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1. Introduction  

 

 

 

 

 

1.1. Background 

Research on metal complexes with dithiolene ligands has remained continuously active since 

its inception in the early 1960s. Initially, the research was focused on the distinctive redox and 

structural characteristics of these coordination compounds due to the noninnocent nature of the 

dithiolene ligands.
[1-3]

 After this initial phase, the dithiolenesô chemistry was studied extensively 

for potential applications in molecular materials with conducting, magnetic and optical 

properties.
[4-7]

 These developments also facilitated the growth in the area of organic materials; in 

fact, the synthetic chemistry of dithiolene complexes have greatly benefited from advances in 

tetrathiafulvalene (TTF) chemistry.
[4, 8-10]

 The discovery of the first molecular superconductor 

containing a transition metal complex, (TTF)[Ni(dmit)2]2 (dmit: 1,3-dithiole-2-thione-4,5-

dithiolate), by Cassoux and coworkers in Toulouse, France fueled a significant effort into the 

search for more of these fascinating materials. In this period, research was focussed on the metal-

dithiolene complexes bearing the MS2C2 five-membered ring and much theoretical and 

experimental effort was made to understand their unique electronic structures relative to their 

conducting properties.
[11]

 Since then, a very large variety of different 1,2-dithiolene ligands and 

their complexes with numerous metal ions has been reported, and the interest in 1,2-dithiolene 

chemistry has increased continuously.  

In the 1990s, research on dithiolenes was energized by the discovery that virtually all Mo- and 

W-containing enzymes except nitrogenase feature dithiolene moieties, which are in turn an 

integral part of the heterocyclic pyranopterins.
[12-21]

 The bioligand found at the active sites of 

these enzymes is called pyranopterindithiolate or molybdopterin (MPT; Figure 1.1). 

Molybdopterin is a hetero-tricyclic system and binds the active site metal via a dithiolene 

moiety, i.e. with two sulfur atoms which are bound to a C=C moiety. 
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Figure 1.1 The chemical structure of molybdopterin (MPT) - the ligand in the active sites of 

molybdenum and tungsten dependent oxidoreductases. 

 

Though, the dithiolene complexes continue to appear in various contexts parallel with the 

aforementioned developments (i.e. materials-driven studies and biologically driven studies), 

there are, however, only few examples in the literature in which sulfur functional groups in 

dithiolene ligands are used in sensors, markers or indicators for binding the target, particularly 

the heavy metal ions.
[22-26]

 Heavy metal ions, after all, could inhibit molybdoenzyme activity by 

binding to the dithiolene moiety of molybdopterin.
[27]

 So, it appears to be feasible and expedient 

to mark/indicate the heavy metal ions with dithiolene compounds which could bind with the 

dithiolene moiety of MPT even in the presence of various potentially competitive background 

metal ions. A very interesting molecule used for the detection of lead
[28]

 is in fact a model for 

MPT and a precursor for the respective ditholene ligand; a type of ligand frequently used in our 

group and as will be discussed in this thesis. Therefore, we decided to combine dithiolene-based 

binding moieties, falling into our expertise, with directly attached fluorophores with the aim to 

detect heavy metal ions using optical methods. In this thesis, the synthesis of dithiolene based 

molecules with systematically variable substituents is being described together with their 

potential applications as sensors, markers or indicators towards heavy metal ions. As the 

fluorophore substituents necessarily possess interesting electronic properties and because this 

should be in conjugation with the coordinated metal via the noninnocent dithiolene metal binding 

moiety we were curious as to how this might affect the catalytic and electronic properties of the 

resulting complexes. Hence, from the initial aim of developing heavy metal ion sensors and 

markers, the developed ligand systems were also utilized for MoCo and WCo models in order to 

investigate their catalytic potential. 
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1.2. Noninnocent Nature of Dithiolene L igands 

Dithiolenes are per se noninnocent compounds, meaning they are redox active and their actual 

and formal oxidation states or charges are not necessarily the same. A considerable amount of 

experimental evidence over the last 50 years has pointed to the fact that dithiolenes are highly 

noninnocent ligands.
[1, 3, 29-40]

 Depending on the electron configuration of the coordinated metal 

and the overall electronic situation of the complex, the charge of a dithiolene ligand can be ï2, ï

1 or 0 or anything in between. That is, they may be viewed in a valence bond description as 

existing somewhere between the extremes of neutral (dithione/dithiete, L), radical monoanion 

(L
Å

) and dianionic dithiolate (L
2

) forms (Scheme 1.1). This allows the noninnocent ligand to 

fine-tune or buffer the coordinated metal's charge and facilitate redox processes of the entire 

complex. This variable formal oxidation state behavior is somewhat different than that observed 

for dioxolene ligand complexes, which display a well-behaved quinonesemiquinone

catecholate series, with discrete oxidation states being assigned to the ligand and metal.
[41]

 In 

fact, metal dithiolenes are among a limited number of inorganic systems that display extensive 

metal ligand redox interplay, making them useful as key components of donor acceptor 

molecules.
[42]

 Note, that the neutral form of the ligand has two limiting resonance structures, one 

of which (dithiete; (d) in Scheme 1.1) points toward the possibility of disulfide bond formation 

within the ligand. The fundamental difference between dianionic, radical monoanionic and 

neutral dithiolene ligands is the number of  ́ electrons in the S C=C S skeleton of the 

dithiolene.
[43]

 For the neutral dithiolenes, the S C=C S fragment possesses four ́ electrons, 

whereas for the radical monoanionic and dianionic form, there are five and six  ́ electrons 

respectively as described by Hoffmann and co-workers.
[44]

 Irrespective of the dithiolene ́ 

electrons count, the CīS and CīC bond distance values from structurally characterized nickel 

bis(dithiolene) complexes with unambiguous dithiolene ligands also typified each of the several 

ligand redox states unanimously.
[45-46]

 

