH N SH N N SH

H,pdt H,qdt H,ppdt

Scheme 4.1. Strucutral representation of some N-heterocyclic based dithiolene ligands.

4.2. Experimental Details

4.2.1. General methods

Micro analytical (C, H, N) data were obtained with a FLASH EA 1112 Series CHNS
Analyzer. Infrared (IR) spectra were recorded on KBr pellets with a JASCO FT/IR-5300
spectrometer in the region of 400-4000cm™. 'H NMR spectra of compounds were
recorded on Bruker DRX- 400 spectrometer using Si(CHs)4 [TMS] as an internal standard.
Electronic absorption spectra were recorded on a Cary 100 Bio UV-Visible
spectrophotometer. The emission spectra for the samples in solutions were recorded at
room temperature on a Horiba Jobin Yvon Fluoromax-4 spectrofluorometer. In the
measurements of emission and excitation spectra, the pass width was 5 nm. All the
measurements were carried out under the same experiment conditions. A Cypress model
CS-1090/CS-1087 electro analytical system was used for cyclic voltammetric
experiments. The electrochemical experiments were measured in MeOH containing
[BusN][CIO4] 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.

The potentials reported here are uncorrected for junction contributions.

4.2.2. Materials
2,3-Dichloropyrido[2,3-b]pyrazine was prepared according to literature procedure.'®
Syntheses of metal complexes were performed under N using standard inert-atmosphere

techniques. Solvents were dried by standard procedures.
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4.2.3. Synthesis and Characterization

Synthesis of Pyrido[2,3-b]Pyrazine-2,3-Dithiol (H2ppdt)
Pyrido[2,3-b]pyrazine-2,3-dithiol (Hzppdt) was prepared according modified literature
procedure.” 1.05 g (5.249 mmol) of 2,3-Dichloropyrido[2,3-b]pyrazine and 2.2 g (28.9
mmol) of thiourea were suspended in 25mL of absolute ethanol and this mixture was
reflux for 1 h. The solution was concentrated to a small volume. It was then diluted with
60 mL of water and made alkaline by the addition of 6.25 g NaOH. This was refluxed for
half an hour. On acidifying with acetic acid, a brownish orange product was formed which
was separated by filtration, washed with water and dried under vacuum. Yield: 1.004 g (98
%). IR (KBR pellet) (v/cm™): 1665, 1601, 1555, 1433, 1404, 1350, 1296, 1157, 1071, 912,
806, 625, 536. "H NMR (400 MHz, § ppm) (DMSO-ds): 7.3(d, 1H), 8.211(d, 1H), 8.262(d,
1H), 14.275(s, 1H), 14.562(s, 1H). Anal. Calcd. for C;HsN3S,: C, 43.06; H, 2.58; N,
21.52%. Found: C, 43.12; H, 2.48; N, 21.46%.

Thi X N\ st
10 urea
‘ AN NH OXalIC acid EI I socl, (I I (I ji
0 =
y _ " HCI (4N) DMF(cat) EtOH, Reflux N N SH

Scheme 4.2. Schematic representation for the synthesis of ligand (H,ppdt).

Synthesis of [BusN]2[Ni(ppdt)] (1)

The ppdt dianion is generated in situ by treatment with H,ppdt (0.100 g, 0.512 mmol) with
NaOH (0.045 g, 1.125 mmol) in MeOH (10 mL). To the resulting clear yellow solution,
solid NiCl,.6H,O (0.061 g, 0.257 mmol) was added; the resulting dark blue solution was
stirred for 10 minutes. Reddish brown micro crystals were precipitated by adding
tetrabutylammonium bromide (0.2 g, 0.62 mmol); the microcrystals were filtered, washed
with water followed by diethyl ether and dried at room temperature. It was recrystallized
from acetonitrile solution by diffusing diethyl ether. Yield: 0.250 g (52.0% based on Ni).
IR (KBR pellet) (v/em™): 2959, 2866, 1578, 1547, 1470, 1453, 1395, 1354, 1296, 1240,
1217, 1155, 1107, 880, 777, 739, 594, 424, 411. Anal. Calcd. for CssHzsNsgSaNi: C, 59.40;
H, 8.45; N, 12.05%. Found: C, 59.01; H, 8.42; N, 12.11%. *H NMR (400 MHz, 6 ppm)
(DMSO-dg): 0.91(t, 24H), 1.28-1.30(m, 16H), 1.56(b, 16H), 3.17(t, 16H), 7.23(s, 2H),
7.83(s, 2H), 8.44(s, 2H).
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Scheme 4.3. Schematic representation for the synthesis of compound [BusN],[Ni(ppdt),] (1).

Synthesis of [BusN]2[Pt(ppdt).] (2)

The insitu generation of ppdt dianion by the treatment of H,ppdt (0.100 g, 0.512 mmol)
with NaOH (0.045 g, 1.125 mmol) in MeOH (10 mL). To the resulting clear yellow
solution, K,PtCl, solution [prepared by dissolving K;PtCl, (0.106 g, 0.256 mmol)
compound in water (5.0 mL) for 2 h at room temperature] was added; the resulting dark
red solution was stirred for 2 h at 55-60°C. Dark red micro crystals were precipitated by
adding tetrabutylammonium bromide (0.2 g, 0.621 mmol); the micro crystals were filtered,
washed with water followed by diethyl ether, and dried at room temperature. It was
recrystallized from acetonitrile solution by vapor diffusion with diethyl ether. Yield: 0.180
g (66.0% based on Pt). IR (KBR pellet) (v/cm™): 2959, 2866, 1578, 1547, 1470, 1453,
1354, 1296, 1155, 1107, 880, 777, 594, 424. Anal. Calcd. for CysH7gNgS4Pt: C, 51.80; H,
7.37; N, 10.51%. Found: C, 51.10; H, 7.25; N, 10.67%. ‘H NMR (400 MHz, & ppm)
(CDCls): 0.737(t, 24H), 1.18-1.23(m, 16H), 1.45-1.53(m, 16H), 3.27(t, 16H), 7.19(dd,
2H), 8.01(d, 2H), 8.57(d, 2H).

i. NaOH MeOH N S S N N
X T el (T L
ii. K,PtCl, Bu,N
A
iii. [BusN]Br 2 N/ N/ S/ \S N ~

Scheme 4.4. Schematic representation for the synthesis of compound [BusN].[Pt(ppdt).] (2).

4.2.4. Single Crystal Structure Determination

Single crystals suitable for facile structural determination for the compounds (1 and 2),
were measured on a three circle Bruker SMART APEX CCD area detector system under
Mo-Ka (4 = 0.71073 A) graphite monochromatic X-ray beam. The frames were recorded
with an ® scan width of 0.3°, each for 8 s, crystal-detector distance 60 mm, collimator 0.5
mm. Data reduction performed by using SAINTPLUS.?’ Empirical absorption corrections
using equivalent reflections performed program SADABS.?® The Structures were solved
by direct methods and least-square refinement on F? for the compounds 1 and 2 by using

SHELXS-97.%! All non-hydrogen atoms were refined anisotropically. The hydrogen atoms
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were included in the structure factor calculation by using a riding model. The
crystallographic parameters, data collection and structure refinement of the compounds 1
and 2 are summarized in Table 4.1. Selected bond lengths and angles for the compounds 1
and 2 are listed in Table 4.2.

4.3. Results and Discussion

4.3.1. Synthesis and Characterization

The synthetic route for the synthesis of ligand (Hzppdt) has been shown Scheme 4.2,
started from o-phenylenediamine in three steps. Synthesis of metal complexes was
performed through a general common procedure, as shown in Schemes 4.3, and the
{ppdt}* ions are generated, in situ, by the reaction of ligand (H,ppdt) in basic medium
containing MeOH solution, which are reacted with corresponding metal chloride salts
resulting the respective metal complexes 1 and 2 and isolated as tetrabutylammonium salts
by the addition of BusNBr. Metal complexes 1 and 2 were recrystallized from acetonitrile
solution by the vapour diffusion of diethyl ether. Crystals of compounds 1 and 2 have been
characterized by single crystal X-ray structure determination. Complexes 1 and 2 have

been further characterized by NMR spectroscopy including their elemental analysis.

4.3.2. Electronic Absorption Spectra

The absorption spectra of complexes [BusN]2[Ni(ppdt).] (1) and [BusN]2[Pt(ppdt).] (2) in
MeOH are shown in Figure 4.1. The broad band’s observed in the visible region centered
at ~565 nm (¢ = 20400 L mol'*cm™) for complex 1 and at ~540 nm (¢ = 25700 L mol™*cm’
1) for complex 2 are due to the charge transfer transitions involving electronic excitation
from a HOMO which is a mixture of dithiolate (x) and metal (d) orbital character to a
LUMO which is a ©* orbital of the dithiolate, that are characteristics of metal(ll) bis
dithiolene complexes.”*?* Comparison of these visible bands for complexes 1 and 2 with
those of [M(qdt)2]> (M = Ni, Pt), demonstrate that the present system (compounds 1 and
2) undergo bathochromic shift with larger molar absorptivity {[(Ni(qdt)]*", Amax = 540 nm,
¢ = 17900 L mol*ecm™ in MeOH; [Pt(qdt)]*, Amax = 510 nm, & = 25000 L mol*cm™ in
MeOH}. In the present system having three nitrogen atoms in each dithiolate ligand, the
relatively large molar absorptivity for the both complexes 1 and 2, compared to that of

“two-nitrogen-dithiolene” system [M(qdt),]*" is probably due to the increase in the
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delocalization of the nitrogen-lone paired electrons from three nitrogen atoms (complexes

1 and 2) compared to the delocalization from two nitrogen atoms (each dithiolene ligand)

in the qdt complexes [Ni(qdt),]*” and [Pt(qdt).]*". Because of the more delocalization of

lone paired electrons from nitrogen atoms (complexes 1 and 2), the energy gap between

HOMO and LUMO is reduced and shifts to more low energy region compared to the

corresponding metal-qdt complexes.
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Figure 4.1. Electronic absorption spectra for the compounds 1 and 2 in MeOH (1x10°M).
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Figure 4.2. Solvatochromic effect on the absorption spectra of complex [BusN],[Ni(ppdt),] (1).
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Furthermore, comparison of the charge transfer transition visible bands among the
complexes 1 and 2, complex 1 absorbs in low energy region (565 nm) compared to that
(540 nm) of complex 2. This indicates metal orbital involvement in the transition. The
ordering of MLCT energies as Pt(ll) > Ni(ll) is in accordance with that of several other
homologous series of Ni(ll), Pd(ll), and Pt(Il) square planar complexes containing cyanide
and dithiolate ligands {Pd(Il) > Pt(ll) = Ni(II)}.?*** The effect of solvent polarity on the
absorption bands in the visible region for the complexes 1 and 2 are shown in Figures 4.2
and 4.3, respectively. When the solvent polarity increases, the absorption maxima shifts to
lower energy region meaning that bathochromic shifts occur for the compounds 1 and 2.
The bathochromic shift is due to more stabilization of the excited state than ground state
with increasing the polarity of solvent molecules. This reduces the energy gap between the
ground state and excited state and it shifts to red region. In aprotic solvents, the broad
band in the visible region is separated into two well- resolved maxima for the complex
[BusN]2[Pt(ppdt),] (2), whereby it is not resolved in protic solvents, for example in
MeOH, and shows a broad band in the visible region but absorption maxima shifts to
higher energy region centered at ~540 nm as shown in Figure 4.3. The same observation
was reported in the literature for Pt-qdt complex.?? In the case of nickel complex
[BusN]2[Ni(ppdt)2] (1), the broad band in the visible region is not well separated in
contrast to well-separation in the case of corresponding Pt-ppdt complex. However, in
protic solvents, compound 1 shows only broad feature in the visible region centered at

~565 nm as shown in Figure 4.2.

0.8+ [BuyN]y[Pt(ppdt)y] (2)
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Figure 4.3. Solvatochromic effect on the absorption spectra of complex [BuyN],[Pt(ppdt),] (2).
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pH-Dependant Absorption Spectral Studies of [BusN]2[Ni(ppdt)2] (1)

Because of the presence of available lone pair of electrons on nitrogen atoms of dithiolene
ligands, we performed pH dependent absorption spectral studies by titrating with both
weak and strong acids. Figure 4.4 shows the spectral changes that occur upon the addition
of 10 uL aliquots of a dilute CHsCOOH solution (3.51 x 10™M in methanol). The
observed spectral changes contain a large red shift in visible region from wavelength 565
nm to 670 nm. The steady diminish in the absorption band at 565 nm is accompanied by
the appearance of a new band feature with a maximum at 670 nm and a little increase in

absorbance at 415 nm region as shown in Figure 4.4(a).
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Figure 4.4. (a) Changes in the absorption spectra of [BusN]2[Ni(ppdt)2] (1) (4.3x10° M) upon addition of 10
uL aliquots of dilute CH;COOH (3.51x10" M) in methanol. (b) Spectral changes upon addition of 10 uL
aliquots of dilute ag. NH; (1.068 M) in methanol to the protonated species (blue colored) of 1 (4.3x10°° M).
(c) Changes in the absorption spectra of [BusN],[Ni(ppdt),] (1) (4.3x10"°M) upon addition of 10 pL aliquots
of dilute HCI (1.13x10 M) in methanol. (d) Back titration (spectral changes) upon addition of 10 pL
aliquots of dilute NaOH (0.1875 M) in methanol to the protonated species (blue colored) of 1 (4.3x10°M).
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Thus the complex 1 can be protonated by an acid at the imine nitrogen atoms of the
ppdt ligand. During the titration with acetic acid, we observed clean isosbestic points that
are maintained at 368, 488 and 623 nm [see Figure 4.4(a)]. This suggests that there are
only two absorbing species in the concerned solution. The spectral changes, described
above, are fully reversible upon addition of weak base such as ag. NHs. In the reverse
titration with a weak base (aqueous NHs), the same isosbestic points are maintained during
the titration as shown in Figure 4.4(b).

When compound 1 was titrated with a strong acid, such as HCI in place of weak acid
(CH3;COOH), additional changes are observed in the concerned electronic spectrum as
shown in Figure 4.4(c). Thus, Figure 4.4(c) shows the changes in the absorption spectra of
[BusN]2[Ni(ppdt)] (1) (4.3x10° M) upon addition of 10 uL aliquots of dilute HCI
(1.13x10™" M) in methanol. While titrating with HCI, the observed spectral changes
contain large red shift with appearance of new absorption bands at 688, and 762 nm, with
diminishing of the band at 565 nm. This is in contrast to the fact that only one new band
(670 nm) appears by titrating 1 with acetic acid. The isosbestic points are maintained
during the initial titration with HCI, which are identical to those seen with acetic acid;
upon continuing the titration with HCI, it leads to loss of the original set of isosbestic
points with the emergence of a new set of isosbestic points at 382, 494, 632 nm. This
clearly indicates the involvement of second nitrogen atom in the acid base behavior in the
case of strong acid. This is further corroborated by the appearance of a new set of
isosbestic points as shown in Figure 4.4(c). This process is reversible by the back titration
with dil. NaOH in methanol solution as shown in Figure 4.4(d). The identical results were
obtained with other strong acid such as CF3;COOH.

pH-Dependent Absorption Spectra of [BusN].[Pt(ppdt)] (2)

The red color of neutral solution of [BusN]2[Pt(ppdt).] (2) also turns to deep blue when it
is treated with acetic acid. Therefore we performed pH dependent absorption spectral
studies by titrating compound 2 with both weak and strong acids. Figure 4.5(a) shows
changes in the absorption spectra of [BusN]2[Pt(ppdt).] (2) (3.56x10° M) upon addition of
10 pL aliquots of dilute CH;COOH (3.51x10™" M) in methanol. The observed spectral
changes contain a large red shift in visible region from wavelength 545 nm to 645 nm. The
steady diminish in the absorption band at 545 nm is accompanied by the appearance of a

new band feature with a maximum at 645 nm and a little increase in absorbance at 390 nm
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region as shown in Figure 4.5(a). Thus the complex 2 can be protonated by an acid at the
imine nitrogen atoms of the ppdt ligand. During the titration with acetic acid, we observed
clean isosbestic points that are maintained at 348, 470 and 593 nm [see Figure 4.5(a)].
This suggests that there are only two absorbing species in the concerned solution. The
spectral changes, described above, are fully reversible upon addition of weak base such as
aq. NHs. In the reverse titration with a weak base (aqueous NHs), the same isosbestic
points are maintained during the titration as shown in Figure 4.5(b).
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Figure 4.5. (a) Changes in the absorption spectra of [BusN],[Pt(ppdt),] (2) (3.56x10° M) upon addition of
10 uL aliquots of dilute CH;COOH (3.51x10™ M) in methanol. (b) Back titration (spectral changes) upon
addition of 10 uL aliquots of dilute ag. NH; (1.068 M) in methanol to the protonated species (blue colored)
of 2 (3.56x10° M). (c) Changes in the absorption spectra of [BusN],[Pt(ppdt),] (2) (3.56x10° M) upon
addition of 10 pL aliquots of dilute HCI (1.13x10™* M) in methanol. (d) Back titration (spectral changes)

upon addition of 10 uL aliquots of dilute NaOH (0.1875 M) in methanol to the protonated species (blue
colored) of 2 (3.56x10° M).
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If the titration of the complex [BusN]2[Pt(ppdt).] (2) is performed with strong acid,
such as HCI in place of weak acid (acetic acid), additional changes are observed in the
relevant spectra as shown in Figure 4.5(c). Thus, Figure 4.5(c) shows the changes in the
absorption spectra of [BusN]2[Pt(ppdt).] (2) (3.56x10"°> M) upon addition of 10 pL aliquots
of dilute HCI (1.13x10™ M) in methanol. While titrating with HCI, the observed spectral
changes contain large red shift with appearance of new absorption bands at 670 and 740
nm, with diminishing the band at 545 nm, whereas only one new band appeared at 645 nm
by the titrating with acetic acid. The isosbestic points are maintained during the initial
titration with HCI, which are identical to those seen with acetic acid. Continuation of the
titration with HCI leads to loss of the original set of isosbestic points and the emergence of
a new set of isosbestic points at 350, 443, 618 nm. This again indicates the involvement of
a second nitrogen atom of the ring for its protonation with a strong acid. This process is
reversible by the back titration with dil. NaOH in methanol solution as shown in Figure
4.5(d). Qualitatively, the same results were obtained with other strong acid such as
CF3;COOH.

4.3.3. Emission Spectra

The complex [BusN]z[Ni(ppdt),] (1) is not emissive. But the complex [BusN]2[Pt(ppdt),]
(2) exhibits moderate emission at 635 nm (excited at 543 nm) at room temperature as
shown in Figure 4.6. The similar emission was observed for reported [BusN].[Pt(qdt),]
complex.” pH-Dependent emission spectral studies for compound 2 are described below.
The emission spectra of compound 2 in MeOH in different concentrations are shown in
Figure 4.6.

A—0.9%x10°M

Emission intensity (a.u)

T T T T
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Figure 4.6. Emission spectrum of complex [BusN].[Pt(ppdt),] (2) in MeOH in different concentrations at
298k.
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pH-Dependent Emission Spectra of [BusN]2[Pt(ppdt)] (2)

We extended pH dependent spectral studies to emission spectroscopy for complex
[BusN]2[Pt(ppdt),] (2) by titrating with both weak and strong acids. Figure 4.7(a) shows
the changes in the emission spectra of [BusN][Pt(ppdt),] (1) (1.07x10™* M) upon addition
of 10 uL aliquots of dilute CH3COOH (5.26x10™ M) in methanol. While titrating with
acetic acid, the observed spectral changes contain a red shift with appearance of new broad
feature at 750 nm, with the band at 642 nm diminishing. The new emission broad feature,

observed at 750 nm upon protonation, is not very prominent compared to the initial band
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Figure 4.7. (a) Changes in the emission spectra of [BusN]2[Pt(ppdt).] (2) (1.07x10™ M) upon addition of 10
uL aliquots of dilute CH;COOH (5.26x10 M) in methanol. (b) Back titration (spectral changes) upon
addition of 10 pL aliquots of dilute ag. NH5 (5.34 x 10 M) in methanol to the protonated species of
compound 2. (c) Changes in the emission spectra of [BusN]-[Pt(ppdt)] (2) (1.07 x 10™* M) upon addition of
10 pL aliquots of dilute HCI (5.0 x 102 M) in methanol. (d) Back titration (spectral changes) upon addition
of 10 pL aliquots of dilute NaOH (5.14 x 102 M) in methanol to the protonated species of compound 2
(3.56x10° M).
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without protonation. During the titration with acetic acid, we observed isosbestic points
that are maintained at 607 and 710 nm [see Figure 4.7(a)]. In addition, the process is
completely reversible with addition of base such as ag. NHj; regenerating the initial
emission profile as shown in Figure 4.7(b). When we titrate the complex
[BusN]2[Pt(ppdt)2] (2) with strong acid such as HCI in place of weak acid such as acetic
acid, the emission spectrum diminishes leading to a featureless curve as shown in Figure
4.7(c). Thus, Figure 4.7(c) shows the changes in the emission spectra of
[BusNLo[Pt(ppdt)2] (2) (1.07x10™ M) upon addition of 10 pL aliquots of dilute HCI
(5.0x102 M) in methanol. Remarkably, even though the emission spectrum became
featureless by the addition of HCI acid, this process is reversible by the back titration with
dil. NaOH in methanol solution as shown in Figure 4.7(d), when the featureless curve

regenerates to the original emission spectrum.

4.3.4. Determination of Basicity Constants

During the titration with acetic acid, complex 2 is singly protonated, because a set of clean
isosbestic points is maintained througout the conversion from the unprotonated dianionic
complex to singly protonated monoanionic species. Thus, from this data we would be able
to determine the basicity constant pKy;. To determine the basicity constant pKyi, we
performed titration of complex [BusN]o[Pt(ppdt),] (2) with acetic acid, and plot the
diagram of pH versus percent of change in absorbance as shown in Figure 4.8. Therefore,
the inflection of the titration curve from the data in Figure 4.8 can be used to calculate
ground state basicity constant pKys; the value of pKy: was found to be 7.8 and this value
supports that the complex is moderately basic. The value of pKy= 7.8 of complex
[BusN]2[Pt(ppdt)2] (2), which is considerably smaller than the reported pKy; of complex
[BusN]2[Pt(qdt),] (6.9). This means that the complex [BusN]2[Pt(ppdt)2] (2) is less basic
than the reported complex [BusN]2[Pt(qdt),."