Noninnocent ligands often use their extended  ́systems and available ́* orbitals to interact with 

metal-based orbitals of appropriate symmetry and energy, leading to delocalized frontier orbitals 

with substantial ligand character, as often encountered in dithiolene complexes. It has been 

debated, of course, that the potential ability of molybdopterin to do so in the active site of an 

oxidoreductase may be a key to its efficiency. Experimental evidence, however, indicates that 

this is not a relevant feature, because steric hindrance of molybdopterin movement prevents this 



1. Introduction 

4 

 

 

Scheme 1.1 Redox states (L
2
źL

Å
źL) of the dithiolene ligand. One-electron oxidation of the 

dianionic ene-1,2-dithiolate (L
2

) results in the formation of radical monoanion (L
Å

) which could 

be oxidized to the neutral 1,2-dithione and 1,2-dithiete (L) resonance forms. The approximate 

CīS and CīC values are indicated for each. Bond lengths are taken from the structures of 

[Ni(S2C2Me2)2]
n
 (n = 2ī, 0, for (L

2
) and (L

Å
), respectively)

[46]
 and [Ni(Me2pipdt)2]

2+
 

[45]
 

(Me2pipdt = 1,4-dimethylpiperazine-2,3-dithione). 

 

ligand to act noninnocently.
[30, 47]

 A prerequisite of moving electron density from the dithiolene 

ligand to the metal and back is the ability to modify the orbital overlap between sulfur p-orbitals 

with metal d-orbitals. The degree of such overlap depends on the angle at which the dithiolene is 

bent, the so-called folding angle.
[48-50]

 With metals in higher formal oxidation states, and if 

sterically unhindered, the dithiolene ligand bends towards the metal to increase the orbital 

overlap between sulfur and metal and by this, increased electron density is donated from the 

sulfur to the metal. Whereas in the enzymes this is prevented by the rigidity of the active site 

pocket, in model complexes, which mimic at least the dithiolene coordination to the metal, such 

active contribution of the ligand can be actually observed.
[51-58]

 

 

1.3. Nomenclature 

There is considerable variability in the naming of dithiolenes within the literature. The name 1,2-

dithiolene was originally introduced by McCleverty and co-workers
[59-60]

 as a simple 

nomenclature to describe the metal complexes bearing bidentate sulphur-donor ligands 

connected via an unsaturated carbon-carbon bond, and refer neither to a specific molecular 
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charge nor to the oxidation state of the central metal ion. Later the name grouped together a 

number of structural types that behave in a similar manner.
[61]

 Of the most commonly used 

dithiolene systems 
[54, 62]

, we can distinguish two fundamental types: the aliphatic ene-1,2-

dithiolate (R2C2S2; R=H, Me, Ph, CF3, CN, COOMe, etc.) type and the aromatic benzene-1,2-

dithiolate (bdt) type, the phenyl ring of which may carry in addition to the two thiol functions 

one or more substituents such as Me, Cl, SiPh3, NHCOCH3, and NHCOCPh3 (Figure 1.2). Both 

types are typically represented in their fully reduced form (i.e., with a charge of ī2), which is for 

the latter group also the most likely form because the aromatic ring system is electronically 

rather sturdy. On the basis of symmetry, the dithiolene systems can be further distinguished
[63]

:  

 

Figure 1.2 Examples of commonly used dithiolene ligand systems. (adapted from Ref. 
[64]

) 

 

 

Figure 1.3 Commonly employed symmetrical dithiolene ligands constituting models for MPT 

with their acronyms or formulae as used throughout the literature. (adapted from Ref. 
[63]

) 

 

S

S
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S

N

S
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S

ntdtsdt 2-pedt 4-pedt  

Figure 1.4 Examples for unsymmetrical dithiolene ligands constituting models for MPT 

molecules with their acronyms. 

 

there are symmetrically substituted dithiolenes such as bdtCl2, mnt (S2 C2(CN)2), edt (S2C2H2), 

S2C2Ph2, S2C2Me2, and so on (Figure 1.3) and unsymmetrically substituted dithiolenes such as 

S

S

R = H; 4-Me; 3,6-Cl2; 4,5-Cl2;

3,5- But; R4 = Cl4

R

S

S

R = CH2; O; S

R

S

S

R
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CO2Me; CN
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sdt, 2-pedt, 4-pedt, ntdt (Figure 1.4), with the latter being, more accurate models of MPT. Also 

dithiolene based fluorophore molecules belong into this category. It is nevertheless important to 

recognize that many different names may be present in the literature for the same ligand. 

 

1.4. Dithiolenes and Metal Dithiolene Complexes in Detection 

Binding molybdenum by the dithiolene group of molybdopterin generates the molybdenum 

cofactor, which can be inserted directly into molybdoenzymes. As is very early on taught in the 

very basic education of a chemist, the heavier heavy metals prefer to bind sulfur atoms, leading 

to the question of whether other metal ions might not inhibit the activity of molybdoenzymes by 

binding to the dithiolene moiety of Moco. So, it becomes indispensable in this respect to identify 

the metal ions which could preferably bind with the dithiolene moiety of MPT model ligands in 

the presence of various background metal ions including molybdenum. 

Because of rich electrochemical and photophysical properties of dithiolene/metallo-dithiolene 

molecules, they can be used as sensors, markers or indicators for heavy metal ions. Primarily, 

this finding was first realized in the 1930s when colorimetric metal-ion identification using 

toluene-3,4-dithiol (tdt) was first developed
[65-67]

, which was later advanced by 2,3-

quinoxalinedithiol (qdt) as UV-vis spectrophotometer became available in the 1960s.
[68-74]

 2,3-

quinoxalinedithiolate was first prepared in 1956 by Morrison and Furst
[75]

 who observed that qdt 

formed colored complexes with metals in aqueous ammonium hydroxide. Using the qdt ligand 

nickel was first quantitated in 1958 by Skoog et al
[76]

 in liquid ammonia. Both methods relied  

 

N

N S

Pt(dppe)
S

N S

Pt(dppm)
SH

N

S

Pt(dppm)
S

R

N S

Pt(dppm)
S

 

Figure 1.5 Representative members of the heterocyclic substituted platinum 1,2-enedithiolate 

dual emitters, where  dppe = 1,2-bis[diphenyldiphosphino)ethane]; dppm = 1,1 

bis[diphenyldiphosphino)methane] (adapted from ref. 
[77]

). 
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on the inherent reactivity of 1,2-enedithiolates (aryl-1,2-dithiolates) to bind metal ions and the 

strong visible absorbances of the resulting metal complexes. Using qdt, metal ion concentration 

in the 0.1ï10 ppm range can be determined with negligible errors, but it has a limitation in the 

presence of other competitive background metal ions; i.e. separation of metal mixtures was 

required prior to analysis.
[77]

 

While metallo-1,2-enedithiolates have long been used in metal analysis, it was not realized until 

the 1990s that they had unique photophysical properties.
[78-84]

 It was an entire class of 

heterocyclic-substituted platinum- 1,2-enedithiolates (Figure 1.5) which drew the attention and 

which was found to be unique among inorganic lumiphores in that they were room temperature 

dual emitters.
[79-83, 85]

 The dual emission is from a long-lived state with considerable triplet 

character (phosphorescence) 
3
ILCT* and a short-lived state with considerable singlet character 

(fluorescence), 
1
ILCT*.  Both states are thought to arise from an intraligand charge-transfer 

(ILCT) transition with considerable 1,2-enedithiolate ́  to heterocycle ́* character.
[79-82, 85]

 To 

date, heterocyclic-substituted platinum 1,2-enedithiolates have been used in analyte detections 

that rely on variations in emission intensity
[86-87]

, lifetime
[79, 81, 86]

, and a unique phosphorescent 

/fluorescent ratio
[84]

. At present, these systems are under development as oxygen, temperature, 

and pH probes as well as dual-emitting luminescent tags.
[77]

  

Despite the huge developments in detection strategies using many sophisticated analytical 

techniques,
[22, 88-105]

 one of the most interesting and surprising facts is that there are only few 

examples in the literature in which sulfur functional groups of free dithiolene ligands or the 

metallo-dithiolene complexes are used in sensors, markers or indicators.
[106]

 This is the case even 

though they are predestined for binding the target particularly the heavy metals even in the 

presence of various potentially competitive background metal ions.
[22-26]

 Notably, Basu et al.
[28]

 

developed a very interesting molecule, which is also a model for MPT, for the detection of Pb
2+

. 

This inspired us to develop dithiolene based fluorophore bearing molecules, which could also 

serve as models for molybdenum and tungsten oxidoreductases with respect to the immediate 

coordination sphere, with the aim to detect heavy metal ions using optical methods. Since most 

of the 1,2-dithiolate groups are sensitive to oxygen and light
[107]

, the oxidative and photoinduced 

decomposition of the ligands increases background interference, which affects metal analysis. 

Thus the use of bis(dithiolene) niccolates instead of the free dithiolene ligand as 

markers/indicators should reduce the background absorbance drastically due to low energy 
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absorbance relative to an analysis using free ligands. In other words, nickel bis(dithiolene) 

complexes possessing an absorbance in the NIR region might have a significant advantage over 

other common analytical methods for the detection of heavy metal ions. Paramount, is the fact, 

that the near-infrared (NIR) region of around 750ï1400 nm possesses significant advantages 

including minimal interfering absorption from biological samples, low scattering and deep 

penetration into tissues.
[97, 108]

 

 

1.5. Metal Dithiolene Complexation 

1,2-dithiolene ligands form complexes with main group and d transition metal ions. The majority 

of complexes are Ni based (e.g., [Ni(S2C2R2)2]
n-

; n = 0, 1, 2)
[109-110]

 which exhibit square planar 

geometries in all accessible charge states. Other common central elements are Cu, Pd, Pt, Au, 

and Zn.
[39]

 There are also a few Fe and Co complexes and a small number of structures based on 

Cr, Mn, Ag, Cd, and Hg.
[111]

 Tris(1,2-dithiolene) complexes were obtained for Ti, V, Cr, Zn, Mo, 

Tc, Ru, Ta, W, Re and Os. Heteroleptic metallo-bis(dithiolene) complexes possessing axial oxo 

ligands were obtained for Mo, W, Re and V. On the other hand, the coordination chemistry of 

homoleptic bis(dithiolenes) centered on main group elements is mainly based on C, Si, Ge, Sb, 

Tl, Pb, Bi and Te.
[111]

 In this thesis, asymmetrically substituted metallo-bis(1,2-dithiolenes) 

complexes with and without axial oxo ligands were synthesized with the main goal to use them 

as model complexes for molybdenum and tungsten cofactors and as sensors, markers or 

indicators for heavy metal ions respectively. 

In order to generate dithiolene metal complexes from 1, 3-dithiol-2-ones the C=O moiety needs 

to be released from the precursor in basic conditions which is most commonly done using 

ethanolic alkaline metal hydroxide solution. Then the de-protected ring (dianionic ene-1,2-

dithiolate) reacts with the available metal ions generating dithiolene complexes (Scheme 1.2). 

 

S

S
O

R

R

OH

S

SR

R

Metal

S

M
SR

R
n

EtOH

 

 

Scheme 1.2 Release of the C=O moiety from 1, 3-dithiol-2-ones ring in basic conditions and 

generation of metal-dithiolene complexes. 
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1.6. Homoleptic Metallo-bis(dithiolene) Complexes 

1.6.1. Synthesis 

Homeleptic bis(dithiolene) complexes are usually obtained as anionic species, by adopting 

different synthetic routes, which vary depending on the nature of the starting 1,2-dithiolene 

ligands or precursors, as briefly summarised in Scheme 1.3.
[109]

 Stable 1,2-dithiolate salts such as 

those of mnt
2ï

 or arene-1,2-dithiolates, directly give the corresponding homoleptic 

bis(dithiolene) complexes when reacted with the appropriate metal halides.
[112]

 As already 

mentioned, metal 1,2-dithiolene complexes can also be obtained by hydrolyzing the precursors  