An estimate of the excited state basicity constant pKy,* can be calculated by using an
equation which is devoloped by Forster, based on purely thermodynamic principles, and
employed with varying success for many acid-base systems, which relates pKy* to pKy
using only the frequencies of the Eo_o transition for the basic (vg) and protonated (van+)
form of the complex.*

_ Nh
pKp* = pKy, — W(VB_ Ver+)
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Where N Avogadro’s number, h is planck’s constant, R is the gas constant, and T is the
temperature. The use of absorption maxima for [Pt(ppdt),]*~ (545nm) and
[Pt(ppdt)(Hppdt)]*™ (645 nm) yields a A pKy of 6.0 and an excited state basicity constant
pKy* of 1.8. Qualitatively, these results indicate that the Forster analysis predicts an
excited state which is more basic than ground state.

To determine the basicity constant pKy; for the complex [BusN]2[Ni(ppdt),] (1), we
performed titration with acetic acid, and plot the diagram of pH versus percent of change
in absorbance as shown in Figure 4.8. Therefore, the inflection of the titration curve from
the data in Figure 4.8 can be used to calculate ground state basicity constant pKp1, which
was found to be 8.0 and this value supports that the complex is moderately basic. The
value of pKy;= 8.0 of complex [BusN]2[Ni(ppdt)] (1) is closer to the pKy of Pt-ppdt
complex [BusN]2[Pt(ppdt)2] (2).

(a) —®— Compound 2 - absorption
00— “It' (b) —®— Compound 2 - emission

i \ (O) Compound 1 - absorption
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80 + \
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Figure 4.8. Titration curves for [BusN].[Pt(ppdt)2] (2) in water (10% MeOH added), using (a) percent
change in absorbance at 513 nm (m) and (b) percent change in emission intensity at 650 nm (e) versus pH.
(c) Titration curve for [BusN]o[Ni(ppdt),] (1) in water (10% MeOH added), using percent change in
absorbance at 544 nm (A) versus pH.

4.3.5. Electrochemistry
As shown in Figure 4.9, complex 1 undergoes quasi-reversible oxidation (AE= 0.12 V) at

Eip = +0.46 V vs Ag/AgCI, that corresponds the [Ni(ppdt)2]*7 [Ni(ppdt).]*~ redox couple,
indicating that Ni(IIl) complex [Ni(ppdt)2]* is fairly stable in the electrochemical scale.
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Similar oxidative response was observed for the qdt-based compound [BusN]2[Pt(qdt)2]."
On the other hand, [BusN].[Pt(ppdt).] (2) exhibit an irreversible oxidation at E;/, = +0.41V
vs Ag/AgCI, suggesting that the [Pt(ppdt).]* is unstable in the electrochemical scale.

[Bu,NJ,[Ni(ppdt),] (1)
= === [Bu,N],[Pt(ppdt),] (2)

”
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Figure 4.9. Cyclic voltammograms of compounds 1 and 2 in TBAP/MeOH at a scan rate 50 mV s™.

4.3.6. X-ray Crystallographic Studies

Crystal Structure Descriptions of Compounds 1 and 2

The crystals of both compounds 1 and 2, suitable for single crystal X-ray structure
determination, were obtained from acetonitrile solution by the vapor diffusion of diethyl
ether. Crystallographic analysis revealed that complex 1 crystallizes in monoclinic form
with space group P2i/c, whereas the complex 2 crystallizes in monoclinic space group
C2/c. The relevant asymmetric unit of the complex 1 contains the full molecule of
[BusN]2[Ni"(ppdt),] (1) but in the asymmetric unit of the complex 2 contains half
molecule of [BusN]2[Pt(ppdt)2] (2) are shown in Figures 4.10 and 4.11, respectively. The
crystallographic details and relevant bond lengths and angles for the compounds 1 and 2
are described in Tables 4.1 and 4.2, respectively. In the anion present in the complex 1, the
geometry around the nickel ion, which is coordinated by four sulfur atoms from two ppdt
ligands, are almost square planar because S—Ni—S coordination angles are in the range of

88.50(5)° to 91.48(5)° (Table 4.2) and with a small dihedral angle 9.31° between two ppdt

(148)



Chapter—4

Figure 4.10. Thermal ellipsoidal plot of the asymmetric unit of compound [BusN],[Ni(ppdt),] (1), that
contains two tetrabutylammonium cations and one [Ni(ppdt),]* ion. Hydrogen atoms are not shown for
clarity (20% probability).

Figure 4.11. Thermal ellipsoidal plot of the asymmetric unit of compound [BusN],[Pt(ppdt).] (2), that
contains one tetrabutylammoniumcation and half molecule of [Pt(ppdt),]>" ion. Hydrogen atoms are not
shown for clarity (20% probability).

planes, which is comparable to that in nickel-qdt complex [Ni(qdt).].>*> But in the anion of
the complex 2, the geometry around the platinum ion, which is coordinated by four sulfur
atoms from two ppdt ligands, are almost square planar because S—Pt—S coordination
angles are in the range of 88.54(6)° to 91.66(9)° (Table 4.2) and with a small dihedral
angle 1.16° between two ppdt planes, which is less than the dihedral angle found in the
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crystal structure of nickel-ppdt complex 1. This shows that when we go from nickel-ppdt
complex (1) to platinum-ppdt (2) complex, the geometry around platinum ion becomes
more planar in compound 2 because of increasing the size of the platinum ion (e.g., from
Ni** to Pt2+). The average bond distance of Pt—S is 2.280+0.002 A in compound 2, which
is relatively larger than that in compound [BusNJ][Ni(ppdt).] (1), for which the average
bond distance of Ni-S is 2.171+0.002 A,

Figure 4.12. A View of the molecular structure of [BusN]>[Ni(ppdt),] (1) (thick solid lines) (some hydrogen
atoms are removed for clarity) showing all the H-bonding intermolecular cation-anion contacts (dotted lines)
with other surrounding moieties (thin solid lines).

Figure 4.13. A View of the molecular structure of [BusN],[Pt(ppdt),] (2) (thick solid lines) (some hydrogen
atoms are removed for clarity) showing all the H-bonding intermolecular cation-anion contacts (dotted lines)
with other surrounding moieties (thin solid lines).
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In the crystal structures of the complexes 1 and 2, both cations [BusN]* and anions
[M(ppdt),]*~ are involved in an extensive hydrogen bonding interactions resulting in a
three dimensional supramolecular networks. The views of the building units for the
formation of supramolecular networks of the complexes 1 and 2, with the evidence of all
the H-bonding intermolecular cation-anion contacts, are shown in Figures 4.12 and 4.13,
respectively. The relevant hydrogen bonding geometrical parameters of the complexes 1
and 2 are listed in the Tables 4.3 and 4.4, respectively. The molecular packing of
compound 1 is characterized by C-H---S and C—H---N weak interactions resulting in a

three-dimensional supramolecular network as shown in Figures 4.14.

Figure 4.14. The molecular packing diagram of [BusN]o[Ni(ppdt),] (1) is characterized by C—H---N and
C-H--S weak interactions, when viewed down to the crystallographic a axis.
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Figure 4.15. The molecular packing diagram of [BusN],[Pt(ppdt),] (2) characterized by C—H:--N and
C-H---S weak interactions, when viewed down to the crystallographic a axis.
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In the crystal structure of the complex 2, each tetrabutylammonium cation is
characterized by four H-bond contacts (one C—H---S and three C—H---N weak interactions)
with three surrounding anions as shown in Figure 4.13. Wherein, three of them are
described as C—H---N interactions with N1 and N3 atoms of two distinct anions, positioned
at x, -y, z+0.5 and 0.5-x, 0.5-y, 1-z respectively. The remaining one is described as
C—H---S weak interaction with S1 atom of other anion positioned at -x, y, 0.5-z symmetry.
The weak hydrogen bonding interactions between cation and anion due to ionic nature of
compounds may induce the charge effect. The effective combination of the C—H---S and
C—H---N hydrogen bonding interactions in the crystal structure of the complex 2 results in
a three-dimensional supramolecular network having well defined channels as shown in
Figure 4.15, that is viewed down to crystallographic a axis. As shown in the packing
diagram (Figure 4.15), each dithiolate ligand connects with three distinct
tetrabutylammonium cations characterized by four weak H-bonding interactions. Thus,
each metal-dithiolene complex anion is surrounded by six discrete tetrabutylammonium

cations.

4.4. Conclusion

In conclusion, we have described here for the first time a “three-nitrogen” based metal
bis(dithiolene) system [BusN]>[M(ppdt).] [when M = Ni (1), when M = Pt (2)], that shows
a very large molar absorptivity in the visible region. We have also described that the
crystal structures of compounds 1 and 2 show three dimensional supramolecular hydrogen
bonding network formed by C—H---S and C—H---N weak interactions. We have shown that
both compounds [BusN]2[Ni(ppdt)2] (1) and [BusN]2[Pt(ppdt),] (2) can be protonated by
acids at the imine nitrogen of the ppdt ligand. This protonation is reflected by a red shift of
the charge transfer (CT) bands of the respective complexes. A red shift of the CT
absorption and emission bands is consistent with stabilization of the z* orbital of ppdt
ligand upon protonation. The easiness with which the compounds 1 and 2 are protonated is
the result of their di-anionic charge. Compounds 1 and 2 represent a rare class of
materials™ in the sense that such system may be of interest in developing visible light
induced photocatalysts for proton reduction. Interestingly, this system can be easily
protonated and has increased basicity upon excitation (in case of compound 2), which are

necessary criteria for a potential photocatalyst.
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Table 4.1. Crystallographic Data and Structural Refinement for Compounds 1 and 2

1 2
Empirical formula CH75NsS4Ni CuH7gNgS,Pt
Formula weight 930.11 1066.49
Temperature (K) 298(2) 298(2)
Crystal size (mm) 0.36x 0.16 x 0.10 0.42x0.22x0.12
Crystal system Monoclinic Monoclinic
Space group P2(1)/c C2/c
VA 4 4
Wavelength(A) 0.71073 0.71073
Unit cell dimensions
a[A] 16.406(2) 18.290(4)
b [A] 15.904(2) 20.654(4)
c[Al] 20.180(3) 16.262(3)
B[°] 102.704(3) 122.57(3)
Volume[A?] 5136.4(13) 5177.0(18)
Calculated density(Mg/m*) 1.203 1.368
Reflections collected/ unique 48717/9038 24664 / 4577
R(int) 0.1025 0.0249
F(000) 2008 2208
Theta range
for data collection(deg.) 1.27t0 25.00 1.65t0 25.00
Refinement method Full-matrix least-squares on F*
Data / restraints / parameters 9038/0/540 4577141271
Goodness-of-fit on F? 0.987 1.122

Ry/WR; [1>2sigma(l)]
R1/WR, (all data)
Largest diff. peak and hole

[e.A®]

0.0594/0.1188
0.1462/0.1518

0.321 and -0.208

0.0372/0.1002
0.0412/0.1022

0.698 and -0.453
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Table 4.2. Selected Bond Lengths [A] and Angles [°] for Compounds 1 and 2

1 2

Ni(1)-S(1) 2.1736(13) Pi(1)-S(2)#1 2.2786(17)
Ni(1)-S(2) 2.1723(13) Pt(1)-S(2) 2.2787(17)
Ni(1)-S(3) 2.1687(13) Pt(1)-S(1) 2.2834(16)
Ni(1)-S(4) 2.1718(13) Pt(1)-S(1)#1 2.2834(16)
S(2)-Ni(1)-S(1) 91.48(5) S(2)#1-Pt(1)-S(2) 91.66(9)
S(3)-Ni(1)-S(4) 91.41(5) S(2)#1-Pt(1)-S(1) 177.23(8)
S(3)-Ni(1)-S(1) 88.63(5) S(2)-Pt(1)-S(1) 88.54(6)
S(4)-Ni(1)-S(2) 88.50(5) S(2)#1-Pt(1)-S(1)#1 88.54(6)
S(4)-Ni(1)-S(1) 178.44(6) S(2)-Pt(1)-S(1)#1 177.23(8)
S(3)-Ni(1)-S(2) 179.40(6) S(1)-Pt(1)-S(L)#1 91.39(8)

Symmetry transformations used to generate equivalent atoms: #1 -x, y, -z+1/2.

Table 4.3. Hydrogen Bonds for Compound 1

D-H-A d(D-H)  d(H-A) d(D-A) <(DHA)
C17-H17A--S1 #1 0.97 2.93 3.811(5) 152.0
C20-H20A-N3#2 0.97 2.77 3.692(7) 159.9
C17-H17B.-N3#2 0.97 2.80 3.679(7) 1515
C33-H33A-N6#3 0.97 2.72 3.676(7) 169.4
C36-H36AN6#4 0.97 2.71 3.538(6) 143.7
C33-H33B.--S4#4 0.97 2.96 3.918(6) 169.3
C35-H35B.--S3#5 0.97 2.95 3.829(4) 150.8
C19-H19B.--S2#5 0.97 2.95 3.837(4) 151.9
C27-H27A.--S2#5 0.97 2.94 3.817(4) 150.3

Symmetry transformations used to generate equivalent atoms: #1 —x, y+0.5, -z+1.5; #2 x, -y+0.5, z+0.5; #3
—x+1, y+0.5, -z+1.5; #4 x, -y+0.5, z-0.5; #5 X, y, z.

(154)



Chapter—4

Table 4.4. Hydrogen Bonds for Compound 2

D-H--A d(D--H) d(H:--A) d(D--A) <(DHA)
C13-H13B:-~N1 #1 0.97 2.58 3.516(8) 163.5
C12-H12A.-N3#2 0.97 2.54 3.483(8) 164.2
C21-H21B---N3#2 0.97 2.70 3.609(10) 156.5
C20-H20B:--S1#3 0.97 2.82 3.767(7) 165.7

Symmetry transformations used to generate equivalent atoms: #1 x, -y, z+0.5; #2 —x+0.5, -y+0.5, -z+1; #3 -
X, Y, -z+0.5.
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Nature of the Substituent Influences the
Electronic and Electrochemical Properties of
New Square-Planar Nickel-Bis(Quinoxaline-6,7-
dithiolate) Complexes and Comparison of these
Properties with  Those of  Existing
[BusNJ[Ni(qdt)z] (Qdt = Quinoxaline-2,3- Chapter
dithiolate): Synthesis and Crystallographic study —————~

Abstract:- We have described the syntheses and crystal structures of a series of square-planar nickel-
bis(quinoxaline-6,7-dithiolate) complexes with the general formula [BusN]2[Ni(X26,7-qdt),], where X =
H (1a), Ph = phenyl (2a), Cl (3) and Me = methyl (4) [{6,7qdt}*" = quinoxaline-6,7-dithiolate]. The
solution and solid-state electronic absorption spectra and electrochemical properties of these compounds,
are strongly dependent on the electron donating / accepting nature of the substituent. Particularly, the CT
(charge transfer) transition bands observed in the visible region are greatly affected by the electronic
nature of the substituent attached to the quinoxaline-6,7-dithiolate ring. The CT transition of
[BusN]1,[Ni(6,7-gdt),] absorb at low energy region in comparison to the CT band of the [BusN]2[Ni(gdt),]
in the visible region. In addition to this, the observed CT bands in all the complexes are sensitive to the
solvent polarity. Interestingly, complexes la, 2a, 3 and 4 undergo reversible oxidation at very low
oxidation potentials appearing at Ey, = +0.12 V, 0.033 V, 0.18 V and 0.044 V vs Ag/AgCI respectively,
corresponding to the di-anionic complexes to mono-anionic complexes in MeOH solutions compared to
that of [Ni(qdt)2]*” (Ey. = +0.41 V vs Ag/AgCl). In addition to this, [PPh,]o[Ni(X26,7-qdt);] {X = H (1b),
Ph (2b)} complexes also have been described. Compounds 1a, 1b, 2b, 3 and 4 have been characterized
unambiguously by single crystal X-ray structural analysis. The molecular structures of all the compounds

exhibit weak C—H---S and C-H---N weak interactions.

Metal-dithiolene complexes have been offering considerable interests to inorganic

5.1. Introduction

chemists for more than four decades due to their unique properties and they provide redox
active ligands with the ability to form highly electron-delocalized complexes." The
increasing great attention in the design and synthesis of metal—dithiolene complexes is due
to their potential applications in the areas of conducting-, magnetic-,> nonlinear optical-
materials® and near-infrared (NIR) dyes.* The recent interests of metal dithiolene
complexes in the area of bioinorganic modeling studies are owing to their existence of
metal—dithiolene moiety in the active sites of many metallo-enzymes.® Particularly in the
area of bioinorganic modeling studies, nitrogen atom containing heterocyclic based
dithiolene complexes are present in “molybdopterin” that constitutes the molybdenum
cofactor of the active site of hydroxylase-type molybdo-enzymes.® Predominately, qdt*~

(quionaoxaline-2,3-dithiolate, Scheme 5.1) and its molybdenum-oxo complexes have been
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investigated for modeling the active sites of molybdenum hydroxylase enzymes.’
Furthermore, heterocyclic based dithiolene systems containing N and S atoms offer
coordination ability as secondary coordination in addition to dithiolate group.? In recent
years, the large potential for achieving novel coordination structures by exploring the
coordination ability of both S and N atoms has stimulated, for the preparation of several
dithiolene ligands with nitrogen coordinating groups of increasing complexity.? In addition
to this, qdt-based systems have been used in the development of field-effect transistors by
introducing the fused gdt-based systems to the TTF-skeleton.’® The photo-physical
(luminescence) properties of platinum complexes of qdt-type ligand have been studied
extensively by Eisenberg’s group.™* Additionally, qdt-type ligands are useful in the area of
analytical chemistry to analyze the metal quantification in ppm levels due to their
absorption in visible region with large molar extension coefficient values.*? The utility of
qdt- complexes as ion-active substances of membrane electrodes has also been reported in

literature.™® These facts prompted us to design and synthesize new type of qdt-based

H N S H N S
H N S H N S

{qdt}?* £6,7-qdty>"
Ph N s cl N s Me N s
’ ’ ’
Ph N s cl N s Me N s
{Ph,6,7-qdt}>" {Cl,6,7-qdt}> {Me,6,7-qdt}>"
(@

_2_

[ x N s s N X
T
|
™ / N\ /
X N S S N X
X=H, Ph, Cl,and Me
(b)

Scheme 5.1. (a) Structural representation of quinoxaline dithiolate ligands; (b) General structural
representation of newly synthesized nickel(11)-bis(quinoxaline-6,7-dithiolate) system.
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ligands and to synthesize its metal bis(dithiolene) complexes, so that we can compare the
chemistry of this new gdt-system with that of existing qdt compounds. Furthermore, H. B.
Gray et al. studied the effect of different substituents on the electronic structure of the
{MS,} group systematically.** This encourages us to design, synthesize, and perform
comparative physical studies of new quionxaline-dithiolate systems. In the present
chapter, we have synthesized four new quinoxaline based dithiolate-ligands ({6,7-qdt}*",
{Ph,6,7-qdt}*", {Cl,6,7-qdt}*) and {Me,6,7-qdt}*~ [Scheme 5.1(a)] and their nickel
square-planar bis(dithiolene) complexes. This new series of square-planar bis(dithiolene)
complexes {[Ni(X26,7-qdt);], Scheme 5.1(b)} give an opportunity to their comparative
studies of electronic and electrochemical properties and also comparison with the existing
complex [BusN]2[Ni(qdt).]. Particularly, we have demonstrated the comparison of their
electronic and electrochemical studies with our new compound [BusN]2[Ni(6,7-qdt).] (1a)
and existed compound [BusN]2[Ni(gdt),].

5.2. Experimental Details

5.2.1. General methods

Micro analytical (C, H, N, S) data were obtained with a FLASH EA 1112 Series CHNS
Analyzer. Infrared (IR) spectra were recorded on KBr pellets with a JASCO FT/IR-5300
spectrometer in the region of 400-4000 cm™. 'H NMR spectra of compounds were
recorded on Bruker DRX- 400 spectrometer using Si(CHs)4 [TMS] as an internal standard.
Electronic absorption spectra were recorded on a Cary 100 Bio UV-Visible
spectrophotometer. A Cypress model CS-1090/CS-1087 electro analytical system was
used for cyclic voltammetric experiments. The electrochemical experiments were
measured in MeOH containing [BusN][CIO4] as a supporting electrolyte, using a
conventional cell consisting of two platinum wires as working and counter electrodes, and
a Ag/AQCI electrode as a reference. The potentials reported here are uncorrected for

junction contributions.

5.2.2. Materials

All the chemicals for the syntheses were commercially available and used as received. 1,2-

Diaminobenzene-bis(thiocyanate) (A),*® 5,6-Diamino-benzo[1,3]dithiole-2-thione (D),

and [BusN]o[Ni(qdt),]*" were prepared according to literature procedures. Syntheses of
(159)
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metal complexes were performed under N, using standard inert-atmosphere techniques.

Solvents were dried by standard procedures.

5.2.3. Synthesis and Characterization

Synthesis of 6,7-Bis-thiocyanato-quinoxaline (B)

Glyoxal (0.648 g, 13.51 mmol, 1.28 ml) was added to the slurry of recrystallized 1,2-
diaminobenzene-bis(thiocyanate) (A) (2.5 g, 11.260 mmol) in 200 mL of methanol and the
reaction mixture was refluxed for 20 hrs. The precipitate, thus obtained, was filtered,
washed with MeOH (little amount) followed by hexane (several amount) and dried. Yield:
1.815 g (71.0%). Anal. Calcd. for C1oHsN4S,: C, 49.16; H, 1.65; N, 22.93%. Found: C,
49.49; H, 1.82; N, 22.44%. IR (KBr, Cm'l): 3383, 3045, 2158, 1579, 1508, 1452, 1335,
1302, 1188, 1090, 1018, 920, 891, 686, 545, 522 cm™ 'H NMR (400 MHz, & ppm)
(CDCls): 8.64(s, 2H), 9.00(s, 2H). LC-MS (negitive mode): m/z = 243 (M*-H)".

Synthesis of 2,3-Diphenyl-6,7-bis-thiocyanato-quinoxaline (C)

A mixture of solution containing 1,2-diaminobenzene-bis(thiocyanate) (A) (300 mg, 1.35
mmol), benzil (316 mg, 1.50 mmol) and iodine (10 mol%) in CH3;CN (10.0 mL) was
stirred for 1 h. The resulting yellow precipitate was separated by filtration, washed with
little CH3CN, and dried in vacuum. Yield: 0.450 g (84.0%); Yellow solid; IR (KBr, cm™):
3067 (C-H Str, Ar), 2160 (C=N str), 1653, 1597, 1537, 1435, 1390, 1338, 1253, 1194,
1057, 1022, 952, 893, 871, 769, 723, 698, 597, 543, 493; 'H NMR (400 MHz, CDCls): §
8.66 (s, 2H), 7.55 (d, 4H), 7.36-7.46 (m, 6H) ppm; *C NMR (CDCls): § 156.32, 141.47,
137.75, 134.35, 129.95, 129.88, 128.53, 126.72, 107.91 ppm; LC-MS (negitive mode):
m/z = 395 (M*=H)"; Anal. Calcd. for C2,H12N4S;: C, 66.64; H, 3.05; N, 14.13%. Found: C,
65.88; H, 3.40; N, 14.33 %.