3-dithiol-2-one ligands in alkaline media in the presence of a suitable metal salt.
[113-114]

 It is also 

possible to obtain a large variety of different anionic complexes promoted by exchange reactions 

from the corresponding transition metal complexes.
[53, 115-117]

 The reaction of electrophilic 

alkines, such as DMAD (dimethyl acetylenedicarboxylate), with metal per- and polysulfido 

complexes exploited another fascinating synthetic route for the synthesis of metallo 1,2-

dithiolenes.
[118-123]

 The sulphuration of Ŭ-hydroxyketones (acyloins) or 1,2-diketones with 

reagents such as P4S10 or Lawessonôs reagent
[124]

 yield 1,2-dithietes, four-membered R2C2S2 

rings, which in the presence of metal salts or even elemental metals afforded homeleptic 

bis(dithiolene) complexes.
[125-126]

 Perhaps the most important complexes of this type are 

Ni(S2C2R2)2, where R = Me and Ph, which have gained recent attention as dithiolene-transfer 

agents for the synthesis of bis(dithiolene) derivatives of Mo and W.
[127-128]

  

 

1.6.2. General Structural features 

The coordination geometry of the central transition metal atom in the majority of homoleptic 

bis(dithiolene) structures is square-planar, tetrahedral or near tetrahedral. There are a few cases 

where the coordination geometry may be better described as square pyramidal as a result of 

significant intermolecular interactions. Several structural parameters, such as the dihedral angle 

(ɚ) between the two SMS planes, the c1 M c2 angle (where c1 and c2 are midpoints between the 

two S atoms of each dithiolene ligand; Figure 1.6) and the folding angle (ɖ) between the SMS 

and SCCS planes (Figure 1.6), have been used to better define the coordination geometry of the 

central metal ion and qualify the distortions with respect to idealized geometries. Thus ɚ = 0 and 

90° represent true square planar and bis(chelated)-tetrahedral geometries, respectively. Although 

most complexes are either square planar (ɚ = 0 10Á) or near tetrahedral (ɚ = 80 90Á), there are 
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Scheme 1.3 Synthetic strategies for the homeleptic bis(dithiolene) complexes. 
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Figure 1.6 The c1-M-c2 angle and folding angle (ɖ) in bis(1,2-dithiolene) complexes. 
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Figure 1.7 Ranges of average bond distances (Å ) and angles (°) for bis(dithiolene) transition 

metal complexes (adapted from ref. 
[111]

). 
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examples that demonstrate intermediate values (ɚ = 10 80Á). For the vast majority of complexes 

the c1 M c2 angles are nearly 180°, and significant deviations from linearity indicate specific 

intermolecular interactions such as dimer formation, lone-pairs or distortions due to crystal 

packing. The folding angle (ɖ) represents the planar or nonplanar nature of the dithiolene-ligand 

chelate complex along the two S-atoms and the lower values point out higher planarity.
[111]

 

The nature of the central metal ion exerts an influence on metric parameters of bis(dithiolene) 

complexes, especially M S bond lengths. In the book Dithiolene Chemistry: Synthesis, 

Properties, and Applications (Progress in Inorganic Chemistry, Vol. 52, 2004, Chapter 2) the 

range of average M S bond lengths has been well described among the existing structural 

examples for each element.
[111]

 In bis(1,2-dithiolene) complexes C S distances cover a range of 

0.135 Å (1.642-1.777 Å), while C=C distances fall within a 0.236 Å range (1.284-1.520 Å). As 

far as angles are concerned, S M S angles have been found to range between 86.5 and 96.4Á, 

and tend to be smaller for longer M-S distances. Ranges for M S C and S C C angles are 92.1 

to 107.3Á and 117.7 to 129.5Á respectively, and larger M S C angles are offset by smaller S C

C angles (Figure 1.7). 

 

1.6.3. Redox Behavior 

One of the most interesting properties of this class of complexes is the ability to carry a charge 

which can vary considerably between anionic and neutral or cationic states, promoted by the 

noninnocent dithiolene ligands.
[129]

 A pictorial representation of the extreme noninnocence of the 

dithiolene ligand in the [M(dithiolene)2]
0,1 ,2

 electron-transfer series is shown in Scheme 1.4. 

Here formally high-valent Ni (Ni
2+

, Ni
3+

, and Ni
4+

) is tacitly assumed due to the large 

destabilization of the metal dxy orbital.
[46]

 Considerable metalïligand redox interplay is 

anticipated in the more oxidized members of this series, though the crystallographic and 

electronic structure evidence points toward a Ni(II) oxidation state for the dianionic complexes 

[M(dithiolene)2]
2

. A combined DFT and X-ray crystallographic study of the [Ni(S2C2Me2)2]
0,1

,2
 electron-transfer series by Holm and co-workers deduced a correlation between the geometric 

and electronic structures of all members of this electron-transfer series at parity of the dithiolene 

ligand.
[46]

 This study provided the first theoretical interpretation of both electrochemical and 

spectroscopic features of 1,2-dithiolene complexes. 
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Scheme 1.4 Redox processes involving bis(1,2-dithiolene) complexes (adapted from ref. 
[43]

). 
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Figure 1.8 The three oxidation levels of dithiolene ligands (L, L
Åī

and L
2ī

) and metal oxidation 

levels for neutral nickel bis(dithiolene) complexes. (adapted from ref. 
[130]

) 
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1,2-dithiolate (L
2

) forms (Scheme 1.1 and Figure 1.8). In this context, neutral nickel bis(1,2-

dithiolene) complexes have been particularly studied in the past, and two principal models for 

the electronic structure of these complexes resulting in an oxidation state of II for the metal, were 

the first to be discussed in the literature.
[130]

 Stiefel et al. proposed a diradical open shell singlet 

ground state (Figure 1.8b: M
II
 with 2L

Å
) whereas Schrauzer and Mayweg

[131]
 and Bach and 

Holm
[132]

 proposed a singlet closed shell ground state (M
II
 with L

0
 and L

2
) based on either a 

fully delocalised structure (Figure 1.8c, form I) or on two resonance hybrid structures (Figure 

1.8c, form II). The noninnocent nature of the 1,2-dithiolene ligand in such systems is also 

strongly dependent on the nature of the transition metal ion present in the complex.
[38]

 As a 

consequence, to assign the specific oxidation state of the metal ion or the redox states for these 

dithiolene complexes is still a problem and a most challenging task for theoretical calculations. 