Synthesis of 6,7-Dimethyl-1,3-dithia-5,8-diaza-cyclopenta[b]naphthalen-2-thione (E)

5,6-Diamino-benzo[1,3]dithiole-2-thione (D) (150 mg, 0.7 mmol) and butane-2,3-dione
(0.67 ml, 0.77 mmol) were dissolved in acetic acid (15.0 mL) and the reaction mixture was
refluxed for 1.5 h. The resulting yellow precipitate was washed with MeOH for several
times and dried in vacuum, to give yellow colored solid. This compound can be directly
used for the preparation of ligand L4. Yield: 0.180 (96.0%); Pale yellow solid; IR (KBr,
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cm™): 3059, 1450, 1398, 1321, 1182, 1068 (C=S), 883, 844, 758, 509, 424; 'H NMR (400
MHz, CDCls): ¢ 8.08 (s, 2H), 2.77 (s, 6H) ppm; LC-MS (positive mode): m/z = 265
(M*+H)"; Anal. Calcd. for Cy;HgN,Ss: C, 49.97; H, 3.05; N, 10.60%. Found: C, 50.23; H,

2.84; N, 10.85 %.
Glyoxal NaZS
MeOH, reflux water, 70- BOOC
H,N SCN
IZ 6,7-Bis-thiocyanato-quinoxaline (B) Quinoxaline-6,7-dithiol (L1)
H,N SCN
Benzil, I2 (10 mol%) NaZS
4,5-Bis-thiocyanato-be
nzene-1,2-diamine (A) CH3CN RT water, 70- 80°C

2,3-Diphenyl-6,7-bis- 2,3-Diphenyl-quinoxaline
thiocyanato-quinoxaline (C) -6,7-dithiol (L,)

Butane 2,3-dione I Hg(OAc
CH3COOH reflux, 2h : CHcl3 CH3COOH (1:3) :
:@i >=s_ 6~7'ID'met‘h[%']'m;t‘r']‘hl'ﬁ'5vg-ﬂ:ﬁlﬁ- 6,7-Dimethyl-1,3-dithia-5,8-diaza-
cyclopenta[b]naphthalene-2-thione Y
® cyclopenta[b]naphthalen-2-one (L)
5,6-Diamino-benzo[1,3]

dithiole-2-thione (D) OxallcaCId i Ij : _socl, >
MeCOH, reﬂux 2h DMF(cat)

2-Thioxo-5,8-dihydro-1,3-dithia-5,8-diaza- 6,7-Dichloro-1,3-dithia-5,8-diaza-
cyclopenta[b]naphthalene-6,7-dione (F) cyclopenta[b]naphthalene-2-thione (G)

Hg(OAc)
CHCI3:CH3COOH (3:1)
Cl N S
=z
T
X
Cl N S
6,7-Dichloro-1,3-dithia-5,8-diaza-
cyclopenta[b]naphthalen-2-one (L3)

(b)
Scheme 5.2. Synthesis of quinoxaline dithiolate ligands (a) L; and L, (b) Lzand Ly,

Synthesis of 2-Thioxo-5,8-dihydro-1,3-dithia-5,8-diaza-cyclopenta[b]naphthalene-6,7-
dione (F)

A solution of 5,6-Diaminobenzene-1,3-dithiole-2-thione (compound D, 100 mg, 0.467
mmol) and oxalic acid (65 mg, 0.515 mmol) in MeOH (15 mL) were refluxed for 24 h
under N,. After filtration, the pale yellow precipitate was washed with cold MeOH,

and then air dried. Pale yellow solid; Yield = 66%; IR (KBr, cm™): 3261 (N-H str),
(161)
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3049, 2914, 1693, (C=0), 1444, 1379, 1271, 1059 (C=S), 877, 841, 790, 677, 555,
511; *H NMR (400 MHz, DMSO-d®): 6 12.22 (s, 2H), 7.48 (s, 2H) ppm; *C NMR (100
MHz, DMSO-d®): 6 213.09 (C=S), 155.29 (C=0), 134.92, 126.95, 108.82 ppm; LC-
MS (positive mode): m/z = 269 (M*+H)"; Anal. Calcd. for CoH4N,0,Ss: C, 40.28; H,
1.50; N, 10.44%. Found: C, 40.02; H, 1.78; N, 10.56%.

Synthesis of 6,7-Dichloro-1,3-dithia-5,8-diaza-cyclopenta[b]napthalene-2-thione (G)
To a solution of compound F (142 mg, 0.529 mmol) in thionyl chloride (4 mL) was added
dropwise DMF (0.05 mL). The reaction mixture was refluxed for 15 h and then
concentrated under vacuum. The resulting residue was evaporated with dichloromethane
several times, dissolved in dichloromethane (20 mL) and poured into ice-water. The
organic layer was collected, washed with saturated aqueous NacCl, dried over Na,SO., and
then evaporated to provide compound G as a light yellow solid, which was used without
further purification in the next step; Yellow solid; Yield = 65%; IR (KBr, cm'l): 1527,
1444, 1257, 1180, 1070 (C=S) 878, 568, 436; 'H NMR (400 MHz, CDCl5): 6 8.15 (s, 2H)
ppm; *C NMR: We could not record the **C NMR spectrum because of the poor solubility
of the compound in common organic solvents; LC-MS (positive mode): m/z = 306
(M*+H)", 308 [(M+2)"+H]"; Anal. Calcd. for CoH2N,S3Cl,: C, 35.42; H, 0.66; N, 9.18%.
Found: C, 35.22; H, 0.79; N, 9.46%.

Synthesis of Quinoxaline-6,7-dithiol (L;)

Compound B (1.815 g, 8.0 mmol) was added as a solid to a solution of Na,S (2.93,
36mmol) in 100 mL of degassed water and the mixture heated to 70-80 °C for 60 min to
produce a clear, orange-red solution. The mixture was cooled to room temperature, and 20
mL of 10% HCI was added drop wise to afford a heavy, brown precipitate. The precipitate
was filtered off, washed with water, and air-dried. Thus dithiol ligand L; is obtained.
Yield 1.25 g (80.0%). Anal. Calcd for CgHgN,S,: C, 49.46; H, 3.11; N, 14.41%. Found:
C, 49.12; H, 3.34; N, 14.32%. IR (KBr, cm™): 3405(w), 3040(w), 1626 (w), 1579(m),
1489(m), 1446(s), 1278(s), 1186(m), 1022(s), 918(s), 893(s), 418(m). *H NMR (400 MHz,
d ppm) (CDs0OD): 8.93(s, 2H), 8.38(s, 2H). LC-MS (positive mode): m/z = 195 (M*+H)".
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Synthesis of 2,3-Diphenyl-quinoxaline-6,7-dithiol (L;)
2,3-Diphenyl-6,7-bis-thiocyanato-quinoxaline (C) (0.3 g, 0.757 mmol) was added as a
solid to a solution of Na,S (0.3 g, 3.85 mmol) in 100 mL of degassed water and the
mixture was heated to 70-80 °C for 24 h, to produce a clear, orange-red solution. The
mixture was then cooled to room temperature, and 20 mL of 10% HCI was added drop
wise to afford a heavy, brown precipitate. The precipitate was filtered off, washed with
water, and air-dried. Thus the dithiol ligand L, was obtained. Yield 0.180 g (68.6%). IR
(KBr, cm™): 3057 (C-H Str, Ar), 2530 (S—-H str), 1581, 1533, 1433, 1388, 1338, 1253,
1188, 1059, 1022, 960, 869, 765, 727, 694, 596, 543; LC-MS (positive mode): m/z = 347
(M*+H)"; Anal. Calcd. for CyH14N»S;: C, 69.33; H, 4.07; N, 8.09%. Found: C, 69.86; H,
3.92; N, 7.82%.

Synthesis 6,7-Dichloro-1,3-dithia-5,8-diaza-cyclopenta[b]napthalen-2-one (Ls)

To a solution of 6,7-Dichloro-1,3-dithia-5,8-diaza-cyclopenta[b]napthalene-2-thione
(G) (90 mg, 0.29 mmol) in chloroform and acetic acid (3:1, v/v, 28.0 mL), Hg(OAC),
(332 mg, 1.038 mmol) was added and it was stirred for 15 h at room temperature under
N, atmosphere. The precipitate was filtered off using celite and washed with
chloroform. The filtrate was extracted with saturated NaHCO3 solution (3x33 mL) and
water (50.0 mL). To remove any traces of water, anhydrous Na,; SO, was added. The
solvent was removed in vacuum, which produces pale yellow colored compound L; as
product. Yield = 95%; Pale yellow solid; IR (KBr, cm'l): 1732 (C=0), 1660, 1523,
1446, 1257, 1147, 999, 862, 561, 435; *H NMR (400 MHz, CDCls): ¢ 8.15 (s, 2H)
ppm; **C NMR (100 MHz, CDCls): ¢ 187.75 (C=0), 146.20, 138.89, 137.57, 121.57
ppm; LC-MS (positive mode): m/z = 290 (M*+H)", 292 [(M+2)*+H]"; Anal. Calcd. for
CyH2N,0S,Cl,: C, 37.38; H, 0.70; N, 9.69%. Found: C, 37.02; H, 0.78; N, 9.86%.

Synthesis of 6,7-Dimethyl-1,3-dithia-5,8-diaza-cyclopenta[b]naphthalen-2-one (L,)

To a solution of 6,7-dimethyl-1,3-dithia-5,8-diaza-cyclopenta[b]naphthalen-2-thione (E)
(135 mg, 0.511 mmol) in chloroform and acetic acid (3:1, v/v, 40 mL), Hg(OAC), (521
mg, 1.63 mmol) was added and it was stirred for 12 h at room temperature under N,
atmosphere. The precipitate was filtered off using celite and washed with chloroform. The

filtrate was extracted with saturated NaHCOj3 solution (3x33 mL) and water (50 mL). To
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remove any traces of water, anhydrous Na,SO, was added. The solvent was removed in
vacuum, which produces pale yellow colored compound L, as product. Yield: 115 mg
(91.0%); Pale yellow solid; IR (KBr, cm™): 3057, 2916, 1745 (C=0), 1653, 1454, 1398,
1319, 1178, 1093, 869, 844, 756, 582, 439; "H NMR (400 MHz, CDCls): ¢ 8.10 (s, 2H),
2.75 (s, 6H) ppm; LC-MS (positive mode): m/z = 249 (M*+H)"; Anal. Calcd. for
C11HsN,0S;: C, 53.20; H, 3.25; N, 11.28%. Found: C, 53.67; H, 3.01; N, 10.98%.

Synthesis of [BusN]2[Ni(6,7,-qdt),] (1a)

The 6,7,-qdt dianion is generated, in situ, by treatment with Hy(6,7-qdt) (0.060 g, 0.309
mmol) with NaOH (0.029 g, 0.725 mmol) in MeOH (10mL). To the resulting clear red
solution, NiCl,-6H,0O (0.035 g, 0.15 mmol) was added; the resulting dark blue solution
was stirred for 30 min. Dark blue micro crystals were precipitated by adding
tetrabutylammonium bromide (0.1 g, 0.310 mmol); the micro crystals were filtered,
washed with water followed by diethyl ether, and dried at room temperature. It was
recrystallized from acetonitrile solution by vapor diffusion with diethyl ether. Yield: 0.116
g (83.3% based on Ni). Anal. Calcd. for CssHgoNeSsNi: C, 62.12; H, 8.69; N, 9.05%.
Found: C, 62.88; H, 8.24; N, 9.28%. IR (KBR pellet) (v/cm™): 2957(s), 2866(m),
1557(m), 1439(s), 1412(s), 1178(s), 1078(s), 1028(s), 929(s), 873(s), 781(s). 'H NMR
(400 MHz, § ppm) (CDsCN): 0.93(t, 24H), 1.31-1.37(m, 16H), 1.59-1.61(m, 16H), 3.15(t,
16H), 7.41(s, 4H), 8.18(s, 4H).

Synthesis of [PPh4]2[Ni(6,7-qdt).] (1b)

The dianion of 6,7-qdt was generated, in situ, by the reaction of quinoxaline-6,7-dithiol
(Ly) (0.104 g, 0.536 mmol) with NaOH (0.060 g, 1.5 mmol) in MeOH (10 mL) under
nitrogen atmosphere. To the resulting clear red solution, solid NiCl,-6H,0 (0.064 g, 0.269
mmol) was added; the resulting dark red solution was stirred for 15 min at room
temperature. Dark brown micro crystals were precipitated by adding
tetraphenylphosphonium bromide (0.292 g, 0.696 mmol); the micro crystals were filtered,
washed with water followed by diethyl ether, and dried at room temperature. It was
recrystallized from acetonitrile solution by vapor diffusion with diethyl ether. Yield: 0.350
g (71.3% based on Ni). Anal. Calcd. for CssHagN4S4P-Ni: C, 68.51; H, 4.31; N, 4.99%.
Found: C, 68.23; H, 4.12; N, 5.36%. IR (KBR pellet) (u/cm'l): 3040, 1660, 1583, 1483,
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1435, 1412, 1340, 1174, 1107, 1078, 1024, 925, 779, 752, 721, 688, 524; *H NMR (400
MHz, 6 ppm) (CDsCN): 7.67-7.76 (m, 40H), 7.90-7.93 (m, 8H).

Synthesis of [BusN]2[Ni(Ph,-6,7-qdt),] (2a)

The dianion of 2,3-diphenyl-6,7-qdt was generated, in situ, by the treatment of 2,3-
diphenyl-quinoxaline-6,7-dithiol (L) (0.052 g, 0.15 mmol) with NaOH (0.020 g, 0.5
mmol) in methanol (7.0 mL). To the resulting clear red solution, solid NiCl,-6H,0 (0.018
g, 0.075 mmol) was added; the resulting dark brown solution was stirred for 15 min at
room temperature. Black colored micro crystals were precipitated by adding
tetrabutylammonium bromide (0.07 g, 0.215 mmol); the micro crystals were filtered,
washed with water followed by diethyl ether, and dried at room temperature. It was
recrystallized from acetonitrile solution by vapor diffusion with diethyl ether. Yield: 0.200
g (74.1% based on Ni). Anal. Calcd. for C7;HgsNgSsNi: C, 70.16; H, 7.85; N, 6.82%.
Found: C, 70.57; H, 7.29; N, 6.49%. IR (KBR pellet) (v/cm™): 2959, 2918, 2860, 1595,
1483, 1423, 1340, 1192, 1072, 1024, 858, 821, 698. 'H NMR (400 MHz, J ppm)
(CDsCN): 0.949 (t, 24H), 1.32-1.37 (m, 16H), 1.60 (bs, 16H), 3.10 (t, 16H), 7.15-7.37 (m,
24H).

Synthesis of [PPh4]2[Ni(Ph26,7-qdt).] (2b)

This compound was prepared by using above procedure for the preparation of compound
2a, but tetraphenylphosphonium bromide was added in place of tetrabutylammonium
bromide and separated as tetraphenylphosphonium salt. It was recrystallized from DMF
solution by vapor diffusion with diethyl ether. Yield: 79.4% based on Ni. Anal. Calcd. for
Co7HgsN703P,S4NI: C, 70.79; H, 5.21; N, 5.96%. Found: C, 70.25; H, 5.34; N, 6.18%. IR
(KBR pellet) (v/em™): 3059, 2953, 2924, 1670, 1425, 1340, 1195, 1107, 1082, 1020, 723,
690, 520; 'H NMR (400 MHz, 5 ppm) (CDsCN): 7.31-7.48 (m, 20H), 7.70-7.77 (m, 40H),
7.90-7.93 (m, 4H).

Synthesis of [BusN]2[Ni(Cl>-6,7-qdt)-] (3)
The dianion of 2,3-dichloro-6,7-qdt is generated, in situ, by the treatment of 6,7-dichloro-
1,3-dithia-5,8-diaza-cyclopenta[b]naphthalen-2-one (L3) (0.080 g, 0.277 mmol) with Na

metal (0.020 g, 0.877 mmol) in methanol (10 mL). To the resulting clear brown solution,
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solid NiCl,:6H,0 (0.034 g, 0.143 mmol) was added; the resulting dark brown solution was
stirred for 15 min at room temperature. To this, tetrabutylammonium bromide (0.1 g,
0.310 mmol) was added followed by addition 30 mL of deionised water resulting in the
precipitation of black colored micro crystals; the micro crystals were filtered, washed with
water followed by diethyl ether, and dried at room temperature. It was recrystallized from
acetonitrile solution by vapor diffusion with diethyl ether. Yield: 0.190 g (52.9% based on
Ni). Anal. Calcd. for CygH76NsS4CIsNi: C, 54.09; H, 7.19; N, 7.88%. Found: C, 54.41; H,
7.25; N, 7.51%. IR (KBR pellet) (v/em™): 2959, 2872, 1562, 1433, 1377, 1315, 1194,
1149, 1078, 983, 862, 738, 570, 518. 'H NMR (400 MHz, § ppm) (CDsCN): 0.946 (t,
24H), 1.34 (bs, 16H), 1.59 (bs, 16H), 3.08 (t, 16H), 7.42 (s, 4H).

|) NaOH, MeOH X N S S N X
||) NiCl,.6H,0 Ni
iii) YBr X S/ \S F

X N N X

X =H(Ly) X =H, Y = BuyNBr (1a)
X =Ph(Ly) X =H, Y = PPh,Br (1b)
X =Ph, Y = BuyNBr (2a)
X =Ph, Y = PPh,Br (2b)
(@)
X N S
=z |) Na, MeOH
T s OO
X N S iiii) Bu4NBr
X=Cl(Ly X =Cl(@3)
X =Me (Ly) X = Me (4)
(b)

Scheme 5.3. Synthesis of nickel 6,7-quinoxaline-dithiolate complexes (a) 1a, 1b, 2a and 2b; (b) 3 and 4.

Synthesis of [BusN]2[Ni(Me;-6,7-qdt),] (4)

The dianion of 2,3-dimethyl-6,7-qdt is generated, in situ, by the reaction of 6,7-dimethyl-
1,3-dithia-5,8-diaza-cyclopenta[b]naphthalen-2-one (L) (0.100 g, 0.401 mmol) with Na
(0.046 g, 1.0 mmol) in MeOH (10mL) under nitrogen atmosphere. To the resulting clear
red solution, NiCl,:6H,0 (0.048 g, 0.201 mmol) was added; the resulting dark red solution
was stirred for 15 min at room temperature. Dark red micro crystals were precipitated by
adding tetrabutylammonium bromide (0.2 g, 0.621mmol); the micro crystals were filtered,

washed with water followed by diethyl ether, and dried at room temperature. It was
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recrystallized from acetonitrile solution by vapor diffusion with diethyl ether. Yield: 0.295
g (71.2% based on Ni). Anal. Calcd. for Cs;HgsNgSsNi: C, 63.46; H, 9.01; N, 8.54%.
Found: C, 63.25; H, 8.89; N, 8.81%. IR (KBR pellet) (u/cm'l): 2957, 2924, 2866, 1736,
1635, 1570, 1448, 1423, 1325, 1168, 1076, 989, 839, 748, 588; 'H NMR (400 MHz, ¢
ppm) (CDsCN): 0.93 (bs, 24H), 1.32 (bs, 16H), 1.58 (bs, 16H), 2.56 (s, 12H) 3.09 (bs,
16H), 8.15 (s, 4H).

5.2.4. Single Crystal Structure Determination

Single crystals suitable for facile structural determination for the compounds 1a, 1b, 2b, 3
and 4 were measured on a three circle Bruker SMART APEX CCD area detector system
under Mo-Ka (4 = 0.71073 A) graphite monochromatic X-ray beam. The frames were
recorded with an ® scan width of 0.3° each for 10 s, crystal-detector distance 60 mm,
collimator 0.5 mm. Data reduction performed by using SAINTPLUS.'® Empirical
absorption corrections using equivalent reflections performed program SADABS.'® The
Structures were solved by direct methods and least-square refinement on F? for all the
compounds by using SHELXS-97.%° All non-hydrogen atoms were refined anisotropically.
The hydrogen atoms were included in the structure factor calculation by using a riding

model.

5.3. Results and Discussion

5.3.1. Synthesis and Characterization

The synthetic route for the synthesis of four dithiolate-ligands (L;—L4) has been shown
Scheme 5.2. The intermediate precursor for the synthesis of ligands L;—L, were obtained
by the simple condensation reactions of amines (A) and (D) with respective di-ones. The
ligands L; and L, have been synthesized by the reaction of the condensed products B and
C with Na,S at 70-80 °C respectively, and followed by protonation in acidic conditions as
shown in Scheme 5.2(a). Compound 6,7-bis-thiocyanato-quinoxaline (B) was prepared by
simple condensation reaction between the 1,2-diaminobenzene-bis(thiocyanate) (A) with
glyoxal under refluxing conditions for 20 h gives a reasonable yield 71%. Compound 2,3-
diphenyl-6,7-bis-thiocyanato-quinoxaline (C) was prepared according to modified

literature procedure,20 which was obtained by a condensation reaction between the 1,2-
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diaminobenzene-bis(thiocyanate) (A) and benzil by using iodine as catalyst in acetonitrile
solution for 1 h at room temperature resulting in quantitative yield 84%.

The synthesis of dithiolate-ligands L3 and L4 have been started from the 5,6-diamino-
benzo[1,3]dithiole-2-thione (D), as shown in Scheme 5.2(b). The condensation reaction of
D with oxalic acid under refluxing conditions in MeOH solution results in the formation
of compound F, and it was subjected to chlorination with SOCI, giving thione compound
G in quantitative yield. The thione derivative G was used for the synthesis of ligand L3 by
using Hg(OAc), in CHCI; : CH;COOH (3:1) in good yield (95%) as shown in Scheme
5.2(b). In the same way, ligand L, was obtained in two steps starting from 5,6-diamino-
benzo[1,3]dithiole-2-thione (D). In the first step, 6,7-dimethyl-1,3-dithia-5,8-diaza-
cyclopenta[b]naphthalen-2-thione (E) was prepared according to modified literature
procedure,21 which was obtained by the condensation reaction of 5,6-diamino-
benzo[1,3]dithiole-2-thione (C) with butane-2,3-dione in acetic acid at refluxing
conditions in quantitative yields [Scheme 5.2(b)]. In the second step of the synthesis, the
1,3-dithia-2-thione derivative (E) was converted into corresponding 1,3-dithia-2-one
derivative (L4) by using Hg(OAc), in CHCI; : CH3COOH (3:1) in good yield (98%) as
presented in Scheme 5.2(b). All the newly synthesized materials have been characterized
by NMR spectroscopy including elemental and LC-MS analyses.

Synthesis of metal complexes was performed through a general common procedure,
similar to previously described procedures® as shown in Scheme 5.3(a) and 5.3(b). The
{X26,7qdt}* ions are generated, in situ, by the reaction of ligands (Li—Ls) in basic
medium containing MeOH solution, which are reacted with nickel chloride salt resulting
in the formation of the respective nickel complexes and precipitated as
tetrabutylammonium salts by the addition of BusNBr [compounds 1a, 2a, 3, and 4].
Tetraphenylphosphonium bromide was added instead of adding tetrabutylammonium
bromide for the precipitation of nickel complexes of ligands L; and L, resulting in the
complexes of 1b and 2b, respectively as shown Scheme 5.3(a). Metal complexes 1a, 1b,
2a, 3 and 4 were recrystallized from acetonitrile solution by the vapour diffusion of diethyl
ether. Complex 2b was recrystallized from DMF solution by the vapour diffusion of
diethyl ether. Crystals of compounds 1a, 1b, 2b, 3 and 4 have been characterized by single

crystal X-ray structure determination. But the crystals of compound 2a were not suitable
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for single crystal X-ray structure analysis. All the complexes have been further

characterized by NMR spectroscopy including their elemental analysis.

5.3.2. Electronic Absorption Spectroscopy

Effect of the Nature of the Substitution on the Absorption

The electronic absorption spectra of complexes 1a, 2a, 3 and 4 in MeOH solutions are
shown in Figure 5.1(a). The broad bands are observed in the visible region centered at
~588 nm (¢ = 35000 L mol*cm™), ~607 nm (¢ = 21,000 L mol*ecm™), ~610 nm (¢ =
34,600 L mol*cm™) and ~547 nm (e = 24,200 L mol™*cm™) for complexes 1a, 2a, 3 and 4,
respectively. These broad bands are due to the charge transfer (CT) transitions involving
electronic excitation from a HOMO which is a mixture of dithiolate (z) and metal (d)
orbital character to a LUMO which is a =* orbital of the dithiolate, which are
characteristics of metal(Il) bis (dithiolene) complexes.?®**? Interestingly, this CT band
alters the energy of absorption, by simple changing of phenyl, chloro and methyl
substitutions to the dithiolate core moiety present in complex 1a, resulting in complexes
2a, 3 and 4, respectively [Scheme 5.1(a)]. The electron donating group such as methyl
present in the complex 4 compared to the hydrogen present in complex 1a, results in
variation of CT band absorption maxima shifts to higher energy region in different
solvents as well as in solid state (Table 5.1). In other words, the electron withdrawing
groups, such as, phenyl and chloro substituents present in complexes 2a and 3,
respectively, compared to hydrogen present in the complex 1a, results in shift of CT band
absorption maxima shifts to lower energy region in various solvents as well as in solid-
state (Table 5.1).

Thus the red shift of the both complexes 2a and 3 depends upon electron withdrawing
capability. By changing it to a more electron withdrawing chloro substituent compared to
the phenyl group, position of the absorption maxima shifts to more towards to red region.
From this, we conclude that the electron donating groups alters the position of the
absorption maxima shifts to blue region and electron-withdrawing groups, alter the
position of the absorption maxima shifted to red region. The maximum shifts are observed
for all the complexes in diffuse reflectance spectra rather than in solution state as shown in

Table 5.1, and the diffuse reflectance spectra of compound 1a, 2a, 3 and 4 as shown in
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Figure 5.1. (a) Electronic absorption spectra in solution (MeOH) and (b) diffuse reflectance of solid
compounds 1a, 2a, 3 and 4.
Figure 5.1(b). By the substitution of electron donating group such as methyl- to the
dithiolene core moiety may decreases the charge acceptor ability and results in blue shift.
On the other hand, electron withdrawing groups such as phenyl- and chloro- substitutions
lead to red shifts, probability due to the increasing charge acceptor ability by decreasing

the electron density on the dithiolene core moiety. Among two electron withdrawing
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groups, phenyl- and chloro- substituents, and the latter one has more withdrawing nature
and decreases the more electron density on dithiolene core, consequently causes more red
shift. Furthermore, the CT bands of all these complexes are sensitive to the solvent
polarity of the solvents as shown in Table 5.1. In DMF and acetone solvents, the CT bands
are observed lower energy region, on other hand in DCM and acetonitrile solvents the CT

bands absorbs at higher energy region for all the complexes 1a, 2a, 3 and 4.

Table 5.1. Nature of the electron donating and withdrawing groups influences the shifting
of absorption position maxima of the CT bands in the visible region

S.No Solvent/Solid CT band of the compounds, Amax (NM)
la 2a 3 4
1 MeOH 588 607 609 547
2 DCM 593 623 642 560
3 Acetonitrile 593 624 640 566
4 DMF 619 662 707 593
) Acetone 619 660 709 589
6 Solid-state 595 654 728 533

Comparison of Electronic Absorption Properties Between the [BusN]2[Ni(6,7-qdt);]
(1a) and [BusN]2[Ni(qdt),]

The absorption spectra of the compounds [BusN]2[Ni(6,7-qdt);] (la) and
[BusN]2[Ni(gdt),] in MeOH is shown in Figure 5.2(a). The dominated broad bands in the
visible region centered at ~588 nm (¢ = 35000 L mol*cm™) and ~540 nm (¢ = 17900 L
mol*cm™) for complex 1a and [BusN]2[Ni(qdt),] are due to the charge transfer (CT)
transitions. The CT band of the compound (present system) in the visible region absorbs at
considerably lower energy with the large molar extension coefficient value (Amax = 588
nm, ¢ = 35000 L mol™cm™ in MeOH) as compared to the metal complexes of qdt ligand
{[(Ni(qdt)]*, Amax = 540 nm, & = 17900 L mol*ecm™ in MeOH, [(Pd(qdt)]*", Amex = 441
nm, & = 21300 L mol™*cm™ in MeOH, [(Pt(qdt)]*", Amax = 510 nm, & = 19600 L mol™*cm™
in MeOH}.*** The comparison of this situation for two kinds of nickel complexes was

made in Figure 5.2(a).
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Figure 5.2. (a) Electronic absorption spectra for the compounds la and [BusN];[Ni(qdt),] in MeOH
solutions (CT band normalized to 1); (b) Diffuse reflectance spectra of the compounds la and

[BusN]2[Ni(qdt),].

The effect of solvent polarity on the absorption bands in the visible region for the
complex 1a is shown in Figure 5.3(a). The CT band is sensitive to the solvent polarity,
shifting significantly to higher energy region in less polar solvents, which is further
considerable charge-transfer character. The same phenomena is also observed for the
(BusN)2[Ni(gdt),] complex, which is shown in Figure 5.3(b). In polar aprotic solvents, the
CT band for the (BusN)2[Ni(gdt),] possess two well resolved maxima in the visible region.

It is worth mentioning that, in MeOH (protic solvent), the band is not resolved but
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observed as broad band for (BusN):[Ni(qdt),]. But in the case of complex 1a, the CT
bands show only broad bands in the visible region. The diffuse reflectance spectra of
complex 1a and (BusN).[Ni(qdt),] are shown in Figure 5.2(b). The observed bands in the
visible region match exactly with the solution spectra of the both compounds. Complex 1a
shows a very broad band centered at 592 nm but the complex (BusN)2[Ni(qdt).] absorbs at
535 nm along one shoulder at 645 nm in the diffuse reflectance spectra.
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Figure 5.3. (a) Electronic absorption spectra (normalized to 1) of (a) complex [BusN]o[Ni(6,7-qdt);] (1a)
and (b) complex [BusN]z[Ni(qdt),] in different solvents.
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5.3.3. Electrochemical Studies

Effect of the Nature of the Substitution on the Electrochemical Properties

Interestingly, complexes 1a, 2a, 3 and 4 undergo reversible oxidation at very low
oxidation potentials in MeOH solutions as shown in Figure 5.4. The first oxidation
potentials appears at E;, = +0.12 V vs Ag/AgCl (AE = 74 mV), Ei, =+0.033 V (AE = 65
mV), Eip = +0.18 V (AE = 77 mV) and Ej, = +0.044 V (AE = 89 mV) vs Ag/AgCl,
corresponds to the di-anionic complex to mono-anionic complex for the complexes 1a, 2a,
3 and 4, respectively. The electrochemical properties (the first oxidation potentials) of the
present system [BusN]2[Ni(X26,7-qdt);] are dependent on the nature of the electron
donating / withdrawing groups attached to the 6,7-quionaxaline dithiolene core moiety.
From these results, we conclude that the ligand must be participating to a large extent in
electron transfer processes. In addition to this, complexes 1a, 2a, 3 and 4, show some
irreversible oxidations as shown in Table 5.2 and the respective CV diagrams are shown in

Figure 5.5.
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Figure 5.4. Cyclic voltammograms of compounds 1a, 2a, 3 and 4 in MeOH solutions at scan rate 50 mV s,
V vs Ag/AgCI.
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Table 5.2. Electrochemical data of the compounds 1a, 2a, 3 and 4.

la 2a 3 4
E'1.”(V) +0.12(rev) +0.033(rev) +0.18(rev) +0.044(rev)
E2™ (V) +0.27(irr) — +0.32(irr) —
B3 (V) +0.58(irr) +0.36(irr) +0.49(irr) +0.57(irr)
6.0n 2.0p
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Figure 5.5. Cyclic voltammogram of compounds 1a, 2a, 3 and 4 in TBAP/MeOH at a scan rate 50 mV s™.

Comparison of Electrochemical Properties Between the [BusN]2[Ni(6,7-qdt);] (1a)
and [BusN]2[Ni(qdt),]

Interestingly, complex 1a undergoes reversible oxidation at very low oxidation potential
compared to the [Ni(qdt),]*" in MeOH solutions as shown in Figure 5.6. This shows Ej/; =
+0.12 V vs Ag/AgCl (AE= 74 mV), that corresponds the [Ni(6,7-dt)2]" [Ni(6,7-dt),]*
redox couple for the complex 1a. But the first oxidation for the complex (BusN)2[Ni(qdt)2]
appears at Eyp = +0.41 V vs Ag/AgCl (AE= 89 mV), that corresponds the [Ni(qdt)2]'”

[Ni(qdt).]*" redox couple in the electrochemical scale. This clearly indicates that complex
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la is easily oxidized from di-anion to mono-anion compared to the (BusN)z[Ni(qdt).]
complex. This means that the ligand {6,7-qdt}*" is more electron releasing towards the
metal ion than the {qdt}*" ligand. Thus the location of the ring nitrogen atoms of {qdt}*"

lignad can tune the redox potential of the concerned complex.
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Figure 5.6. Cyclic voltammograms of compounds 1a and [BusN],[Ni(gqdt),] in TBAP/MeOH at a scan rate
50 mv s™.

5.3.4. X-ray Crystallographic Studies

Crystal Structure Description of [BusN]2[Ni(6,7-qdt),] (1a)

The crystals of compound 1a, suitable for single crystal X-ray structure determination,
were obtained from acetonitrile solution by vapor diffusing with diethyl ether. Compound
la crystallizes in monoclinic space group P2;/c. The relevant asymmetric unit contains
half molecule of [BusN]2[Ni(6,7-qdt),] (1a) as shown in Figure 5.7. The crystallographic
parameters, data collection and structure refinement of the compounds 1a are summarized
in Table 5.3. Selected bond lengths and angles for the compounds 1a are listed in Table
5.5. In the complex anion [Ni(6,7-qdt),]*", the geometry around the Ni®* ion, which is
coordinated by four sulfur atoms from two 6,7-qdt ligands, is almost square planar because
S—Ni-S coordination angles are in the range of 88.41(13)° to 91.59(13)° (close to 90°) and
there is no deviation between two 6,7-qdt planes. These coordination angles are

comparable to the coordination angles in nickel-qdt complex [Ni(qdt),]*" [88.33(5)° and
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Figure 5.7. Thermal ellipsoidal plot of the asymmetric unit of compound [BuyN],[Ni(6,7-qdt),] (1a), that
contains one tetrabutylammonium cation and half molecule of [Ni(6,7-qdt),]* ion. Hydrogen atoms are not
shown for clarity (50% probability).
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Figure 5.8. View of the asymmetric unit of [BusN],[Ni(6,7-qdt),] (1a) (solid lines) (some of the hydrogen
atoms are removed for clarity) showing all the H-bonding intermolecular cation-anion contacts and anion-
anion contacts with other surrounding moieties (dotted lines).

91.67(5)°]."" The average bond distance of Ni-S in the present study is 2.165+0.003 A,
which is slightly shorter than average bond distance of Ni-S (2.175+0.010 A) in nickel-
qdt complex [Ni(qdt).]*~.*" In the crystal structure of compound 1a, both cation [BusN]*
and anion [Ni(6,7-qdt);]*" are involved in an extensive C—H--S and C—H---N hydrogen

bonding interactions resulting in a three dimensional supramolecular network (vide infra).
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©

Figure 5.9. (a) One-dimensional supramolecular chain of [BusN],[Ni(6,7-qdt),] (1a) characterized by
C-H---N weak interactions; (b) One dimensional supramolecular chain of [BusN],[Ni(6,7-qdt),] (1a)
characterized by two C—H---N (N1 and N2 positioned at 2-x, 1-y, -z and X, 0.5-y, 0.5+z symmetry) H-
bonding interactions; (c) Three dimensional supramolecular network of [BusN],[Ni(6,7-qdt),] (1a)
characterized by C—H---N and C-H---S weak interactions, when viewed down to the crystallographic b axis.

(178)



Chapter-5

A view of the building unit for the formation of supramolecular network of
[BusN]2[Ni(6,7-qdt),]*~ (1a), with the evidence of all the H-bonding intermolecular cation-
anion and anion-anion contacts, is shown in Figure 5.8. The relevant hydrogen bonding
geometrical parameters are listed in the Table 5.6. The C—H---N (N1 positioned at 2-x, 1-y,
-z symmetry) hydrogen bonding contact between the anions results in a one-dimensional
supramolecular chain, as shown in Figure 5.9(a). This supramolecular chain involves
C—H---N hydrogen bonding interactions with surrounding tetrabutylammonium cations as
shown in Figure 5.9(b). Each tetrabutylammonium cation is characterized by three H-bond
contacts with three surrounding anions as shown in Figure 5.8; two of them are described
as C—H---S interactions with S1 atoms of two distinct anions, positioned at x, y, z+1 and x-
1, y, z+1 symmetries respectively. The remaining one is described as C—H---N weak
interaction with N2 atom of other anion positioned at x, 0.5-y, 0.5+z symmetry. The weak
H-bonding interactions between cation and anion due to ionic nature of compounds may
induce the charge effect. The effective combination of the C—H---S and C—H---N hydrogen
bonding interactions in the crystal structure results in a three-dimensional supramolecular

network as shown in Figure 5.9(c), that is viewed down to crystallographic b axis.

Crystal Structure Description of [PPh4]2[Ni(6,7-qdt),] (1b)

The crystals of compound 1b, suitable for single crystal X-ray structure determination,
were obtained from acetonitrile solution by the vapour diffusion of diethyl ether.
Crystallographic analysis revealed that compound 1b crystallizes in monoclinic form with
space group C2/c whereas compound 1a crystallizes in P2(1)/c. The relevant asymmetric
unit of the compound 1b contains half molecule of [Ni(6,7-qdt),]> anion and one
tetraphenylphosphonium cation. Thermal ellipsoid diagram of compound 1b containing
the anion complexic unit is shown in Figure 5.10(a). The crystallographic parameters, data
collection and structure refinement of the compounds 1b are summarized in Table 5.3.
Selected bond lengths and angles for the compounds 1b are listed in Table 5.5.
Eventhough, both complexes 1a and 1b form almost square planar geometry around the
Ni** ion, which is coordinated by four sulphur atoms from two 6,7-qdt ligands between the
two SMS planes, but there is a more deviation in the planar nature of the dithiolate-chelate
present in the complex 1b, which shows less deviation in the case of complex 1la, as

shown in Figures 5.10(b) and 5.10(c). The coordination angles are in the range of
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88.41(13)°-91.59(13)° in complex 1a, and 88.65(4)°-91.35(4)° in complex 1b, which are
very close to 90.0° and other coordination angles are 180.0° in both the complexes 1a and
1b, which are not deviated. The bending deviation (1) between the SMS plane and SCCS
plane are characterized by the angle of 11.93° present in the {Ni1S1S2C1C2} chelate of
the complex 1b, whereas in complex 1a this bending deviation is 1.88°. The deviation in
the planar nature of the dithiolate-chelate may be due to the more bulkiness of
tetraphenylphosphonium counter cations present in complex 1b, compared to the

tetrabutylammonium cations present in complex 1a.

(©

Figure 5.10. (a) Thermal ellipsoidal diagram of compound 1b containing complexic unit (40% probability);
and side view representation of complexes (b) 1b and (c) 1a.

In the crystal structure of compound 1b, both cation [BusN]* and anion [Ni(6,7-qdt),]*
are involved in C—H---S and C—H---N hydrogen bonding interactions resulting in a one
dimensional supramolecular network (vide infra). A view of the building unit for the
formation of supramolecular network of [BusN]2[Ni(6,7-qdt)2]*~ (1), with the evidence of
all the H-bonding intermolecular cation-anion and anion-anion contacts, is shown in

Figure 5.11(a). The relevant hydrogen bonding geometrical parameters are listed in the
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Table 5.6. The C—H---N (N1 positioned at -x, y, 0.5-z symmetry) hydrogen bonding
contact between the anions results in a one-dimensional supramolecular chain. This
supramolecular chain engages C-H---S weak hydrogen bonding interactions with

surrounding tetraphenylphosphonium cations as shown in Figure 5.11(b).

(b)

Figure 5. 11. (a) View of the asymmetric unit of [BusN],[Ni(6,7-qdt),] (1b) (thick solid lines) (some of the
hydrogen atoms are removed for clarity) showing all the H-bonding intermolecular cation-anion and anion-
anion contacts (dotted lines) with other surrounding moieties (thin solid lines); (b) One dimensional
supramolecular chain of compound 1b characterized by C—H--N and C—H---S weak interactions.

Crystal Structure Description of [PPh4]2[Ni(Ph26,7-qdt),] (2b)
The crystals of compound 2b, suitable for single crystal X-ray structure determination,
were obtained from DMF solution by the vapor diffusion of diethyl ether. Crystallographic

analysis revealed that compound 2b crystallizes in monoclinic space group C2/c.
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(b)

Figure 5.12. (a) Thermal ellipsoidal diagram of asymmetric unit of the compound 2b (50% probability) (the
two disordered DMF molecules and hydrogen atoms are removed for clarity; (b) The disordered two DMF
solvent molecules (we could not perform anisotropic corrections).

The crystallographic parameters, data collection and structure refinement of the
compounds 2b are summarized in Table 5.3. Selected bond lengths and angles for the
compounds 2b are listed in Table 5.5. The relevant asymmetric unit of the compound 2b
contain one molecule of [Ni(Ph,6,7-qdt),]> anionic complex and two

tetraphenylphosphonium cations as shown Figure 5.12(a). In addition to this, three DMF
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Figure 5.13. (a) Thermal ellipsoidal diagram of compound 2b containing complexic unit (50% probability);
and its (b) sideview representation; (c) one dimensional supramolecular chain of compound 2b characterized
by C—H---N and C-H---S weak interactions.

solvent molecules are crystallized in the crystal structure of the compound 2b, in which,
two of them are present in two fold axis of symmetry. These two DMF solvent molecules
suffer from significant disorder; due to this we could not perform anisotropic refinement
for these two solvent molecules as shown in Figure 5.12(b). Thermal ellipsoidal diagram
of the [Ni(Ph.6,7-qdt),]>" anion in compound 2b is shown in Figure 5.13(a). The
dihedral angle between the two SMS planes is 2.70° and the geometry around the Ni%* ion,

which is coordinated by four sulfur atoms from two {Ph,6,7-qdt}*" ligands shows slightly
(183)



Nature of the substituent...

distorted from square planar geometry as shown in Figure 5.13(b). The coordination
angles are in the range of 177.81(6)°-178.36(6)° and 88.51(5)°-91.51(5)°, which are
slightly deviated from angles of 180.0° and 90.0° respectively. In addition to the dihedral
angle, complex 2b shows bending deviations in the planar nature of the dithiolate-chelates.
The bending deviations (1) between the {SINilS2} and {S1CIC2S2} planes, and
{S3Nil1S4} and {S3C21C2254} planes, are characterized by the angles of 5.80° and 0.26°
present in {Ni1S1S2C1C2} and {Ni1S3S4C21C22} dithiolate-chelates, respectively. The
crystal structure of the compound 2b is characterized by three C—H---S weak interactions
and one C—-H---N weak interaction between the anion and cations resulting in a one
dimensional supramolecular chain as shown Figure 5.13(c). The relevant hydrogen
bonding geometrical parameters are listed in the Table 5.6. The weak C—H---S interactions
may causes in the deviation in the dihedral angles around the metal ion and bending

deviation of dithiolate-chelated ring.

Crystal Structure Description of [BusN]2[Ni(Cl6,7-gdt),] (3)

The crystals of compound 3, for single crystal X-ray structure determination, were
recrystallized from acetonitrile solution by the vapour diffusion of diethyl ether. X-ray
crystal structure analysis shows that compound 3 crystallizes in monoclinic space group
P2(1)/c. The crystallographic parameters, data collection and structure refinement of the
compounds 3 are summarized in Table 5.4. Selected bond lengths and angles for the
compounds 3 are listed in Table 5.5. The relevant asymmetric unit of the compound 3
contains half molecule of [Ni(CL6,7-qdt);]* anion and one molecule of
tetrabutylammonium cation. The thermal ellipsoidal diagram of the [Ni(Cl,6,7-qdt),]*
anion present in the compound 3 is shown in Figure 5.14(a). Because of the poor quality
of the crystal, tetrabutylammonium cation present in the crystal structure of the compound
3 suffers significant disorder problem as shown Figure 5.15. Due to this, we could not
study weak interactions between the cations and anions. Despite of few attempts of the
recrystallization in various techniques, we could not get better quality of the single crystals
of this compound. In the anion of the complex 3, the geometry around the Ni?* ion, which
is coordinated by four sulfur atoms from two {Cl.6,7-qdt} ligands, shows approximately
square planar geometry, because the coordination angles are in the range of and

88.42(10)°-91.58(10)° which are very close to 90.0° and other coordination angles are
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180.0° without any deviation as shown in Figure 5.14(b). However, there is a deviation in
the planar nature of the dithiolene-ligand (chelate) present in the complex 3. The bending
deviation (1) between the SMS plane and SCCS plane are characterized by the angle of
5.32° present in the {Ni1S1S2C1C2} chelate containing the complex 3.