 

1.6.4. Optical Properties 

One of the most striking properties of 1,2-dithiolene complexes, in particular with d
8
 metal ions, 

is their intense molecular absorbance in the Visible-Near Infrared (Vis-NIR) region.
[6-7, 11, 43, 59, 

115, 125-126, 133-137]
 Their absorbance in solution ranges from 700 to 1750

[138-139]
 nm depending on 

the substituentsô nature, central metal ion, coordination geometry, global charge of the complex 

(electrochromism), and the solvent (solvatochromism) The low energy absorbances are generally 

assigned to d-d transitions
[125]

, whereas, in contrast Vis-NIR absorbance is well known to be due 

to a ˊˊ* electronic transition involving frontier molecular orbitals. As just mentioned, the 

nature of substituents on the 1,2-dithiolene ligands plays an important role in determining the 

position of the Vis-NIR absorbance in these systems. According to the qualitative interpretation 

proposed by Mueller-Westerhoff,
[126]

 acceptor substituents lower the energies of the HOMO and 

the LUMO by similar amounts of energy, not resulting in drastic shifts in transition energies, 

while donor substituents raise the energy of the HOMO more than that of the LUMO, thus 

reducing the HOMO-LUMO energy gap, and therefore causing the red shift observed for the 

corresponding absorbance. As a consequence, the acceptor substituents stabilize the bis(1,2-

dithiolene) anionic forms by lowering the LUMO energy, while donor substituents tend to 

stabilise neutral or, in some cases, cationic forms by raising the HOMO energy.
[125-126]

  

Due to the low energy absorbance of dithiolene complexes, in particular with d
8
 metal ions, they 

could be useful for metal ion detection purposes since this optical property provides paramount 
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advantages over other common analytical methods including minimal interfering absorbance 

from biological samples, low background scattering and deep penetration into tissues in the Vis-

NIR region. So, keeping in mind the applicative interest in low energy absorbances, one of 

researchersô main goals has been that of lowering the energy of this absorbance as much as 

possible by systematically varying the substituents on the 1,2-dithiolene ligands. Since our 

research group is working on synthetic strategies for model compounds for molybdenum and 

tungsten cofactors and their biological studies with biotechnologically produced molybdenum 

cofactor dependent enzymes, we have developed a series of [Ni(S2C2R
1
R

2
)2] complexes by 

systematically varying the substituents with the aim to use these for transmetalation
[116, 128]

 

reactions in order to generate molybdenum and tungsten model complexes. Interestingly, some 

of these nickel bis(dithiolene) complexes (3a c, 4a c, 5a b) show low energy absorbance in the 

Vis-NIR region due to both extensive ́ ˊ* electron delocalization within the dithiolene ring 

system, and the interaction of this delocalized system with available d-orbitals on the central 

metal
[140]

. This observation inspired us to use these complexes for the detection of heavy metal 

ions exploiting the Vis-NIR region where other common analytical probes do not respond.
[97, 141]

 

The asymmetrically substituted free dithiolene ligands have also been tested for their probable 

use as sensors or markers.  

As the fluorophore substituents necessarily possess interesting electronic properties and because 

this should be in conjugation with the coordinated metal via the noninnocent dithiolene metal 

binding moiety we were curious as to how this might affect the catalytic and electronic 

properties of the resulting complexes. Hence, from the initial aim of developing heavy metal ion 

sensors and markers, the developed ligand systems were also utilized for MoCo and WCo 

models in order to investigate their catalytic potential. 

 

1.7. Heteroleptic Metallo-bis(dithiolene) Complexes Possessing Axial Oxo Ligands: MoCo 

and WCo models  

1.7.1. Molybdenum and Tungsten Oxidoreductases: Current state of the art  

The research using dithiolene ligands to develop and understand functional and/or structural 

models of molybdenum and tungsten oxidoreductases addressing distinct aspects of the enzymes 

is undergoing rapid development, stimulated by a number of synthetic analogues in the recent 

literature.
[12, 30, 51-54, 64, 142-152]

 As mentioned before, the dithiolene group modulates properties of 
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the metal center, especially its redox potential by ligating with Mo or W. Molybdenum and 

tungsten are unique with respect to biological function because, in contrast to other biologically 

relevant transition metals which are typically 3d metals, they are 4d and 5d elements 

respectively. Molybdenum and tungsten are, other than, for instance, iron and copper, capable of 

catalyzing two electron redox reactions with only one metal center present and without a co-

oxidant or co-reductant at the active site. This ability is crucial for the transformations catalyzed 

by the molybdenum- and tungsten-dependent oxidoreductases and quite likely the reason why 

these metals are used. 

Molybdenum and tungsten dependent enzymes catalyze fundamental metabolic reactions 

involving oxygen atom transfer to or from biological substrates in the nitrogen, sulfur, and 

carbon cycles. The reactions catalyzed by these oxidoreductases are typically referred to the 

formal transfer of one neutral oxygen atom from a donor to an acceptor, one of which is typically 

water as the source or sink of the oxygen atom. In course of this, the oxygen acceptor atom is 

oxidized by two electrons and the donor atom is reduced by two electrons respectively as is the 

active site metal (see equations for an oxidase below). The regeneration of the active site is 

achieved by two consecutive proton coupled electron transfer reactions (PCET).
[63]

 

 

OAT:  enz-M
VI

=O + sub D enz-M
IV 

+ sub=O   (1.1) 

1. PCET: enz-M
IV

 + H2O + e
ï
 D enz-M

V
 + OH

ï
 + H

+
   (1.2) 