(b)

Figure 5.14. Thermal ellipsoidal diagram of compound 3 containing complexic unit (20% probability); and
its (b) side view representation.

Figure 5.15. Thermal ellipsoidal diagram of asymmetric unit of the compound 3 (20% probability)
(tetrabutylammonium cation present in the crystal structure suffers significant disorder problem, Hydrogen
aoms removed for clarity).
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Crystal Structure Description of [BusN]2[Ni(Me26,7-qdt).] (4)

The crystals of compound 4, suitable for single crystal X-ray structure determination, were
obtained from acetonitrile solution by the wvapour diffusion of diethyl ether.
Crystallographic analysis revealed that compound 4 crystallizes in monoclinic space group
P-1. The crystallographic parameters, data collection and structure refinement of the
compounds 4 are summarized in Table 5.4. Selected bond lengths and angles for the
compounds 4 are listed in Table 5.5. The relevant asymmetric unit of the compound 4
contains one molecule of [Ni(Mex6,7-qdt),]>~ anion and two molecules of
tetrabutylammonium cations. The thermal ellipsoidal diagram of the [Ni(Me;6,7-qdt),]*

anion present in the compound 4 is shown in Figure 5.16(a).

(b)

Figure 5.16. (a) Thermal ellipsoidal diagram of compound 4 containing complexic unit (40% probability);
and its (b) side view representation.

In the anion of the complex 4, the geometry around the Ni** ion, which is coordinated
by four sulfur atoms from two {Me6,7-qdt}*" ligands, shows distorted from square planar
geometry between the two SMS planes with a dihedral angle of 4.87°, because the
coordination angles are in the range of 175.30(5)°-177.89(5)° and 87.93(4)°-91.22(4)°
which are deviated from 180.0° and 90.0°, respectively. As shown in Figure 5.16(b), the
distortion of the NiS4 from square planar geometry clearly has shown the side view of
anionic complex 4, whereas complexes 1a and 1b do not show any distortion from square
planar geometry as clearly shown by their side view diagrams of the complexes. The
reason for the distortion from the square planar geometry may be due to involvement the

sulfur atoms in an extensive C—H---S hydrogen bonding interactions, present in the
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(b)

Figure 5.17. (a) Anionic complexic unit of the compound 4 (thick solid lines) showing all the H-bonding
intermolecular cation-anion contacts (dotted lines) with other surrounding cations (thin solid lines); (b) View
of the asymmetric unit of compound 4 (thick solid lines) (some of the hydrogen atoms are removed for
clarity) showing all the H-bonding intermolecular cation-anion contacts (dotted lines) with other surrounding
moieties (thin solid lines).

complex 4 compared to the previous complexes 1a and 1b, with less involvement of sulfur
atoms in C—H---S hydrogen bonding interactions with surrounding tetrabutylammonium
cations. Along with the more dihedral angle, complex 4 suffer from the bending deviations
in the planar nature of the dithiolate-chelates. The bending deviations (1) between the

{S1Ni1S2} and {S1C1C6S2} planes, and {S3NilS4} and {S3C11C16S4} planes, are

(187)



Nature of the substituent...

characterized by the angles of 6.24°and 4.53° present in {NilS1S2C1C6} and
{Ni1S3S4C11C16} dithiolate-chelated rings, respectively.

In the crystal structure of the compound 4, each dithiolate anionic complex containing
three out of four sulfur atoms are characterized by six C—H---S hydrogen bonding contacts
with four surrounding [BusN]" cations and one C—H---N hydrogen bonding contact with
one [BusN]" cation as shown Figure 5.17(a). The asymmetric unit of the crystal structure
contains two types of [BusN]" cations, described by six C—H---S hydrogen-bond contacts
with three surrounding anions and one C—H---N hydrogen-bonding contact with one anion
is shown in Figure 5.17(b). The relevant hydrogen bonding geometrical parameters are
listed in the Table 5.6. The effective combination of C—H---S and C—H---N weak hydrogen
bonding interactions between the cation and anions are results in a two dimensional

supramolecular network as shown in Figure 5.18.

,'1‘,»

Figure 5.18. Three dimensional supramolecular network of compound 4 is characterized by C—H---N and
C—H---S weak interactions.
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Table 5.3. Crystal Data and Structural Refinement for Compounds 1a, 1b and 2b

la 1b 2b
Empirical formula C48H80N684Ni C64H48N4P284Ni C97H85N703P284Ni
Formula weight 928.13 1121.95 1645.61
TI[K], A [A] 100(2), 0.71073 100(2), 0.71073 100(2), 0.71073
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2(1)/c C2/c C2/c
a[A] 8.1456(8) 26.993(2) 19.6540(12)
b [A] 16.3363(15) 13.2302(9) 19.3493(12)
c[A] 18.6154(17) 16.4171(11) 41.897(3)
o [deg] 90.000 90.000 90.000
/3 [deg] 93.100(10) 117.476(2) 102.767(10)
Y[ deq] 90.000 90.000 90.000
VvV [A%] 2473.5(4) 5201.6(7) 15539.2(17)
Z, Deaic [Mg m*] 2,1.246 4,1.433 8, 1.407
u [mm*], F[000] 0.600, 1004 0.643, 2328 0.459, 6896
Crystal size [mm°] 0.58 x 0.20 x 0.14 0.46 x 0.20 x 0.08 0.50 x 0.26 x 0.04
0 range for data collection [deg]  1.66 to 26.00 1.70 to 26.48 1.50to0 26.03
Reflections collected / unique 25078/4833 27521/5393 79828/15262
R(int) 0.0269 0.0548 0.0862
Data / restraints /parameters 4833/0/272 5393/0/340 15262/ 0/ 972
Goodness-of-fit on F? 1.059 1.112 1.112
Ri/WR; [1> 26(D)] 0.0291/0.0727 0.0804/0.1970 0.0875/0.1805
R1/wWR; (all data) ) 0.0304/0.0736 0.0921/0.2052 0.1120/0.1924
Largest diff. Peak/hole [e A™%] 0.317/-0.344 1.834/-0.449 0.821/-0.984

Table 5.4. Crystal Data and Structural Refinement for Compounds 3 and 4

3 4
Empirical formula C43H76N684C|4Ni C52H88N684Ni
Formula weight 1065.94 984.23
TIK], A [A] 100(2), 0.71073 100(2), 0.71073
Crystal system Monoclinic Triclinic
Space group P2(1)/c P-1
a[A] 13.8484(15) 13.0326(11)
b [A] 8.5484(9) 14.3918(12)
c [A] 22.521(3) 15.8859(13)
a [deg] 90.000 114.6950(10)
B [deg] 101.239(3) 94.4320(10)
y[deq] 90.000 100.2510(10)
Vv [A7] 2614.9(5) 2625.3(4)
Z, Deac [Mg m?] 2,1.262 2,1.245
u [mm*], F[000] 0.771, 988 0.569, 1068
Crystal size [mm°] 0.24 x 0.10 x 0.06 0.38 x 0.10 x 0.06
6 range for data collection [deg] 1.50t0 24.94 1.4310 26.08
Reflections collected / unique 23914/4580 27356/10289
R(int) 0.0771 0.0554
Data / restraints /parameters 4580/0/286 10289/0/580
Goodness-of-fit on F? 1.249 1.089

RJ/WR, [1> 26(1)]
R1/WR, (all data) )
Largest diff. Peak/hole [e A™%]

0.1690/0.3640
0.1830/0.3733
1.377/-0.791

0.0786/0.1801
0.1049/0.1942
1.910/-0.451
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Table 5.5. Selected Bond Lengths and Bond Angles for compounds 1a, 1b, 2b, 3and 4

Ni(1)-S(1)
Ni(1)-S(2)
S(1)-Ni(1)-S(1)#1
S(1)#1-Ni(1)-S(2)
S(1)#1-Ni(1)-S(2)#1
C(6)-S(2)-Ni(1)

Ni(1)-S(2)#1
Ni(1)-S(1)#1
S(2)#1-Ni(1)-S(2)
S(2)-Ni(1)-S(1)#1
S(2)-Ni(1)-S(1)
C(1)-S(1)-Ni(1)

Ni(1)-S(1)
Ni(1)-S(2)
S(1)-Ni(1)-S(4)
S(4)-Ni(1)-S(2)
S(4)-Ni(1)-S(3)
C(1)-S(1)-Ni(1)
C(22)-S(4)-Ni(1)

Ni(1)-S(2)
Ni(1)-S(1)#2
S(2)-Ni(1)-S(2)#2
S(2)#2-Ni(1)-S(1)#2
S(2)#2-Ni(1)-S(1)
C(1)-S(1)-Ni(1)

Ni(1)-S(4)
Ni(1)-S(1)
S(4)-Ni(1)-S(2)
S(2)-Ni(1)-S(1)
S(2)-Ni(1)-S(3)
C(1)-S(1)-Ni(1)
C(16)-S(4)-Ni(1)

Compound la

2.1662(4)
2.1699(3)
180.000(8)
88.409(13)
91.590(13)
105.48(5)

Ni(1)-S(1)#1
Ni(1)-S(2)#1
S(1)-Ni(1)-S(2)
S(1)-Ni(1)-S(2)#1
S(2)-Ni(1)-S(2)#1
C(1)-S(1)-Ni(1)

Compound 1b

2.1578(11)
2.1664(12)
180.00(6)
88.65(4)
91.35(4)
104.89(15)

Ni(1)-S(2)
Ni(1)-S(1)
S(2)#1-Ni(1)-S(1)#1
S(2)#1-Ni(1)-S(1)
S(1)#1-Ni(1)-S(1)
C(2)-S(2)-Ni(1)

Compound 2b

2.1592(13)
2.1746(13)
178.36(6)
88.53(5)
91.48(5)
105.29(16)
105.56(16)

Compound 3

2.160(3)
2.163(3)
179.998(1)
91.58(10)
88.42(10)
105.8(4)

Compound 4

2.1599(12)
2.1699(12)
177.89(5)
90.83(4)
90.15(4)
105.77(14)
105.91(15)

Ni(1)-S(4)
Ni(1)-S(3)
S(1)-Ni(1)-S(2)
S(1)-Ni(1)-S(3)
S(2)-Ni(1)-S(3)
C(21)-S(3)-Ni(1)
C(2)-S(2)-Ni(1)

Ni(1)-S(2)#2
Ni(1)-S(1)
S(2)-Ni(1)-S(1)#2
S(2)-Ni(1)-S(1)
S(1)#2-Ni(1)-S(1)
C(2)-S(2)-Ni(1)

Ni(1)-S(2)
Ni(1)-S(3)
S(4)-Ni(1)-S(1)
S(4)-Ni(1)-S(3)
S(1)-Ni(1)-S(3)
C(6)-S(2)-Ni(1)
C(11)-S(3)-Ni(1)

2.1662(4)
2.1700(3)
91.591(13)
88.410(13)
180.0
105.63

2.1578(11)
2.1665(12)
91.35(4)
88.65(4)
180.00(4)
104.92(15

2.1622(13)
2.1746(13)
91.54(5)
88.51(5)
177.81(6)
105.61(15)
105.24(16)

2.160(3)
2.163(3)
88.42(10)
91.58(10)
180.0
105.4(4)

2.1675(12)
2.1786(12)
87.93(4)
91.22(4)
175.30(5)
105.55(14)
105.20(15)

Symmetry transformations used to generate equivalent atoms: #1 -x+1/2,-y+3/2,-z+1; #2 -X+2,-y+2,-z.
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Table 5.6. Hydrogen Bonds for Compounds 1a, 1b, 2b and 4

D-H--A d(D---H) d(H--A) d(D--A) <(DHA)
Compound 1a
C(13)-H(13A)...N(2)* 0.97 2.70 3.4778(17) 137.6
C(7)-H(7)..NQ1)" 0.93 2.66 3.2852(18) 124.8
C(21)-H(21A)...5(1)° 0.97 2.83 3.7573(13) 161.3
C(9)-H(9A)...S(1)" 0.97 2.77 3.6759(13) 155.3
Compound 1b
C(3)-H(3)...N(2)° 0.93 2.61 3.531(6) 170.1
C(22)-H(22)...5(2) 0.93 2.88 3.650(6) 141.4
Compound 2b
C(76)-H(76)...5(2)" 0.93 2.99 3.769(6) 142.9
C(61)-H(61)...S(1)" 0.93 2.94 3.801(5) 154.8
C(60)-H(60)...S(3)" 0.93 291 3.722(5) 147.3
C(54)-H(54)...0(1)° 0.93 2.62 3.469(6) 152.9
C(48)-H(48)...0(1)° 0.93 2.68 3.583(6) 164.6
C(50)-H(50)...N(4)" 0.93 2.72 3.576(6) 153.8
C(12)-H(12)...0(2)' 0.93 2.68 3.316(6) 125.8
Compound 4
C(25)-H(25A)...S(2) 0.97 2.86 3.814(4) 167.1
C(21)-H(21A)...S(4)" 0.97 2.88 3.778(4) 154.4
C(46)-H(46B)...S(1) 0.97 2.76 3.669(4) 156.9
C(49)-H(49B)...S(4) 0.97 2.83 3.780(4) 166.9
C(38)-H(38A)...N(3)" 0.97 2.64 3.584(6) 163.6
C(37)-H(37B)...S(2)" 0.97 2.65 3.609(4) 169.5
C(31)-H(31B)...S(2)" 0.97 2.90 3.785(5) 152.1

Symmetry transformations used to generate equivalent atoms: Symmetry transformations used to generate
equivalent atoms: a) x,-y+1/2,z+1/2; b) -x+2,-y+1,-z; ¢) x-1,y,z+1; d) x,y,z+1; €) -X,y,-z+1/2; f) x,y-1,z; Q)
X,-y+1,z+1/2; h) x+1/2,y-1/2,z; i) X,y,z+1; K) -x+1,-y+1,-z+1; I) -x+1,-y+1,-z; m) X,y+1,z; n) X-1,y+1,z.
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5.4. Conclusions

In design of new quinoxaline dithiolate ligands and its metal complexes, we have
synthesized a new series of square-planar nickel-bis(quinoxaline-6,7-dithiolate) complexes
with the general formula [BusN]2[Ni(X26,7-qdt),], where X = H (1a), Ph (2a), Cl (3) and
Me (4). Solution and solid state absorption spectra of all these compounds show broad
bands in the visible region which are due to the charge transfer (CT) transitions involving
electronic excitation from a HOMO which is a mixture of dithiolate (z) and metal (d)
orbital character to a LUMO which is a z* orbital of the dithiolate, that are characteristics
of metal(ll) bis(dithiolene) complexes.”*** Interestingly, the absorption position maxima
of these bands are strongly influenced by the nature of the electron donating / withdrawing
groups attached to the 6,7-quionaxaline dithiolene core moiety. Cyclic voltammetric
studies of complexes 1a, 2a, 3 and 4 undergo reversible oxidation at very low oxidation
potentials compared to the existing Ni-qdt system (qdt = quinoxaline-2,3-dithiolate)
corresponding to the di-anionic complexes to mono-anionic complexes, in MeOH
solutions. This is probably due to the position of the nitrogen atom present in the qdt
systems (qdt versus 6,7-qdt) that causes the difference in the withdrawing ability on the
electron density in the vicinity of the metal atom. We also have described that the
comparison studies of electronic and electrochemical properties between the nickel
complexes of 6,7-qdt system and nickel complex of existed qdt-(quinoxaline2,3-dithiolate)
system. The electrochemical properties (the first oxidation potentials) of the present
system [BusN]2[Ni(X,6,7-qdt),] are dependent on the nature of the electron donating /
withdrawing groups attached to the 6,7-quionaxaline dithiolene core moiety. From these
results, we conclude that the ligand must be participating to a large extent in electron

transfer process.

(192)



Chapter-5

5.5. References

1. Karlin, K. D.; Stiefel, E. I. Prog. Inorg. Chem. John Wiely, New York, 2004,
Volume 52.

2. (a) Kato, R. Chem. Rev. 2004, 104, 5319-5346. (b) Mercuri, M. L.; Deplano, P.;
Pilia, L.; Serpe, A.; Artizzu, F. Coord. Chem. Rev. 2010, 254, 1419-1433. (c)
Coomber, A. T.; Beljonne, D.; Friend, R. H.; Brédas, J. L.; Charlton, A
Robertson, N.; Underhill, A. E.; Kurmoo, M. Day, P. Nature 1996, 380, 144-146.
(d) Ren, X. M.; Nishihara, S.; Akutagawa, T.; Noro, S.; Nakamura, T. Inorg.
Chem. 2006, 45, 2229-2234. (e) Robertson, N.; Cronin, L. Coord. Chem. Rev.
2002, 227, 93-127.

3. (a) Deplano, P.; Pilia, L.; Espa, D.; Mercuri, M. L.; Serpe, A. Coord. Chem. Rev.
2010, 254, 1434-1447. (b) Serrano-Andrés, L.; Avramopoulos, A.; Li, J;
labéguerie, P.; Bégué, D.; Kelld, V.; Papadopoulos, M. G. J. Chem. Phys. 2009,
131, 134312. (c) Chen, C.-T.; Liao, S.-Y.; Lin, K-J.; Lai, L.-L. Adv. Mater.
1998, 3, 334-338.

4, (a) Mueller-Westerhoff, U. T.; Vance, B.; Yoon, D. I. Tetrahedron 1991, 47, 909-
932. (b) deplano, P.; Mercuri, M. L.; Pintus, G.; Trogu, E. F. Comments Inorg.
Chem. 2001, 22, 353-374. (c) Bai, J.-F.; Zuo, J.-L.; Tan, W.-L.; Ji, W.; Shen, Z.;
Fun, H.-K.; Chinnakali, K.; Razak, I. A.; You, X.-Z.; Che, C.-M. J. Mater. Chem.
1999, 9, 2419-2423. (d) Aragoni, M. C.; Arca, M.; Cassano, T.; Denotti, C.;
Devillanova, F. A.; Frau, R.; Isaia, F.; Lelj, F.; Lippolis, V.; Nitti, L.; Romaniello,
P.; Tommasi, R.; Verani, G. Eur. J. Inorg. Chem. 2003, 1939-1947.

5. (a) Hine, F. J.; Taylor, A. J.; Garner, C. D. Coord. Chem. Rev. 2010, 254, 1570-
1579. (b) Rees, D. C.; Hu, Y.; Kisker, C.; Sahindelin, H. J. Chem. Soc., Dalton.
Trans. 1997, 3909-3914. (c) Rudolph, M. J.; Wuebbens, M. M.; Rajagopalan, K.
V.; Sahindelin, H. Nat. Struct. Biol. 2001, 8, 42.

6. (a) Johnson, J. L.; Rajagopalan, K. V. Proc. Natl. Acad. Sci. USA 1982, 79, 6856—
6860. (b) Johnson, J. L.; Hainline, B. E.; Rajagopalan, K. V.; Arison, B. H. J. Biol.
Chem. 1984, 259, 5414-5422.
7. (a) Boyde, S.; Garner, C. D.; Enemark, J. H.; Bruck, M. A.; Kristofzski, J. G. J.
Chem. Soc. Dalton. Trans. 1987, 2267-2271. (b) Boyde, S.; Garner, C. D.;
(193)



10.

11.

12.
13.

14.

Nature of the substituent...

Enemark, J. H.; Ortega, R. B. J. Chem. Soc., Dalton. Trans. 1987, 297-302. (c)
Boyde, S.; Garner, C. D.; Enemark, J. H.; Ortega, R. B. Polyhedron 1986, 5, 377—
379.

Rabaca, S.; Almeida, M. Coord. Chem. Rev. 2010, 254, 1493-1508.

(a) Kobayashi, Y.; Jacobs, B.; Allendorf, M. D.; Long, J. R. Chem. Mater. 2010,
22, 4120-4122. (b) Baudron, S. A.; Hosseini, M. W. Inorg. Chem. 2006, 45, 5260.
(c) Ribas, X.; Dias, J. C.; Morgado, J.; Wurst, K.; Molins, E.; Ruiz, E.; Almeida,
M.; Veciana, J.; Rovira, C. Chem. Eur. J. 2004, 10, 1691. (d) Ribas, X.; Dias, J.;
Morgado, J.; Wurst, K.; Almeida, M.; Veciana, J.; Rovira, C. CrystEngComm
2002, 4, 564. (e) Ribas, X.; Maspoch, D.; Dias, J.; Morgado, J.; Almeida, M.;
Wurst, K.; Vaughan, G.; Veciana, J.; Rovira, C. CrystEngComm 2004, 6, 589. (1)
Takaishi, S.; Hosoda, M.; Kajiwara, T.; Miyasaka, H.; Yamashita, M.; Nakanishi,
Y.; Kitagawa, Y.; Yamaguchi, K.; Kobayashi, A.; Kitagawa, H. Inorg. Chem.
2009, 48, 9048. (g) Ribas, X.; Dias, J. C.; Morgado, J.; Wurst, K.; Santos, I. C.;
Almeida, M.; Vidal-Gancedo, J.; Veciana, J.; Rovira, C. Inorg. Chem. 2004, 43,
3631. (h) Dawe, L. N.; Miglioi, J.; Turnbow, L.; Taliaferro, M. L.; Shum, W. W_;
Bagnato, J. D.; Zakharov, L. N.; Rheingold, A. L.; Arif, A. M.; Fourmigué, M.
Miller, J. S. Inorg. Chem. 2005, 44, 7530. (i) Bolligarla, R.; Das, S. K.
CrystEngComm 2010, 12, 3409-3412.

(a) Naraso, Nishida, J.; Kumaki, D.; Tokito, S.; Yamashita, Y. J. Am. Chem. Soc.
2006, 128, 9598-9599. (b) Naraso, Nishida, J.; Ando, S.; Yamaguchi, J.; Itaka, K.;
Koinuma, H.; Tada, H.; Tokito, S.; Yamashita, Y. J. Am. Chem. Soc. 2005, 127,
10142-10143.

(@& Cummings, S. D.; Eisenberg, R. Inorg. Chem. 1995, 34, 2007-2014. (b)
Cummings, S. D.; Eisenberg, R. Inorg. Chem. 1995, 34, 3396-3403.

Bruke, R. W.; Deardorff, E. R. Talanta 1970, 17, 255-264.