2. PCET:
 

enz-M
V
 + OH

ï 
+ e
ï 
D enz-M

VI
=O + H

+
   (1.3) 

 

By spectroscopic studies it was established beyond doubt that for the vast majority of these 

enzymes the redox reaction concomitant with oxygen atom transfer from water to product (or 

vice versa) occurs directly at the metal center in the molybdenum and tungsten oxidoreductases 

and the metal center cycles between the oxidation states M(VI) and M(IV).
[153-156]

 The 

intermediate M(V) oxidation state is generated by a one-electron reduction of the M(VI) state in 

the reductases, or by a one-electron oxidation of the M(IV) state in the oxidases respectively. It 

occurs via proton coupled electron transfer (PCET) during the catalytic cycle in the regeneration 

leg of the catalytic cycle and the catalytically active state is re-established by a second one-

electron reduction, or oxidation respectively.
[117]
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The term óómolybdenum cofactorôô (or Moco)
[154]

 refers to the metal center and its inner 

coordination sphere i.e. molybdopterin plus coordinated small mono- to triatomic ligands (the 

latter being water) and/or a coordinated amino acid residue. Moco is not a single, unique, moiety; 

rather it is a diverse collection of protein-bound sites that have certain common features. 

Mononuclear tungsten enzymes are in many ways strikingly analogous to the 

molybdoenzymes
[157]

 and there is only this specific class of tungsten enzymes known today. 

Together they are referred to as the molybdenum and tungsten dependent oxidoreductases.  

Based on the geometrical and chemical structures of the oxidized active sites and sequence 

homologies, Hille has shown that the mononuclear Mo MPT enzymes of molybdenum can be 

classified into three families (Figure 1.9).
[154, 158]
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Figure 1.9 The active sites of representatives of molybdenum-dependent oxidoreductase families 

as derived from crystal structures of individual enzymes with Mo in oxidation state +VI. 

 

¶ Members of the DMSO reductase (DMSOR) family bear a L2Mo
VI

(O)R core in the 

oxidized state and a L2Mo
IV

(R) core in the reduced state (with L = MPT and R = a ligand 

most often contributed by the polypeptide with S of cysteine, O of serine, aspartic acid or 

Se of selenocysteine). 
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¶ Members of the Sulfite Oxidase (SO) family involve one MPT bound to a cis-MoO2 center 

with an additional coordination site occupied by a cysteinyl residue to form the 

LMo
VI

O2(S cys) active site. 

¶ Members of the Xanthine Oxidase (XO) family bear the LMo
VI

OY(H2O) (Y = O or S) 

core at their active sites with no amino acid residue bound. 

 

All of the W MPT enzymes so far identified involve the metal bound to two MPTs, that is, they 

can be categorized as members of the DMSOR family although there is no homology. 

 

1.7.2. Immediate coordination sphere of Molybdenum and Tungsten Oxidoreductases 

Bioinorganic chemists have developed a plethora of functional and/or structural models for 

molybdenum and tungsten oxidoreductases addressing distinct aspects of the enzymes. As a 

consequence, the scrutinized coordination chemistry of these two metals
[63, 159-160]

 has provided 

valuable calibrations of the information content and accuracy of the spectroscopic and structural 

techniques used to investigate the nature of the metal centers in the biological systems. As the 

nature of the metal centers in the MPT enzymes has become better defined, chemists have 

directed their efforts to synthesize model compounds that are effective structural with respect to 

the immediate coordination sphere and, in some cases, functional analogues of the catalytic 

centers of the natural systems. Many of them have been structurally characterized and screened 

for their catalytic oxo-transfer properties. An all-embracing model, however, which addresses all 

structural aspects of the molybdenum and tungsten cofactors including the MPT ligand still 

remains one of the big challenges in the bioinorganic chemistry area. 

The higher oxidation states of molybdenum and tungsten are inevitable for the oxidoreductase 

model complexes of these metals since they facilitate two electron redox reactions at the catalytic 

centers of the MPT enzymes.
[117]

 Thus, one or two =O (-oxo) ligands are ubiquitous in 

complexes of these metals in their higher (Ó IV)  oxidation states. These complexes with higher 

oxidation states can also form dimeric or oligomeric assemblies via ɛ-oxo groups, which are 

catalytically dead. The reaction of the reduced and oxidized forms (Mo
VI

O2/Mo
IV

O) of the OAT 

reactive molybdenum core with each other (see equation 1.4) by comproportionation commonly 

generates a dimeric chemically inert Mo
V

2O3 moiety.
[161-162]

 The formation of this inactive 
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species obstructs the catalytic cycle for good, unless it is in equilibrium with the reduced and 

oxidized species, in which case the catalytic activity is still dramatically decreased. 

 

Mo
IV

O + Mo
VI

O2 ᵮ Mo
V

2O3       (1.4) 

 

In an attempt to prevent this formation of the Mo
V

2O3 core by dimerization, the groups of 

(predominantly) Holm and Cervilla designed several model complexes such as Mo
VI

O2(L-NS2), 

[NH4]2[Mo
VI

O2(O2CC(S)Ph2)2]·2H2O and Mo
VI

O2(
t
BuL-NS)2 (Figures 1.10aïc) using sterically 

bulky ligands.
[163-167]

 The aim was to minimize or prohibit a direct contact between the two metal 

centers appearing at both ends of the catalytic turnover. The Mo=O bonds in all complexes are 

sterically shielded by bulky Ph/Ph-p-
t
Bu groups in the direction of a potential MoïOïMo bond 

in order to prevent dimerization. All these complexes efficiently catalyzed the oxygen atom 

transfer from DMSO onto the well-known proxy substrate PPh3 forming DMS and PPh3O. This 

reaction, which does not take place without a catalyst at ambient temperature, is the classical test 

reaction for OAT catalytic ability of complexes developed by Berg and Holm.
[164]