Ryabushko, O. P.; Pilipenko, A. T.; Batkovskaya, L. A.; Savin, Y. S. Ukr. Khim.
Zh. 1988, 54, 1172-1176.

Baker-Hawkes, M. J.; Billig, E.; Gray, H. B. J. Am. Chem. Soc. 1966, 88, 4870-
4875.

(194)



15.

16.

17.
18.

19.
20.

21.

22.

23.

Chapter-5

Brusso, J. L.; Clements, O. P.; Haddon, R. C.; ltkis, M. E.; Leitch, A. A.; Oakley,
R. T.; Reed, R. W.; Richardson, J. F. J. Am. Chem. Soc. 2004, 126, 8256.

Jia, C.; Liu, S.-X.; Tanner, C.; Leiggener, C.; Neels, A.; Sanguinet, L.; Levillain,
E.; Leutwyler, S.; Hauser, A.; Decurtins, S. Chem. Eur. J. 2007, 13, 3804-3812.

Zhao, Y.; Su, W.; Cao, R.; Hong, M. Acta Cryst. E 2001, 57, m229-m230.

Bruker. SADABS, SMART, SAINT and SHELXTL, 2000 (Bruker AXS Inc.,
Madison, Wisconsin, USA).

Sheldrick, G. M. Acta Crystallogr. Sect. A 2008, 64, 112-122.

More, S. V.; Sastry, M. N. V.; Wang, C.-C.; Yao, C.-F. Tetrahedron Lett. 2005,
46, 6345-6348.

Liu, G.; Botting, C. H.; Evans, K. M.; Walton, J. A. G.; Xu, G.; Slawin, A. M. Z,;
Westwood, N. J. ChemMedChem 2010, 5, 41-45.

Bolligarla, R.; Durgaprasad, G.; Das, S. K. Inorg. Chem. Commun. 2009, 12, 355-
358.

Shupack, S. I.; Billig, E.; Clark, R. J. H.; Williams, R.; Gray, H. B. J. Am. Chem.
Soc. 1964, 86, 4594.

(195)



Synthesis of New Intramolecular Charge Transfer

A-D-A Tetrathiafulvalene-Fused Triads Exhibiting 6
Chapter
Large Solvent Sensitive Emission Behavior Sy

Abstract:- We have synthesized three new acceptor-donor-acceptor (A-D-A) triads incorporating the
donor tetrathiafulvalene (TTF) fused with acceptors quinoxaline and dipyrido[3,2-a:2’,3'-c]phenazine
(dppz) systems. Solution emission spectral studies of all these compounds show large solvent sensitive
behavior with huge Stokes shifts. The large solvent dependence of the emission indicates that the excited
state is stabilized in more polar solvents due to the intramolecular charge transfer. We have also
described electrochemical studies of one of the title compounds (compound 1b) exhibiting two oxidation
responses at 1.02 V and 1.31 V vs Ag/AgCl, that correspond to the oxidized species of TTF monocation

and dication, respectively.

6.1. Introduction

Research interests on tetrathiafulvalene(TTF)-based compounds have remained dynamic
in the field of materials science, particularly, in the context of molecular electronics and
NLO materials,"® because this class of compounds can easily form donor-acceptor (D-A)
ensembles through facile oxidation of relevant sulfur atoms. Owing to their unique z-
donor properties, TTF and its derivatives are successfully used as versatile building blocks
for the formation of charge transfer salts giving rise to organic conductors and even super
conductors.”® Moreover, the molecular systems of D-A diads as well as D-A-D / A-D-A
triads, based on TTF derivatives, are of current interest due to their potential applications

%11 and artificial photo-synthetic systems.'?** The highly

in molecular electronic devices
conjugated D-A systems are particularly important in the development of non linear
optical materials and in the approach of producing high efficiency solar energy
conversion.**** Even though, the intramolecular charge-transfer TTF D-A diads have been
explored extensively,"®3* only few examples of TTF-based D-A-D / A-D-A triads have
been reported in the literature. To the best of our knowledge, D—A-D triads, such as di-
TTF-quionones,® di-TTF-PI?**3" (pyromellitic diimide, P1) and di-TTF-TCNAQ
(tetracyanoantraquinodimethane, TCNAQ),'® A-D-A triads, such as TTF-
diquionones,?®*% and Py-TTF-Py*® have been described in the literature. Fused A-D-A
triad system, incorporating TTF and p-benzoquinone molecules, have been synthesized
and their opto-electronic properties were investigated by Hudhomme and co-workers.?’

Recently, Zhu and co-workers have studied a Py-TTF-Py compound (A-D-A triad)
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which exhibits multi-color solvatochromism.** Furthurmore, tetrathiafulvalene (TTF)
derivatives are promising candidates for semiconductors giving high performance FETS
(Field Effect Transistors) because of their self-assembling properties leading to strong
intermolecular interactions.** However, because of the strong electron-donating properties,
the thin films are generally labile to oxygen, resulting in poor FET performance.*’
Yamashita and co-workers have introduced fused aromatic rings or electron-deficient
nitrogen heterocycles to the TTF skeleton to enhance the stability and obtained high hole
mobilities in the thinfilms.*® They also have introduced electron-withdrawing halogen
groups to the TTF derivative and succeeded in preparing n-type FETs based on them for
the first time.** So that our aim is to synthesize the TTF fused quinoxaline based systems
by introducing the previously described in our chapter 5 containing 6,7-quinoxaline

dithiolate ligands to the TTF core.
Cl N N Cl
_ jijis SI;[ ji
cl N S S N cl
(1a)
N N
_ jijis: :S:Oi )
X =
N S S N

(1b)

(1c)

Scheme 6.1. Structural representation of newly synthesized A-D-A TTF triads.
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In addition, the photo-induced intramolecular charge transfer studies in TTF-dppz
molecule (D-A system) have been reported by Liu and co-workers, in which they used
electronic absorption, fluorescence emission and electrochemical techniques.*®> There is
considerable interest in the extended dppz-based systems because it’s fascinating features
include structural planarity, m—extended conjugation and metal-chelating diamine
functionality.”® However, a system of A-D-A triads, containing TTF-dppz fused
molecules, have not yet been reported in the literature. In this chapter, we have described
three newly synthesized A-D-A triads (compounds la—c) that contain TTF as donor
moiety as shown in Scheme 6.1. Two of them are described as TTF-fused quiunoxaline
systems [compounds 1la & b] and remaining one can be described as TTF-fused dppz
molecule [compound 1c]. The newly synthesized A—D-A triads exhibit good emission in
the visible region with large solvatochromic effects and massive Stokes shifts. We have

also described redox properties of the compound 1b in DCM solution.

6.2. Experimental Details

6.2.1. General Methods

Micro analytical (C, H, N, S) data were obtained with a FLASH EA 1112 Series CHNS
Analyzer. Infrared (IR) spectra were recorded on KBr pellets with a JASCO FT/IR-5300
spectrometer in the region of 400-4000 cm™. 'H NMR spectra of compounds were
recorded on Bruker DRX- 400 spectrometer using Si(CHs)4 [TMS] as an internal standard.
Electronic absorption spectra were recorded on a Cary 100 Bio UV-Visible
spectrophotometer. The emission spectra for the samples in solutions were recorded at
room temperature on a Horiba Jobin Yvon Fluoromax-4 spectrofluorometer. In the
measurements of emission and excitation spectra, the pass width was 2 nm. All the
measurements were carried out under the same experiment conditions. A Cypress model
CS-1090/CS-1087 electro analytical system was used for cyclic voltammetric
experiments. The electrochemical experiments were measured in DCM containing
[BusN][CIO4] 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.

The potentials reported here are uncorrected for junction contributions.
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6.2.2. Materials

5,6-Diamino-benzo[1,3]dithiole-2-thione (5) is the common precursor for the syntheses of
compounds 3a-c, which was prepared according to literature procedure in two steps
starting from o-phenylenediamine.”>*" Syntheses of TTF compounds were performed
under N using standard inert-atmosphere techniques. Solvents were dried by standard

procedures.

6.2.3. Synthesis and Characterization

Synthesis of 2-Thioxo-5,8-dihydro-1,3-dithia-5,8-diaza-cyclopenta[b]naphthalene-6,7-
dione (4)

A solution of 5,6-diaminobenzene-1,3-dithiole-2-thione (compound 5, 100 mg, 0.467
mmol) and oxalic acid (65 mg, 0.515 mmol) in MeOH (15 mL) was refluxed for 24 h
under N. After filtration, the pale yellow precipitate was washed with cold MeOH, and
then air dried. Pale yellow solid; Yield = 66%; IR (KBr, cm™): 3261 (N-H str), 3049,
2914, 1693, (C=0), 1444, 1379, 1271, 1059 (C=S), 877, 841, 790, 677, 555, 511; *H NMR
(400 MHz, DMSO-ds): 6 12.22 (s, 2H), 7.48 (s, 2H) ppm; *C NMR (100 MHz, DMSO-
de): 0 213.09 (C=S), 155.29 (C=0), 134.92, 126.95, 108.82 ppm; LC-MS (positive mode):
m/z = 269 (M*+H)"; Anal. Calcd. for CoHsN20,S3: C, 40.28; H, 1.50; N, 10.44%. Found:
C, 40.02; H, 1.78; N, 10.56%.

Synthesis of 6,7-Dichloro-1,3-dithia-5,8-diaza-cyclopenta[b]napthalene-2-thione (3a)
To a solution of 4 (142 mg, 0.529 mmol) in thionyl chloride (4 mL) was added drop wise
DMF (0.05 mL). The reaction mixture was refluxed for 15 h and then concentrated under
vacuum. The resulting residue was dissolved in dichloromethane (20 mL) and poured into
ice-water. The organic layer was collected, washed with saturated aqueous NacCl, dried
over Na;SO4, and then evaporated to provide 3a as a light yellow solid, which was used
without further purification in the next step; Yellow solid; Yield = 65%; IR (KBr, cm'l):
1527, 1444, 1257, 1180, 1070 (C=S), 878, 568, 436; "H NMR (400 MHz, CDCls): § 8.15
(s, 2H) ppm; *C NMR: We could not record the **C NMR spectrum because of the poor
solubility of the compound in common organic solvents; LC-MS (positive mode): m/z =
306 (M*+H)*, 308 [(M+2)"+H]"; Anal. Calcd. for CoH,N,SsCl,: C, 35.42; H, 0.66; N,
9.18%. Found: C, 35.22; H, 0.79; N, 9.46%.
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Synthesis of 6,7-Dichloro-1,3-dithia-5,8-diaza-cyclopenta[b]napthalen-2-one (2a)

To a solution of 6,7-dichloro-1,3-dithia-5,8-diaza-cyclopenta[b]napthalene-2-thione (3a)
(90 mg, 0.29 mmol) in chloroform and acetic acid (3:1, v/v, 28.0 mL), Hg(OAC), (332
mg, 1.038 mmol) was added and it was stirred for 15 h at room temperature under N,
atmosphere. The precipitate was filtered off using celite and washed with chloroform. The
filtrate was extracted with saturated NaHCO3 solution (3x33 mL) and water (50.0 mL). To
remove any traces of water anhydrous Na,SO4 was added. The solvent was removed in
vacuum, which produces pale yellow colored compound 2a as product. Pale yellow solid,;
Yield = 95%; IR (KBr, cm™): 1732 (C=0), 1660, 1523, 1446, 1257, 1147, 999, 862, 561,
435; 'H NMR (400 MHz, CDClg): ¢ 8.15 (s, 2H) ppm; **C NMR (100 MHz, CDCly): ¢
187.75 (C=0), 146.20, 138.89, 137.57, 121.57 ppm; LC-MS (positive mode): m/z = 290
(M*+H)", 292 [(M+2)"+H]"; Anal. Calcd. for CgH,N,0S,Cl,: C, 37.38; H, 0.70; N, 9.69%.
Found: C, 37.02; H, 0.78; N, 9.86%.

Synthesis of 6,7,6',7'-Tetrachloro-[2,2']bi[1,3-dithia-5,8-diaza-
cyclopenta[b]napthalenylidene] (1a)

A solution of compound 2a (32 mg, 0.111 mmol) in triethylphosphite (3 mL) was refluxed
at 130-140 °C for 2 h under N atmosphere. After cooling to room temperature, MeOH (20
mL) was added and the resulting orange precipitate was filtered off. Orange solid; Yield =
53%; IR (KBr, cm™): 1583, 1437, 1259, 1141, 1010, 854, 515, 422; *H NMR (400 MHz,
DMSO-dg): & 8.31 (s, 4H) ppm; *C NMR: We could not record the **C NMR spectrum
because of the poor solubility of the compound in common organic solvents; LC-MS
(positive mode): m/z = 546 (M*+H)", 548 [(M+2)"+H]"; Anal. Calcd. for C1gHsN4SsCly:
C, 39.57; H, 0.74; N, 10.26%. Found: C, 39.51; H, 0.81; N, 10.35%. UV-Vis: Amax = 474
nm (in chloroform, ~ 3x10®° M concentration); Fluorescence: Aem = 664 nm (in chloroform,

~ 3x10° M concentration).

Synthesis of 6,7-Diphenyl-1,3-dithia-5,8-diaza-cyclopenta[b]napthalene-2-thione (3b)

A mixture containing 5,6-diaminobenzene-1,3-dithiole-2-thione (5) (200 mg, 0.934
mmol), benzil (196 mg, 0.932 mmol) and iodine (10 mol%) in CHsCN (10.0 mL) was
stirred for 30 min. The resulting yellow precipitate was separated by filtration, washed
with little CH3CN, and dried in vacuo. Yield: 83.0%; Yellow solid; IR (KBr, cm'l): 3067,
1531, 1496, 1433, 1392, 1340, 1195, 1059 (C=S), 1020, 966, 877, 769, 696, 545; 'H NMR
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(400 MHz, CDCls): 6 8.21 (s, 2H), 7.53 (d, 4H), 7.34-7.43 (m, 6H) ppm; *C NMR
(CDCl3): 0 211.96 (C=S), 154.47, 143.46, 139.64, 138.40, 129.83, 129.38, 128.40, 120.83
ppm; LC-MS (positive mode): m/z = 389 (M*+H)"; Anal. Calcd. for CyH1N,Ss: C,
64.92; H, 3.11; N, 7.21%. Found: C, 65.23; H, 3.40; N, 6.96%.

Synthesis of 6,7-Diphenyl-1,3-dithia-5,8-diaza-cyclopenta[b]napthalen-2-one (2b)

To a solution of compound 3b (210 mg, 0.541 mmol) in chloroform and acetic acid (3:1,
v/v, 40 mL), Hg(OAc); (552 mg, 1.73 mmol) was added and it was stirred for 2 h at room
temperature under N, atmosphere. The resulting suspension was filtered using celite and
washed with chloroform. The filtrate was extracted with NaHCO3 solution (3 x 33 mL)
and water (50 mL). To remove any traces of water anhydrous Na,SO, was added. The
solvent was removed in vacuum, which produces pale yellow colored compound 2b as
product. Yield: 90.0%; pale yellow solid; IR (KBr, cm'l): 3049, 1734 (C=0), 1651, 1446,
1388, 1336, 1257, 1184, 1097, 1022, 968, 868, 769, 696, 596, 543; 'H NMR (400 MHz,
CDCls): § 8.25 (s, 2H), 8.57 (s, 2H), 7.52 (d, 4H), 7.33-7.41 (m, 6H) ppm; *C NMR (100
MHz, CDCls): 6 188.90 (C=0), 154.14, 139.72, 138.48, 135.74, 129.84, 129.27, 128.37,
122.64 ppm; LC-MS (positive mode): m/z = 373 (M*+H)"; Anal. Calcd. for C,;H;,N,0S;:
C,67.72; H, 3.25; N, 7.52%. Found: C, 67.46; H, 3.59; N, 7.68%.

Synthesis of 6,7,6',7'-Tetraphenyl-[2,2']bi[1,3-dithia-5,8-diaza-
cyclopenta[b]napthalenylidene] (1b)

A solution of compound 2b (125 mg, 0.336 mmol) in triethylphosphite (3mL) was
refluxed at 130-140 °C for 2 h under N, atomsphere. After cooling to room temperature,
MeOH (20 mL) was added and the resulting orange precipitate was filtered off. Yield:
70.0%; orange solid; IR (KBr, cm'l): 3040, 1658, 1585, 1493, 1450, 1431, 1340, 1253,
1188, 1093, 1055, 1022, 864, 825, 767, 694, 549; 'H NMR (400 MHz, CDCls): § 8.02 (s,
4H), 7.49 (d, 8H), 7.32-7.37 (m, 12H) ppm; °C NMR (100 MHz, CDCly): 6 153.23,
140.93, 140.07, 138.70, 129.79, 128.98, 128.30, 120.23 ppm; LC-MS (positive mode):
m/z = 713 (M*+H)"; Anal. Calcd. for C42H24N4Ss: C, 70.76; H, 3.39; N, 7.86%. Found: C,
70.61; H, 3.45; N, 7.70%. UV-Vis: Amax = 465 nm (in chloroform, ~ 7x10° M

concentration); Fluorescence: Jem= 616 nm (in chloroform, ~ 7x10° M concentration).
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Synthesis of compound 3c

A solution of 5,6-diaminobenzene-1,3-dithiole-2-thione (compound 5, 100 mg, 0.46
mmol) and 1,10-phenanthroline-5,6-dione (102 mg, 0.485 mmol) in MeOH (40 mL) was
refluxed for 3h under N,. After filtration, the precipitate was washed with cold MeOH, and
then air dried. Yellow solid; Yield = 80%; IR (KBr, cm'l): 3034, 1585, 1568, 1473, 1440,
1356, 1211, 1122, 1074 (C=S str.), 1028, 887, 846, 806, 738, 613, 513, 416; "H NMR (400
MHz, DMSO-dg): 6 6.96 (s, 2H), 7.09 (s, 2H), 7.22 (s, 2H), 7.67 (s, 2H) ppm (becuase of
poor solubility of the compound 3c we could not get good quality of the *H NMR
spectrum, however compound 2c has been synthesized by from this compound 3c and that
(compound 2c) was chacterized by *H NMR spectroscopy); *C NMR: We could not
record the *C NMR spectrum because of the poor solubility of the compound in common
organic solvents; LC-MS (positive mode): m/z = 388 (M'+H)"; Anal Calcd. for
C19HsgN4S3: C, 58.74; H, 2.08; N, 14.42%. Found: C, 58.91; H, 1.99; N, 14.36%.

Synthesis of compound 2c

To a solution of compound 3c (210 mg, 0.541 mmol) in chloroform and acetic acid (3:1,
v/v, 40 mL), Hg(OAc); (552 mg, 1.73 mmol) was added and it was stirred for 2 h at room
temperature under N, atmosphere. The resulting suspension was filtered using celite and
washed with chloroform. The filtrate was extracted with NaHCO3 solution (3 x 50 mL)
and water (50 mL). To remove any traces of water anhydrous Na,;SO, was added. The
solvent was removed in vacuum, which produces pale orange colored compound 2c as
product. Orange solid; Yield = 98%; IR (KBr, cm'l): 2924, 2852, 1722, 1658 (C=0 str.),
1583, 1523,1473, 1440, 1356, 1259, 1095, 810, 738; ‘*H NMR (400 MHz, CDClg): 6 7.78
(q, 2H), 8.44 (s, 2H), 9.25 (d, 2H), 9.54 (d, 2H) ppm; *C NMR: We could not record the
13C NMR spectrum because of the poor solubility of the compound in common organic
solvents; LC-MS (positive mode): m/z = 372 (M*+H)"*; Anal. Calcd. for C;9HgN40S,: C,
61.28; H, 2.17; N, 15.04%. Found: C, 61.13; H, 2.22; N, 15.16%.

Synthesis of compound 1c

A solution of compound 2c (125 mg, 0.336 mmol) in triethylphosphite (3mL) was
refluxed at 140 °C for 2 h under N, atmosphere. After cooling to room temperature,
MeOH (20 mL) was added and the resulting black precipitate was filtered off. Black
powder; Yield = 52%; IR (KBr, cm'l): 3040, 2912, 2841, 1720, 1658, 1585, 1568, 1471,
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1439, 1356, 1211, 1072, 1028, 864, 810, 738; 'H NMR (400 MHz, CDCls): & 7.94(q, 2H),
8.45(s, 2H), 9.45(d, 2H), 9.69(d, 2H) ppm; *C NMR (100 MHz, CDCls): ¢ 153.01,
148.61, 141.74, 140.74, 137.11, 133.87, 127.22, 124.34, 122.77, 120.31 ppm; LC-MS
(positive mode): m/z = 714 (M*+H)"; Anal. Calcd. for CssHieNgS4: C, 64.03; H, 2.26; N,
15.72%. Found: C, 64.12; H, 2.33; N, 15.45%. UV-Vis: Amax = 530 nm (in chloroform, ~
8.4x10° M concentration); Fluorescence: Aem = 675 nm (in chloroform, ~ 8.4x10° M

concentration)

6.2.4. Single Crystal Structure Determination

Single crystals suitable for facile structural determination for the compound 1b was
measured on a three circle Bruker SMART APEX CCD area detector system under Mo-
Ko (A = 0.71073 A) graphite monochromatic X-ray beam. The frames were recorded with
an o scan width of 0.3°, each for 8 s, crystal-detector distance 60 mm, collimator 0.5 mm.
Data reduction performed by using SAINTPLUS.*® Empirical absorption corrections using
equivalent reflections performed program SADABS.*® The structure was solved by direct
methods and least-square refinement on F? for the compound 1b by using SHELXS-97.%°
All non-hydrogen atoms were refined anisotropically. The hydrogen atoms were included

in the structure factor calculation by using a riding model.

6.3. Results and Discussion

6.3.1. Synthesis and Spectroscopic Characterization

Symmetrical TTF-based compounds (1a-c) are generally synthesized by the phosphite-
mediated (triethylphosphite) self coupling reaction of corresponding 1,3-dithia-2-one
derivatives (2a—c) at 130-140 °C in good yields (52-70%) as described in Scheme 6.2.
The 1,3-dithia-2-one derivatives (2a—c) have been prepared from corresponding 1,3-dithia-
2-thione derivatives (3a—c) by using Hg(OAc); in CHCI; : CH3;COOH (3:1) with good
yields (90-98%) as presented in Scheme 6.2. 5,6-Diamino-benzo[1,3]dithiole-2-thione (5)
is the common precursor for the syntheses of compounds 3a-c, which was prepared
according to literature procedure in two steps starting from o-phenylenediamine.*>*” The
1,3-dithia-2-thione derivatives 3a—c were prepared by condensation reaction of 5,6-
diamino-benzo[1,3]dithiole-2-thione with corresponding diones following the procedures

as described in Table 6.1. Compound 3a has been prepared by the chlorination of 2-
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thioxo-5,8-dihydro-1,3-dithia-5,8-diaza-cyclopenta[b]naphthalene-6,7-dione  (4)  (di-
oxime) with SOCI, by using DMF as catalyst with accroding to modified literature
procedure.®® The di-oxime (4) was prepared by condensation reaction between the 5,6-
diamino-benzo[1,3]dithiole-2-thione and oxalic acid in MeOH at reflux condition (Table
6.1). Compound 3b was prepared according to modified literature procedure,® which was
obtained by a condensation reaction between the 5,6-diamino-benzo[1,3]dithiole-2-thione
and benzil by using iodine as catalyst in acetonitrile solution at room temperature. But
compound 3c was isolated by the simple condensation of 5,6-diamino-benzo[1,3]dithiole-
2-thione with 1,1O—phenanthroline—5,6—dione52 in MeOH solution at reflux condition

without using any catalyst (Table 6.1).