 In contrast to 

the natural processes both, the oxidation and the reduction of the molybdenum center proceed via 

oxygen atom transfer. It has to be noted, though, that phosphane, based on the significant oxo-

phillicity of the phosphorous atom, is comparably easy to oxidize. For substrates such as sulfite 

additional mediators would be required. Consequently, most model studies regarding reactivity 

or catalytic potential use non-natural substrates for the oxidation reactions. 
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Figure 1.10 Functional model complexes of molybdenum enzymes with sterically bulky ligands 

minimizing or preventing unwanted dimerization of reduced and fully oxidized species. 
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1.7.3. Synthesis and Characterization of bis-Dithiolene Complexes of Molybdenum and 

Tungsten (DMSOR) 

The synthesis of functional molybdenum and tungsten complexes mimicking the corresponding 

enzymes with respect to the immediate coordination sphere, and the demonstration that such 

complexes can undergo facile OAT reactions, are significant achievements.
[30, 64, 142-144, 151-152, 168]

 

The dithiocarbonate/ dithiocarbamate methodology has been used to prepare a number of 

molybdenumïdithiolene complexes. As an initial step toward the synthesis of dithiolene 

complexes of molybdenum and tungsten, a general strategy for the synthesis of asymmetrically 

substituted dithiolenes has been employed.
[169-170]

 This step has been used to generate a series of  

O
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Scheme 1.5 A general strategy for the synthesis of asymmetrically substituted dithiolene 

complexes of molybdenum and tungsten with axial oxo ligand(s). Only the trans isomer is 

shown even though cis and trans isomers might be formed. 
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Scheme 1.6 Scheme showing synthetic routes to monooxo-bis(dithiolene) molybdenum(IV) 

complexes starting from nickel bis(dithiolene) complexes. 

 

[MOx(dithiolene)2]
2

 (M = Mo or W; x = 1 and 2 for mono-oxo and di-oxo ) complexes (Scheme 

1.5), having a square-pyramidal and distorted octahedral geometry respectively with the oxygen 

atom at the apex and the molybdenum atom raised slightly above the basal (S4) plane. Detailed 

spectroscopic studies of these complexes have been carried out by M.L. Kirk and co-workers,
[171]

 

in order to improve our understanding of their electronic structure and to relate this to the 

electron transfer and OAT reactions of the molybdenum and tungsten oxo-transferase enzymes.  

Apart from the dithiocarbonate/ dithiocarbamate synthetic strategies as mentioned above, another 

synthetic route has been employed in this thesis to give monooxo-bis(dithiolene) complexes of 

molybdenum and tungsten, which was actually developed by Holm and co-workers.
[128, 172-173]

 

The compounds [M(CO)2(S2C2R2)2] (M = Mo or W; R = Me or Ph) have been shown to be 

valuable starting materials for these syntheses and these complexes can be prepared by reacting 

[M(CO)3(MeCN)3] with [Ni(S2C2R2)2] (see Scheme 1.6). Then, reactions of [M(CO)2(S2C2R2)2] 

with NEt4OH produce the square-pyramidal complexes, [MoO(S2C2R2)2]
2ï

 which serve as 

valuable catalysts for OAT reactions. 

 

1.7.4. Oxygen Atom Transfer Reaction 

As stated previously, molybdenum and tungsten enzymes (except nitrogenase) usually catalyze 

reactions of the type given in equation (1.1) leading to the net transfer of an oxygen atom to or 

from substrate. This type of reaction is generally called oxygen atom transfer reaction (OAT) 

without carrying a mechanistic implication and it is associated with a proton coupled electron 

transfer (PCET) process. Concomitant change in the oxidation state of, and also the number of 

oxo groups bound to a Mo or W center in oxidoreductase is supported by dithiolene ligands. 

Oxygen atom transfer reactions relevant for the molybdenum enzymes' interconversion have 

been extensively reviewed by Holm in 1990, prior to the elucidation of the active site structures 
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of the MPT bearing enzymes.
[161]

 One of the most extensively studied redox couples is 

Mo
IV

O/Mo
VI

O2 as a natural choice due to the high frequency of occurrence of these groups in 

conventional molybdenum chemistry.
[47]

 The bis(dithiolene) model compounds having 

Mo
IV

O/Mo
VI

O2 moieties are originally proposed or considered as relevant for the DMSO 

reductase family of enzymes. Mo
IV

O(dithiolene)2 type complexes can be oxidised to the 

corresponding Mo
VI

O2(dithiolene)2 upon reaction with oxidising agents such as Me3NO or even 

DMSO (equation 1.5).
[55]

 And as shown in equation (1.6) the backward reaction follows the 

transfer of O
2ï

 from Mo
VI

O2(dithiolene)2 to the oxo acceptor substrates such as Et3P, PhEt2P, 

Ph2EtP and Ph3P to regenerate the Mo
IV

O moiety. 

 

[Mo
IV

O(dithiolene)2]
2ï

  +  Me3NO  Ÿ  [Mo
VI

O2(dithiolene)2]
2ï

  +  Me3N (1.5) 

 

[Mo
VI

O2(dithiolene)2]
2ï

  +  R3P  Ÿ  [Mo
IV

O(dithiolene)2]
2ï

  +  R3PO  (1.6) 

 

However it is well known that the formation of dimeric µ-oxo Mo
V
 species from a 

comproportionation reaction of oxidised and reduced species often prevents Mo
IV

O(dithiolene)2 

complexes from being effective OAT catalysts.
[161-162]

 Successfully preventing this kind of 

deactivation by steric control of the ligands has already been discussed. Nakamura and co-

workers also studied this property in detail and put forward the idea of prevention of 

dimerization by an electronic control of the ligands.
[55, 174-175]

 

In this thesis, the synthesized model compounds (L2M
IV

O and L2M
VI

O2; M = Mo, W) are 

investigated catalytically and kinetically based on OAT reactions. The transfer of O
2ï

 from 

DMSO to PR3 (R = alkyl or aryl) is considered as the model reaction for oxo transfer 

catalysis.
[164]

 The bis-(dithiolene)mono-oxo Mo
IV

 complexes can be converted to the 

corresponding di-oxo Mo
VI

 complexes through controlled oxidation by Me3NO to receive model 

compounds for both the reduced and the oxidized oxidation state of the enzymes. The progress of 

the reaction can easily be followed by 
31

P NMR spectroscopy (though integration of the 

phosphorous signals is tricky and other substrates deliver more reliable data). When using 

varying substrate concentrations, kinetic information as the kobs dependency on substrate 

concentration, the maximum velocity (ɜmax) and Michaelis Menton constant (KM) can be 

extracted. Furthermore, when both substrate concentrations are varied it is possible to distinguish 
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concerted from consecutive reaction mechanisms.
[176]

 In order to understand the catalytic 

reaction in even more detail the forward reaction and catalyst recovery have been investigated by 

UV-Vis spectrophotometry. Employing different temperatures is necessary to extract kinetic 

parameters for the individual processes. 