X /N s X N s
0] = (ii)
S S —> 0O — lab
X N S « \N S

1a, 53%
0,
X =Cl (3a), 65% 1b, 70%
=Ph (3b), 83% X =Cl (2a), 95%
= Ph (2b) , 90%

(3c) , 80% (2c) , 98%

(b)
Scheme 6.2. (a) Synthetic route for compounds la & b; (b) compound 1c from their corresponding 1,3-
dithia-2-thone derivatives. Reagents and conditions: (i) CHCI3;:CH;COOH (3:1), Hg(OAc),, RT, 2 h; (ii)
P(OEt)s, 130-140 °C, 2 h.

1 All the synthesized materials have been characterized by NMR spectroscopy
including elemental and LC-MS analyses. Molecular structures of the newly synthesized
TTFs (1a—c) have been determined by *H and *3*C NMR, LC-MS spectral studies including
their elemental analyses and the knowledge of the precursors from which they have been
synthesized. Compound 1a could not be characterized by *C NMR studies because of its
poor solubility in common deuterated solvents. Additionally, compound 1b has been

characterized unambiguously by single crystal structure analysis.
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Table 6.1. Syntheses of 1,3-dithia-2-thione derivatives

Entry Precursor Reagent Conditions Product Yield %
1 HaN s Oxalic acid | MeOH, o N s 66
> reflux, 24 h I j@[ >
S s
HoN s ° N :
®) 4
2 4 SOCl, DMF (cat), 3a 65
reflux, 15 h
3 5 Benzil IZAIO mol%), 3b 83
CH,CN, RT
30 min
4 5 1,10- MeOH, 3c 96
Phenanthro reflux, 24 h
line-5,6-
dione

6.3.2. Electronic Spectra

The electronic absorption spectrum of the compound 1b shows a strong absorption at 465
nm in the visible region in CHCI3 as shown in Figure 6.1(a). In solutions of other solvents
the visible band positions vary with slight change over the region 457-465 nm (Table 6.2).
It shows that the absorption band positions do not change much with polarity. Compound
1b exhibits strong emission in solution at room temperature. In contrast to its electronic
absorption spectral behavior in various solvents, the emission spectra of compound 1b are
strongly dependent on polarity of the solvents (Table 6.2). The band maxima shift to red
region with increasing the polarity of the solvent as shown in Figure 6.1(a). As shown in
Figure 6.1(a), the excitation spectrum of compound 1b is identical to its absorption
spectrum in chloroform and indeed same is true for all the solvents of the series. The
emission light of the compound 1b varies from green to red with increasing the polarity of
the solvent (CCl, to DMSO). For example, in the solution of non polar solvent, such as
CCly, this shows green emission and emission maximum is centered at 532 nm [Figure
6.1(b)]. In the solution of moderate polar solvent, such as toluene, it shows yellowish
emission as shown in Figure 6.1(b), and the relevant emission maximum centers at 570
nm. On the other hand, in the solutions of relatively more polar solvents, such as DMF and
DMSO, this shows red emission and the emission maxima are centered at 665 nm and 682
nm respectively [Figure 6.1(b)]. Thus the solvent dependence of the emission shows that

the excited state is stabilized in more polar solvents, which is due to an intramolecular
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charge transfer.”> Besides, the fluorescence quantum yield of the compound 1b increases
from 4.0% to 12.6% with increasing the polarity of the solvent (CCls to DMF) at room
temperature. Notably, the quantum efficiency of the compound 1b in relatively more polar
solvents is ~ 0.1. This suggests that the compound 1b is good fluorescent as compared to
the other TTF systems of D-A diads as well as D-A-D and A-D-A triads, reported
earlier.*! In the similar fashion, the observed Stokes shifts of compound 1b increases from
2709 to 7267 cm™ with increasing the polarity of the solvent (CCl, to DMSO).

Excitation a b c de f 8
1.0 4 ’.‘ \""
: 7
/
0.8 !
) !
<
< 0.6 /
£ !
2
2 /
= 044
Absorption
02-h/ Ll
0.0 M BN i

— T —T T T
400 450 500 550 600 650 700 750 80!
Wavelength (nm)

@)

a b
CCly Toluene DMF
(b)

Figure 6.1. (a) Emission spectra (—, Aex = 460 nm) of the TTF triad (1b) in different solvents at room
temperature, a) CCl,, b) toluene, c) CHCIs;, d) DCM, e) acetone, f) DMF, g) DMSO, and absorption (----)
and excitation spectra (-, Aem = 610 nm) of 1b in CHCI; (excitation and emission spectra are normalized to
1); (b) color response of compound 1b with different solvents under UV lamp.
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Table 6.2. Photophysical properties of A-D-A TTF compounds 1a-C (Amax and Emax =
Absorption and emission maxima respectively, Avq (cm™) = Stokes shift, &F =
fluorescence quantum vyield)

Compound Solvent Anax Emax Avg DF
[cm™] [cm™] [cm™]

la Toluene 21097 16474 4623 0.03
la CHCls 21097 15060 6037 0.05
la DMF 21186 13869 7317 0.026
1b CCl, 21505 18796 2709 0.04
1b Toluene 21505 17574 3931 0.063
1b CHCls 21505 16233 5272 0.102
1b DCM 21739 15797 5942 0.117
1b Acetone 21834 15503 6331 0.082
1b DMF 21884 15060 6824 0.126
1b DMSO 21929 14662 7267 0.097
1c Toluene 18867 15772 3095 0.024
1c CHCl; 18867 14814 4053 0.019
1c DMF 19047 13315 5732 0.012

Compound 1a also shows similar absorption band at 465 nm in the visible region in CHCl;
(Figure 6.2) and it does not change much with the solvent polarity (Table 6.2). The
emission spectrum of the compound 1a is also strongly dependent on the polarity of the
solvents (Figure 6.2) as shown by compound 1b; however, in the case of compound 1a,
emission maxima are further shifted to lower energy in red region as shown in Table 6.2.
The absorption spectrum of the compound 1c in CHClIs solution is shown in Figure 6.3. In
this case, the absorption band shifts too much low energy region compared to compounds
la and 1b. It absorbs at 530 nm in CHCI; solution. The emission spectrum of the
compound 1c is again strongly dependent on the polarity of the solvents (Figure 6.4) as
observed in the case of compounds 1a and 1b; interestingly, in this case, the emission

maxima are further shifted to still low energy region as shown in Table 6.2.

(208)




Chapter—6

Toluene CHCI, DMF

1.0

Intensity (a.u)

4(I)0 ' 5(I)0 ' 660 l 7(I)0 ' 800
Wavelength (nm)
Figure 6.2. Emission spectra (—, Ae = 465 nm) of the TTF triad (1a) in different solvents at room

temperature, absorption (—) and excitation spectra (---, e = 665 nm) of 1a in CHCI; (absorption, excitation
and emission spectra are normalized to 1).

Absorbance (a.u)
N
1

T T T T T T T T T T T
200 300 400 500 600 700 800
Wavolongth (nm)

Figure 6.3. Electronic absorption spectrum of compound 1c in CHCl..

6.3.3. Electrochemistry

We have investigated the electrochemical properties of the compound 1b in DCM by
cyclic voltammetry (CV). CV experiment results revealed that two oxidation responses,
corresponding to E1,™" and E1,°?, typical for a system. The first single electron oxidation
wave appears at 1.02 V vs Ag/AgCI (AE= 90 mV) as a reversible wave corresponding to
the formation of radical cation (monocation) as shown in Figure 6.5 (blue line). The

second oxidation process appears as quasi-reversible wave at Ejp, = 131 V vs
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Ag/AgCI(AE =106 mV), due to the oxidation of radical cation to the dication as shown in

Figure 6.5 (red line). The higher values of oxidation potentials of compound 1b (that

appear at more positive region as compared to those of TTF as such (E1,”* = 0.41 V and

E12™ = 0.71 V vs Ag/AgCl))* are probably due to an electron withdrawing effect of the

fused quinoxaline system with TTF. We could not study the electrochemical properties of

the compounds 1a and 1c because of their poor solubility.

1.0 1

0.8

0.6

Intensity (a.u)

0.4

0.2

0.0

excitation
\

Toluene DMF

CHCI,

T
500

T T T T
600 700 80(

Wavelength (nm)

Figure 6.4. Emission spectra (—, Aex = 530 nm) of the TTF triad (1c) in different solvents at room
temperature, and excitation spectra (---, Aem = 680 nm) of 1c in CHCI; (excitation and emission spectra are

normalized to 1).
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Figure 6.5. Cyclic voltammograms of 1b in DCM to the monocation (blue line) and to the dication (red line)

at a scan rate 0.1 Vs™, V vs Ag/AgClI.
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Figure 6.6. (a) Thermal ellipsoidal plot of the asymmetric unit of compound 1b, the asymmetric unit
contain two units of two TTF molecules and four duetrated chloroform solvent molecules. Hydrogen atoms
are not shown for clarity (70% probability). (b) Thermal ellipsoidal plot of one of the molecule containing in
the asymmetric unit of compound 1b, Hydrogen atoms are not shown for clarity (70% probability).

6.3.1. X-ray Crystallographic Studies

Crystal Structure Descriptions of Compound 1b
Single crystals of compound 1b, suitable for single crystal X-ray analysis were obtained
from deuterated chloroform in an NMR tube on slow evaporation over a period of two

weeks. The molecule 1b crystallizes as solvated compound 1b.2(CHCI3) in a non-
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centrosymmteric  monoclinic space group Cc. The asymmetric unit contains two
molecules of TTF triad 1b and four molecules of solvent chloroform molecules as shown
in Figure 6.6(a). For clarity, one of the molecule present in the asymmetric unit as shown
in Figure 6.6(b). As shown in Figure 6.6(b), the skeleton of the molecule is almost planar;
excluding the four peripheral phenyl groups. The rms deviation from a least-squares plane
through the atoms of the core is 0.027A. The phenyl rings are deviated from the plane of
skeleton of the molecule with angles in the range from 36.03° to 55.81°. The
crystallographic parameters, data collection and structure refinement of the compound 1b
are summarized in Table 6.3. Selected bond lengths and angles for the compound 1b are
listed in Table 6.4. The bond lengths in the TTF moiety are in the range of expected for
neutral TTF derivatives.”® Crystal packing diagram of the compound 1b is characterized
by C-H---N weak contacts and noticeable non covalent S-S interactions results in one
dimensional alignment as shown in Figure 6.7. The range of S---S intermolecular contacts
is 3.710 to 3.731A. The relevant hydrogen bonding geometrical parameters of the
compound 1b is listed in the Table 6.5. In addition, six CI---Cl interactions are present
between the solvent molecules resulting in the formation of a one dimensional chloroform
tapes, and the Cl---Cl intermolecular contact distances are in the range from 3.263(1) to
3.395(2) A as shown in Figure 6.8.

Figure 6.7. View of the crystal packing diagram of compound 1b, solvent molecules has been omitted for
clarity.
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Figure 6.8. The Cl---Cl interactions are between the chloroform solvent molecules to form

a one dimensional tape.

Table 6.3. Crystallographic Data and Structural Refinement for Compound 1b

1b
Empirical formula CuaH26N4S4Clg
Formula weight 951.67
Temperature (K) 100(2)
Crystal size (mm) 0.48 x0.36 x 0.14
Crystal system Monoclinic
Space group Cc
z 8
Wavelength (A) 0.71073
Unit cell dimensions
a[A] 14.5359(11)
b [A] 14.7543(11)
c [A] 39.771(3)
BI° 97.616(2)
Volume [A?] 8454.3(11)
Calculated density (Mg/m™®) 0.643
Reflections collected/ unique 43023/16629
R(int) 0.0287
F(000) 3872
Theta range for data collection (deg.) 1.98 t0 26.18
Refinement method Full-matrix least-squares on F
Data / restraints / parameters 16629 /2 /1045
Goodness-of-fit on F? 1.071
R1/WR; [I>2sigma ()] 0.0422/0.1077
R1/WR; (all data) 0.0436 / 0.1085

Largest diff. peak and hole [e.A]

0.581 and -0.654
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Table 6.3. Selected Bond Length and Bond Angles for Compound 1b

Bond lengths (A)

S(5)-C(45) 1.745(4) S(5)-C(43) 1.753(3)
S(4)-C(24) 1.743(3) S(4)-C(2) 1.759(4)
S(8)-C(66) 1.744(4) S(8)-C(44) 1.754(3)
S(1)-C(1) 1.748(4) S(1)-C(3) 1.752(3)
S(7)-C(65) 1.748(3) S(7)-C(44) 1.755(4)
S(3)-C(23) 1.748(3) S(3)-C(2) 1.756(3)
S(6)-C(46) 1.751(3) S(6)-C(43) 1.758(4)
S(2)-C(4) 1.749(3) S(2)-C(1) 1.758(3)
Bond Angles (°)

C(45)-S(5)-C(43) 96.02(17) C(24)-S(4)-C(2) 95.88(16)
C(66)-S(8)-C(44) 96.17(16) C(1)-S(1)-C(3) 95.57(16)
C(65)-S(7)-C(44) 95.98(16) C(23)-S(3)-C(2) 96.00(16)
C(46)-S(6)-C(43) 95.76(16) C(4)-S(2)-C(1) 95.70(16)
C(8)-C(3)-S(1) 122.3(3) C(4)-C(3)-S(1) 116.6(3)
C(44)-C(43)-S(5) 122.6(2) C(44)-C(43)-S(6) 121.9(2)
S(5)-C(43)-S(6) 115.58(19) C(5)-C(4)-S(2) 123.4(3)
C(3)-C(4)-S(2) 116.1(3) C(1)-C(2)-S(3) 122.1(2)
C(1)-C(2)-S(4) 122.5(2) S(3)-C(2)-S(4) 115.43(19)
C(2)-C(1)-S(1) 122.7(2) C(2)-C(1)-S(2) 121.3(2)
S(1)-C(1)-S(2) 115.9(2) C(67)-C(66)-S(8) 123.8(3)
C(65)-C(66)-S(8) 116.0(2) C(43)-C(44)-S(8) 122.1(2)
C(65)-S(7)-C(44) 95.98(16) S(8)-C(44)-S(7) 115.6(2)

Table 6.5. Hydrogen Bonding Parameters for Compound 1b

D-H-A d(D-H) d(H-A) d(D--A) <(DHA)
C(8)-H(8)...CI(2)#1 0.93 2.94 3.676(4) 137.2
C(85)-H(85)...N(2)#2 0.98 2.31 3.233(5) 155.9
C(12)-H(12)...N(6)#3 0.93 2.61 3.344(4) 135.9
C(86)-H(86)...N(3)#4 0.98 2.29 3.223(5) 157.9
C(88)-H(88)...N(8)#4 0.98 2.28 3.199(5) 155.1
C(87)-H(87)...N(5)#5 0.98 2.32 3.246(5) 156.9
C(42)-H(42)...N(7)#5 0.93 2.61 3.358(4) 1375
C(60)-H(60)...N(1)#6 0.93 2.63 3.392(5) 139.3
C(78)-H(78)...N(4)#7 0.93 2.62 3.427(4) 145.0

Symmetry transformations used to generate equivalent atoms: #1 x-1,y,z; #2 x+1/2,y+1/2,z; #3 x,y-1,z; #4 x-
1/2,y-1/2,z; #5 x+1/2,y-1/2,z; #6 x-1/2,y+1/2,z; #7 x,y+1,z
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'H NMR Spectrum of Compound 1a
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3¢ NMR Spectrum of Compound 1b
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3¢ NMR Spectrum of Compound 1c
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6.4. Conclusion

In conclusion, we have described the synthesis, characterization and photo physical
properties of the three new intramolecular TTF-fused A-D-A triads. All these compounds
exhibit good emission in visible region at room temperature. Interestingly, the emission
maxima of these triads are largely dependent on the solvent polarity with huge Stokes
shifts. Fascinatingly, compound 1b shows color response with polarity of the solvents
under UV lamp. The quantum efficiency of the compound 1b in more polar solvents is ~
0.1, which is more emissive as compared to the reported TTF systems of D-A diads as
well as D-A-D and A-D-A triads. In addition to this, qdt-based systems have been used
in the development of field-effect transistors by introducing the fused qdt-based systems to
the TTF-skeleton.**** So our newly synthesized TTF fused compound 1a-c may useful in
the applications of field-effect transistors. Moreover, the TTF-fused dppz system
(compound 1c) is a good candidate for metal chelation by the coordination of diamine

functionality, which is under progress in our laboratory.
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Future Scope of the Present Thesis

Towards the Solid-State Function Materials

Metal coordination polymers are particularly interesting in materials chemistry, and they
display remarkable solid state properties in the fields of conducting, magnetic, optical
(nonlinear) and gas-storage materials. To accomplish these materials, the use of crystal
engineering tools becomes crucial to achieve the adequate packing of the molecules that
may lead to the desired properties. In the second chapter of the present thesis, we have
described the alkali metal ion based coordination polymers of metal bis(dithiolene)
complexes, where simple varying the coordination solvents results in the variation of the
structural diversities and dimensionalities. We have demonstrated there the synthesis of
sodium metal based coordination polymers of diverse dimensionality (from 1D to 2D
through 3D) based on a Metal(l11) dithiolene complex anion [M"'(btdt),]*™ [M = Cu(lll),
Au(l)] by changing the solvents of recrystallization. We have shown that dimensionality
of a sodium coordination based polymer system, coupled with a Metal(lll) (bis)dithiolene
complex, can be regulated by the type of hybridization of the central carbon atom of the
solvent coordinating to the sodium ion. We believe that in the sodium based coordination
polymeric system, octahedral geometry of sodium ion plays an important role in directing
the dimensionality of coordination polymers. The electrochemistry of the copper (lI)
complexes is very interesting in the sense that these complexes get reduced more easily.
This indicates that the present system (Cu(lll) dithiolate) might act as oxidation catalyst
for organic transformations / oxidation reactions of industrial importance. The same
methodology can be extended to Ni(lll) ions to prepare coordination polymers, in which
Ni(lll) complexes would show an interesting conducting and magnetic behavior. We
would be able to also extend this to diselenolene complexes (Scheme 1). The replacement
of sulfur with selenium in the building blocks (metal dithiolene complexes) /
tetrathiafulvalenes (TTFs) has been shown to overcome the metal-to-insulator transition,
often present in these materials at low temperatures caused by Peierls distortion. The
greater spatial extension of Se orbitals compared to S may increase the electronic

dimensionality of the system and thus to avoid the undesired transition.
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Future Scope

N SH N SeH
S0 ss
N SH N SeH
H,btdt = 2,1,3-Benzene Hobtds = 2,1,3-Benzene
thiadiazole-5,6-dithiol thiadiazole-5,6-diselenol

Scheme 1

Very recently, two electro-conductive coordination polymers Cu[Cu(pdt),] and
Cu[Ni(pdt),] have been reported, and these show relatively high electrical conductivity at
room temperature with high porosity based on pyrazine bis(dithiolate) building blocks
(Figure 1). In addition, the conductivity of Cu[Ni(pdt).] has been enhanced through partial
oxidation of the its framework. The increasing in counducvity is due to oxidative doping
and the resulting framework is a p-type semicounductor. Metal-organic framewoks of
these dithiolene based compounds exhibits reletively high elctrical conductvity. In this
way, our newly synthesized alkali metal ion based coordination polymers containing alkali
cations would be exchanged by transition metal ions such as Cu(1) ions to get good porous

conducting materials and the work is going on presently in this direction in our laboratory.

Figure 1. (a) Crystal structure in Cu[Cu(pdt)2]. (b) Perspective view of the crystal structure of Cu[Cu(pdt),].
Color code: green, Cu; yellow, S; gray, C; blue, N; pink, H.

Towards the biological importance

Dithiolenes play an important role in natural systems. Thus, a dithiolene group is present
an integral component of molybdopterin (MPT), the moiety that binds the molybdenum

(or tungsten) at the catalytic centre of enzymes that transfer an oxygen atom to or from the
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Future Scope

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 knowledge should encourage further investigations of
dithiolene complexes as catalysts, especially when the process involves a redox change. 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. The newly synthesized ligands {6,7-qdt}*" (quinoxaline-6,7-
dithiolate) based ligands, described in chapter 5, {btdt}* (2,1,3-benzenethiadiazole-5,6-
dithiolate) based ligand described in chapter 3, and {ppdt}*~ (pyrido[2,3-b]pyrazine-2,3-
dithiolate) based ligand described in chapter 4, are useful to synthesize the Mo- and W-
dithiolene complexes which are related to active sites of many metalloenzmes. The

relevant effort has already been underway in our laboratory.

Towards the Field Effect Transistors (FET)

Currently, the generation of field-effect transistors (FET) is of considerable interest in
charger carrying semiconductor materials. Recently, qdt-based systems have been used in
the development of field-effect transistors by introducing the fused gdt-based systems to
the TTF-skeleton. Limited reports have been observed in the literature in this direction.
This would be an interesting area in the synthesis of new TTF-fused derivatives with new
heterocyclic based ligands in greater extent. The newly synthesized ligands 6,7-qdt based
ligands, described in chapter 5, have been used for the synthesis of new acceptor-donor-
acceptor tetrathiafulvalene compounds. These compounds may be useful for the

applications towards the field effect transistors.

Toward the Coordination Chemistry of dppz-TTF Systems

The significance in the extended dppz compound stems from its fascinating features that
include structural planarity, m-extended conjugation, and its metal-chelating diimine
functionality. It has been demonstrated that metal complexes containing a dppz ligand, in
particular those of ruthenium(ll), are good metallo-intercalators. Furthermore, the

luminescence properties of dppz-based complexes have led to their application as DNA
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Future Scope

“light switches” and probes for long-range DNA-mediated electron-transfer studies. In
addition, photochemical behavior of these complexes is interesting in terms of
photochemical charge separation. However, the acceptor-donor-acceptor TTF-fused dppz
systems have not been reported so far. In this context, our newly synthesized TTF-fused
dppz compound (Scheme 2), described in chapter 6 is a good candidate for metal chelation
by the coordination of diamine functionality with various metal ions, such as Ru(ll), Re(l),

Cu(l), Ni(I1), Pt(11) and etc., which is under progress in our laboratory.

Scheme 2
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SYNOPSIS

This thesis work entitled with “Heterocyclic-Based 1,2-Dithiolate Ligands and Their
Coordination Complexes with Transition Metals: Synthesis, Characterization and
Functional Properties”, consists of six chapters: (1) Introduction, (2) Self-Assembly of
Alkali Metal Based Coordination Polymers of Metal Bis(Dithiolene) Complexes: Role of
Coordinated Crystallizing Solvents and Counter Cations in Tuning the Structural Diversity
and Dimensionality, (3) New Square-Planar Metal-Bis(1,2-Dithiolene) Complexes Based
on 2,1,3-Benzenethiadiazole-5,6-dithiolate ({btdt}*) ligand and Nickel Trans-disulfinate
Complex: Synthesis, Crystallography and Properties, (4) Acid-Base Behavior of a Simple
and Nitrogen Rich Metal Bis(Dithiolene) System: Syntheses, Crystal Structures and
Spectroscopy of [BusNJo[M"(ppdt)2] (M = Ni, Pt; {Ppdt}*" = Pyrido[2,3-b]pyrazine-2,3-
dithiolate), (5) Nature of the Substituent Influences the Electronic and Electrochemical
Properties of New Square-Planar Nickel-Bis(Quinoxaline-6,7-dithiolate) Complexes and
Comparison of These Properties with Those of Existing [BusNJ2[Ni(qdt);] (Qdt =
Quinoxaline-2,3-dithiolate): Synthesis and Crystallographic study, (6) Synthesis of New
Intramolecular Charge Transfer A-D—A Tetrathiafulvalene-Fused Triads Exhibiting Large
Solvent Sensitive Emission Behavior. The work described in this thesis, is in the direction
towards the synthesis and characterization of late-transition metal (Ni, Pt, Cu, and Au)
bis(dithiolene) complexes and studied their electronic and electrochemical properties.
Apart from the first chapter (introduction), all the chapters are sub-divided into
Introduction, Experimental Section, Results and Discussion and Conclusions followed by
References.

Chapter 1

Introduction

This chapter begins with more basic knowledge about dithiolene ligands and their metal
complexes, starting from its history. It also reveals brief discussion emphasizing their
syntheses, characterization and properties. Some of the important transition metal 1,2—
dithiolene complexes are picked up to illustrate their solid state properties, such as,
magnetic, conducting, superconducting, and optical properties (NLO, and NIR dyes). The
structural, spectroscopic, luminescence, bonding, reactivity, electrochemistry, and
catalytic applications of transition metal 1,2—dithiolene complexes are also briefly
discussed. In addition, the importance of 1,2—dithiolene ligands and its metal complexes in
biology, which are present in active sites of many metalloenzymes are described. Finally,

a brief note on the main objectives of this thesis work conversed shortly.
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Chapter 2

Self-Assembly of Alkali Metal Based Coordination Polymers of Metal
Bis(Dithiolene) Complexes: Role of Coordinated Crystallizing Solvents
and Counter Cations in Tuning the Structural Diversity and
Dimensionality

This chapter describes the synthesis, structural characterization of properties of alkali
metal (Na, and K) based coordination polymers of metal bis(dithiolene) complexes
M(btdt),]*~ (M = Cu(lll) and Au(lll); btdt = 2,1,3-benzenethiadiazole-5,6-dithiolate). The
self-assembly of coordination networks (alkali-metal coordination polymers) are
influenced by the coordinating solvents through the coordination with alkali metal ion. In
order to investigate the effect of coordinating solvent on the dimensionality of the

coordination networks, we have synthesized ten sodium based coordination polymers

{[Na(CH;OH)4][Cu(btdt)z]}n (), {[Na(THF)4][Cu(btdt)z] }n (2),
{[Na(CHsCOCHs)2][Cu(btdt)]}n @), {[Na(DMF),][Cu(btdt)2]}n (4),
{[Na(CHsCN)][Cu(btdt),]}n (5), {[Na(CHsOH)4][Au(btdt)2]}n (6),

{[Na(THF)2][Na(THF)(OH)][Auz(btdt)s]}n (7), {[Na(CHs3COCHs),]J[Au(btdt).]}n (8),
{[Na(DMF),]J[Au(btdt)2]}n (9) and {[Na(CHsCN),]J[Au(btdt).]}» (10) by varying the
coordinating solvents in respective recrystallization process. The coordination polymers
1-5, based on copper-bis(dithiolene) complex [Cu"'(btdt),]*", were synthesized from the
different solvents by the recrystallization of a black colored-precipitated compound, which
was obtained by the reaction of one mole equivalent of CuCl,-2H,0O with two mole
equivalents of Hpbtdt in MeOH treated with excess amount of NaOH in presence of open
atmosphere. The coordination polymers 6-10, based on gold-bis(dithiolene) complex
[Au"(btdt),]*", were obtained from the different solvents by recrystallizing brown
colored-precipitated compound, that was synthesized by the reaction of one mole
equivalent of HAuCls-3H,0 with two mole equivalents of Hpbtdt in MeOH treated with
excess amount of NaOH in presence of nitrogen atmosphere. In addition to these, a
discrete compound [Naz(H,0)s(H-H20),][Au(btdt),], (11) has been synthesized by the
recrystallization of the gold compound in MeOH in open air conditions. In the self-
assembly process, the dimensionality of the networks of coordination polymers 1-10 has
greatly been influenced by the hybridization of central carbon atom attached to the

coordinating solvent atom (*‘N” or ‘O”) of the recrystallizing solvents.
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Figure 1. Extended coordination networks observed in the crystal structures of sodium based coordination
polymers 1-10.

{[K{CH;COCH;);][Cu(btdt),]}, (12) {[K(CH;CN),][Cu(btdt)]}, (13)

Figure 2. Extended coordination networks observed in the crystal structures of potassium based
coordination polymers 12-13.

Recrystallization from sp® hybridized central carbon containing coordinating solvent, such

as, MeOH and THF solvents lead to the 1D coordination polymers, sp? hybridized central
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carbon containing coordinating solvents, such as, acetone and DMF solvents lead to the
2D coordination polymers and sp hybridized central carbon containing coordinating
solvent (e.g., CH3CN solvent) results in the formation of 3D coordination polymers are
shown in Figure 1. Thus, the shape and space occupied by the hybridized orbitals of
central carbon atom attached to the coordinating solvent atoms are the major factors in
directing the dimensionality of sodium based coordination polymers of the present system.
To study the counter cation effect on the structural diversity and dimensionality, we have
synthesized two pottasium-based coordination polymers {[K(CH3;COCHs;)s][Cu(btdt).]}n
(12) and {[K(CH3CN),][Cu(btdt),]}n (13). Interestingly, compounds 12 and 13 are 3-D
and 2-D extended networks respectively observed in their crystal structures which are
obtained from recrystallization of acetone and acetonitrile coordinating solvents (Figure
2). Thus potassium-based coordination polymers are in contrast to the sodium-based
coordination polymers as far as the dimensionality of the coordination polymers and
hybridization of carbon atom of the coordinating solvents are concerned. This is probably
due to difference in size of the counter cations (between sodium and potassium). Hence
the concept of “dimensionality decided by the hybridization” is limited to sodium based
coordination polymers. We believe that in the sodium based coordination polymeric
system, octahedral geometry of sodium ion plays a role in directing the dimensionality of
coordination polymers compared to the K-based coordination polymers (because of its
larger size, coordination number is varying). All these compounds have been structurally
characterized unambiguously by single crystal X-ray crystallography. Interestingly, copper
compounds 1-5 show two quasi-reversible reduction responses at —0.13 V and -1.10 V vs
Ag/AgCl in DMF solutions (Figure 3, representative example). Interestingly, this is a very
low reduction potential for a Cu(lll)-coordination complex and even it is less than that of

reported Cu(l1l) compound of pds (pyrazine-2,3-diselenote) ligand.

20.0p Compound 4 in DMF

10.0p 4

Current (A)

0.0

1004+

Potentit (V)
Figure 3. Cyclic voltammetry of complex 4 in DMF with a scan rate 50 mV s (nBusNCIO, as supporting
electrolyte).
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Chapter 3

New Square-Planar Metal-Bis(1,2-Dithiolene) Complexes Based on 2,1,3-
Benzenethiadiazole-5,6-dithiolate ({btdt}*) Ligand and Nickel Trans-
disulfinate Complex: Synthesis, Crystallography and Properties

In the previous chapter 2, we have described synthesis of alkali metal ion based
coordination polymers, based on {btdt}*" ligand. This {btdt}*" ligand can also be used for
the synthesis of “discrete” metal bis(dithiolene) complexes with various transition metal
complexes, that will form square-planar dithiolene complexes. In the present chapter, the
syntheses, crystal structures and properties of four new coordination complexes
[BusNJ[M"(btdt),] [M = Cu (1), Au (2)] and [BusN]o[M"(btdt),] [M = Pt (3), Ni (4)]
({btdt}*” = 2,1,3-benzenethiadiazole-5,6-dithiolate) have been described. In addition to
this, trans-disulfinate complex [BusN]2[Ni(btdtO,),]-H,0 (5) has been synthesized by the
air oxidation of the compound 4 in MeOH solutions. Single crystal X-ray structural
analyses of complexes 1-5 show that {MS,} chromophores lie in almost square—planar
coordination environment in complexes 1 and 4, whereas in complexes 2, 3 and 5, this
chromophore has slightly distorted square-planar geometry around the central metal ion.
Interactions in the solid-state for all these compounds have been studied by intermolecular
contacts, such as, weak hydrogen bonding interactions and non-covalent interactions.
Complexes 1-5 show broad absorption bands in the visible region, with that of 3 and 4 are
being sensitive to solvent polarity as shown in Figure 4. Blue-colored air-saturated
solutions of [BusN]2[Ni(btdt).] (4) gradually turn red in the presence of visible light (room
light). This transformation requires both oxygen (air) and light. When methonolic solution
of complex 4, under oxygen atmosphere (1 atmospheric pressure) is stirred at room
conditions for 1 week, it results in the formation of compound 5, which was confirmed by
'H NMR and UV-visible absorption spectroscopy. We have recorded the absorption
spectra at different intervals of time as shown in Figure 4(c). As shown in Figure 4(c), the
CT band at 586 nm gradually decreases with appearance of new absorption band at 485
nm in the blue region. At the same time the band at 360 nm also gradually decreases with
the appearance of new band at 310 nm. The appearance of new bands at 485 and 310 nm
are due to the formation of compound 5. The spectral changes are more frequent at the

initial intervals / stages of the time as shown in Figure 4(c).
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Figure 4. Electronic absorption spectra of compounds (a) 1-3 in acetonitrile solutions; (b) 4 and 5 in
methanol solutions; (c) Absorption spectral changes for the methanolic solution of complex
[BusN],[Ni"(btdt),] (4) in oxygen atmosphere at different intervals of time.

Electrochemical properties of all these compounds have been described by
cylicvoltammetric data. The cyclic voltammetric studies of compound 1 shows a
Cu(lI)/Cu(ll) redox couple appearing as a reversible wave at E1, = -0.11 V vs Ag/AgCI
(AE= 74 mV) in DMF solution as shown in Figure 5(a). Interestingly, this is a very low
reduction potential for a Cu(lll)-coordination complex and the same type of reduction
potentials are observed in the case of previously described cooper coordination polymers
in Chapter 2. The platinum complex 3 exhibits two irreversible oxidative responses at 0.45
V and 0.74 V vs Ag/AgCl in MeOH as shown in Figure 5(b). Ni-complex 4 undergoes
quasi-reversible oxidation (AE= 0.10 V) at Ei, = +0.16V vs Ag/AgCl, that corresponds
the [Ni(ppdt)2]"~ [Ni(ppdt)2]*~ redox couple, indicating that Ni(111) complex [Ni(ppdt),]*
is fairly stable in the electrochemical scale. Interestingly compound 4 is oxidized to Ni(lll)

oxidation state at very low oxidation potentials as shown Figure 5(c).
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Figure 5. Cyclic voltammograms of complexes (a) 1 in DMF (b) 3 in MeOH and (c) 4 In Methanol, with a
scan rate 50 mV s™ (nBusNCIO, as supporting electrolyte).

Chapter 4

Acid-Base Behavior of a Simple and Nitrogen Rich Metal Bis(Dithiolene)
System: Syntheses, Crystal Structures and Spectroscopy of
[Bu,N]o[M"(ppdt),] (M = Ni, Pt; {Ppdt}* = Pyrido[2,3-b]pyrazine-2,3-
dithiolate)

This chapter describes the syntheses, crystal structures and properties of compounds
[BusNI2[Ni(ppdt)2] (1) and [BusNJ[Pt(ppdt)] (2) ({ppdt}* = pyrido[2,3-b]pyrazine-2,3-
dithiolate) based on more nitrogen containing {ppdt}*” ligand. Compound 1 crystallizes in
P21/c space group (monoclinic system), whereas compound 2 crystallizes in C2/c space
group (monoclinic system). The crystal structures of both compounds 1 and 2 have been
characterized by C—H---S and C—H---N hydrogen bonding interactions between cation and
anions resulting in 3-dimensional supramolecular networks in the crystals of 1 and 2,
respectively as shown Figure 6. The acid—base behavior of the ground states of both 1 and
2 also the excited state of compound 2 in solutions has been studied by titrating with weak
acid-weak bases, and strong acid and strong bases (Figure 7). The pH dependent changes
in the charge-transfer absorption and emission spectra are attributed to the protonation on
an imine nitrogen of the ppdt ligand. The ground-state basicity constants of the two
complexes 1 and 2 have been determined from spectrophotometric analysis by titrating
with a weak acid, yielding pKp; = 8.0 for complex 1 and pKp; = 7.8 for complex 2. The
excited—state basicity constant pKp* for complex 2 has been determined by a
thermodynamic equation using a Forster analysis yielding the value of 1.8. The complex 1
is electrochemically quasi-reversible with an oxidation potential of E;, = +0.46 V vs

Ag/AgCI (AE= 0.12 V), whereas the complex 2 is electrochemically irreversible with an
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oxidation potential of E1» = +0.41 V vs Ag/AgCl in methanol solutions are shown in
Figure 8.

Figure 6. The molecular packing diagrams of (a) [BusN]:[Ni(ppdt),] (1) (b) [BusN].[Pt(ppdt),] (2) are
characterized by C—H---N and C—H--S weak interactions, when viewed down to the crystallographic a axis.
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Figure 7. (a) Changes in the absorption spectra of [Bu,N],[Ni(ppdt),] (1) (4.3x10®° M) upon addition of 10
uL aliquots of dilute CH;COOH (3.51x10" M) in methanol. (b) Spectral changes upon addition of 10 uL
aliquots of dilute ag. NH; (1.068 M) in methanol to the protonated species (blue colored) of 1(4.3x10° M).
(c) Changes in the absorption spectra of [Bu,NJ,[Ni(ppdt),] (1) (4.3x10°°M) upon addition of 10 uL aliquots
of dilute HCI (1.13x10™ M) in methanol. (d) Back titration (spectral changes) upon addition of 10 pL
aliquots of dilute NaOH (0.1875 M) in methanol to the protonated species (blue colored) of 1(4.3x10°°M).
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Figure 8. Cyclic voltammograms of compounds 1 and 2 in TBAP/MeOH at a scan rate 50 mV s™.

Chapter 5

Nature of the Substituent Influences the Electronic and Electrochemical
Properties of New Square-Planar Nickel-Bis(Quinoxaline-6,7-dithiolate)
Complexes and with Those of Existing [BusN];[Ni(gdt),] (Qdt =
Quinoxaline-2,3-dithiolate): Synthesis and Crystallographic study

Chapter 5 describes mainly the syntheses and crystal structures of a new series of square-
planar nickel-bis(quinoxaline-6,7-dithiolate) complexes with the general formula
[BusN]2[Ni(X26,7-qdt),], where X = H (1a), Ph = phenyl (2a), Cl (3) and Me = methyl (4)
[{6,7th}2‘ = quinoxaline-6,7-dithiolate] and comparative studies of their electronic and
electrochemical properties. The solution and solid-state electronic absorption spectra and
electrochemical properties of these compounds, are strongly dependent on the electron
donating / accepting nature of the substituent. Particularly, the CT (charge transfer)
transition bands, observed in the visible region, are greatly affected by the electronic
nature of the substituent attached to the quinoxaline-6,7-dithiolate ring and the relevant
spectra are shown in Figure 9. The CT transition of [BusN]2[Ni(6,7-qdt),] absorb at low
energy region in comparison to the CT band of the [BusN]2[Ni(qdt),] in the visible region.
In addition to this, the observed CT bands in all the complexes are sensitive to the solvent
polarity. Complexes 1a, 2a, 3 and 4 undergo reversible oxidation at very low oxidation
potentials appears at E;, = +0.12 V, 0.033 V, 0.18 V and 0.044 V vs Ag/AgCl,
corresponding to the di-anionic complexes to mono-anionic complexes, respectively in
MeOH solutions compared to that of [Ni(qdt),]*” (Ei» = +0.41 V vs Ag/AgCl) and the

concerned CV diagrams are shown in Figure 10. This is probably due to the position of the
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Figure 9. (a) Electronic absorption spectra in solution (MeOH) and (b) diffuse reflectance of solid
compounds 1a, 2a, 3 and 4.
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Figure 10. Cyclic voltammograms of compounds 1a, 2a, 3 and 4 in MeOH solutions at scan rate 50 mV s,
V vs Ag/AgCI.

nitrogen atom present in the qdt systems (qdt versus 6,7-qdt), which causes the difference
in the withdrawing ability on the electron density in the vicinity of the metal atom. From
these results we conclude that the ligand must be participating to a large extent in electron
transfer process. In addition to this, [PPhs]o[Ni(X26,7-qdt),] {X = H (1b), Ph (2b)}

complexes also have been described. Compounds la, 1b, 2b, 3 and 4 have been
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characterized unambiguously by single crystal X-ray structural analysis. The molecular

structures of all the compounds exhibit weak C—H---S and C—H---N weak interactions.

Chapter 6

Synthesis of New Intramolecular Charge Transfer A-D-A
Tetrathiafulvalene-Fused Triads Exhibiting Large Solvent
Sensitive Emission Behavior

Because of the structural similarities between the inorganic “dithiolene” complexes and
organic “tetrathiafulvalene” (TTF) molecules, we have aimed to synthesize the TTF fused
quinoxaline based systems by introducing the 6,7-quinoxaline dithiolate ligands (described
in the previous chapter) to the TTF core. We have synthesized three new acceptor-donor-
acceptor (A-D-A) triads incorporating the donor tetrathiafulvalene (TTF) fused with
acceptors quinoxaline and dipyrido[3,2-a:2',3"-c]phenazine (dppz) systems (Figure 11).
Solution emission spectral studies of all these compounds show large solvent sensitive
behavior with huge Stokes shifts as shown in Figure 12. The large solvent dependence of
the emission indicates that the excited state is stabilized in more polar solvents due to the
intramolecular charge transfer. Fascinatingly, compound 1b (structural representation
described below) shows color response with polarity of the solvents under UV lamp. The
emission light of the compound 1b varies from green to red with increasing the polarity of
the solvent (CCl, to DMSO). For example, in the solution of non polar solvent, such as
CCla, this shows green emission and emission maximum is centered at 532 nm [Figure
12]. In the solution of moderate polar solvent, such as toluene, it shows yellowish
emission, and the relevant emission maximum centers at 570 nm. On the other hand, in the
solutions of relatively more polar solvents, such as DMF and DMSO, this shows red
emission and the emission maxima are centered at 665 nm and 682 nm respectively
[Figure 12]. Compound 1b is additionally characterized by single crystal X-ray
crystallography along with IR, NMR spectroscopy including their elemental analysis. Due
to the S---S intermolecular contacts (3.710 to 3.731A) are between the TTF derivatives of
compound 1b results in the formation of one- dimensional supramolecular chain. We also
have described electrochemical studies of one of the title compounds (compound 1b)
exhibiting two oxidation responses at 1.02 V and 1.31 V vs Ag/AgCl, that correspond to

the oxidized species of TTF monocation and dication, respectively.
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Figurell. Structural representations of newly synthesized A-D—-A TTF triads.
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Figure 12. (a) Emission spectra (—, Aex = 460 nm) of the TTF triad (1b) in different solvents at room
temperature, a) CCly, b) toluene, c) CHCI;, d) DCM, e) acetone, f) DMF, g) DMSO, and absorption (----)

and excitation spectra (-, Aem = 610 nm) of 1b in CHCI; (excitation and emission spectra are normalized to
1); (b) color response of compound 1b with different solvents under UV lamp.
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Summary: Future Scope

This part will demonstrate the future scope of this thesis work. In the second chapter of
this thesis, we have described the alkali metal ion based coordination polymers of metal
bis(dithiolene) complexes, where simple varying the coordination solvents results in the
variation of the structural diversities and dimensionalities. This methodology can be
extended to Ni(lll) ions to prepare coordination polymers, and theses Ni(lll) coordination
polymers will show an interesting conducting and magnetic behavior. We would be able to
also extend this to diselenolene complexes. The replacement of sulfur with selenium in the
building blocks (metal dithiolene complexes) / tetrathiafulvalenes (TTFs) has been shown
to overcome the metal-to-insulator transition, often present in these materials at low
temperatures caused by Peierls distortion. The greater spatial extension of Se orbitals
compared to S may increase the electronic dimensionality of the system and thus to avoid
the undesired transition. In the alkali metal ion based coordination polymers alkali cations
would be exchanged by transition metal ions such as Cu(1) ions to get good conducting
materials and the work is going on presently in this direction in our laboratory. Currently,
the generation of field-effect transistors (FET) is 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.
Based on this, limited reports have been observed in the literature. This would be an
interesting area in the synthesis of new TTF-fused derivatives with new heterocyclic based
ligands in greater extent. Also N-containing based meta-dithiolene complexes are present
in active sites of many metalloenzymes. 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. The newly synthesized
ligands 6,7-qdt based ligands, described in the chapter 5, are useful to synthesize the Mo-
and W- dithiolene complexes which are related to active sites of many metalloenzmes.

The relevant effort has already been underway in our laboratory.

*******************************End Of SynOpSiS**************************
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