 

1.8. Objectives of This Thesis 

Metal dithiolenes are fascinating compounds with rich chemical, electrochemical, spectroscopic, 

solid-state and biological properties, which are related to the noninnocence of dithiolene ligands. 

There are, however, only few examples in the literature in which sulfur functional groups in free 

dithiolene ligands or the metallo-dithiolene complexes are used in sensors, markers or indicators 

for binding the target particularly the heavy metal ions.
[22-26, 106]

. Heavy metal ions can be either 

essential or toxic to human beings and their determination is therefore of tremendous interest. 

Conventional methods require high cost analytical instruments which are insufficient for online 

or field monitoring. Alternatively, a very interesting molecule used for the detection of lead
[28]

 is 

in fact a precursor for a ditholene ligand; a type of ligand frequently used in our group. Hence, 

we decided to combine dithiolene-based binding moieties, falling into our expertise, with directly 

attached fluorophores with the aim to detect heavy metal ions using optical methods. 

Since most of the 1,2-dithiolate groups are sensitive to oxygen and light
[107]

, the oxidative and 

photoinduced decomposition of the ligands increases background interference, which affects the 

metalôs analysis. Thus the use of bis (dithiolene) niccolates instead of free dithiolene ligand as 

markers/indicators reduces the background absorbance substantially due to low energy 

absorbance relative to an analysis using free ligands. As a consequence, they could be useful for 

metal ion detection purposes since this provides paramount advantages over other common 

analytical methods including minimal interfering absorbance from biological samples, low 

background scattering and deep penetration into tissues in Vis-NIR region.
[97, 108]

 This thesis 

presents the synthesis and applications of dithiolene based fluorophore bearing molecules for the 

determination of heavy metal ions using optical methods. 

In ongoing work, it had become important for us to work at the lowest possible excess of base 

due to potentially base sensitive substituents and reaction partners which drove us to optimize the 

procedures most frequently used in our group for the de-protection of the ligand precursors and 

the in situ complexation reactions. A second task in the course of this thesis was to investigate 
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this important reaction in detail and to optimize it generally. This study eventually led to an in 

depth understanding of this reaction, important to many researchers from very different fields 

working with dithiolenes.  

As the optically active substituents necessarily possess interesting electronic properties and 

because it should be in conjugation with the coordinated metal via the noninnocent dithiolene 

metal binding moiety we were curious as to how this might affect the catalytic and electronic 

properties of the resulting complexes. Hence, from the initial aim of developing heavy metal ion 

sensors and markers, another focus of the thesis was to utilize the developed ligand systems to 

synthesize analogous molybdenum and tungsten complexes mimicking the corresponding 

enzymes with respect to the immediate coordination sphere. The model compounds were 

screened for their catalytic activity in the model oxotransfer reaction between DMSO and PPh3. 

The progress of the reaction was followed by 
31

P NMR spectroscopy (though integration of the 

phosphorous signals is tricky and other substrates deliver more reliable data) and UV-Vis 

spectrophotometry. Varying the substrate concentrations, kinetic information as the kobs 

dependency on substrate concentration, the maximum velocity (ɜmax) and Michaelis Menton 

constant (KM) have been extracted as part of this thesis.  
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2. Synthetic Methodology 

 

 

 

 

 

The 1,3-dithiol-2-ones comprise a class of molecules with demonstrated synthetic utility for 

the synthesis of metal dithiolene complexes, tetrathiafulvalenes and related materials. Due to the 

noninnocent character of ligands and the rich electrochemical and photophysical behaviour 

associated with metal dithiolene complexes, a variety of research fields exploit these systems 

regularly. Also the methods for making dithiolenes are numerous and diverse and have been 

described in the literature.
[109]

 This chapter discusses the synthesis of 1,3-dithiol-2-ones based 

molecules with systematically variable substituents (Figure 2.1) and their corresponding metal 

complexes with nickel, molybdenum and tungsten. A powerful route to dithiolene complexes 

employs alkenedithiolate dianions generated by the in situ base hydrolysis of cyclic 1,3-dithiol-

2-ones. 

This chapter is divided into two main parts. The first part focuses on the general synthetic 

strategies for asymmetrically substituted 1,3-dithiol-2-ones ligand systems. This includes the 

synthesis of dithiolene based fluorophore bearing molecules where the dithiolene part (generally 

called receptor) is attached to the signalling moiety (fluorophore) by various kinds of 

connections (peptide, diimide and triazole ring via click reaction). In the second part, the general 

method for metal dithiolene complexation is being discussed which explores the surprising fact 

that the ring opening reaction of the 1,3-dithiol-2-one system is fully reversible and can be 

controlled simply by adjusting the pH-value of the solution. 

 

2.1. Synthesis of Dithiolene Systems 

For the total synthesis of 1,3-dithiol-2-one based fluorophore bearing molecules a general 

strategy for the synthesis of unsymmetrically substituted 1,3-dithiol-2-ones ligands was applied. 

The required 1,3-dithiol-2-one systems can be prepared in several ways. Commonly used 

precursors are Ŭ-haloketones, which are often commercially available or can be prepared by 
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halogenation of the ketones.
[177-179]

 The overall procedure involves a series of efficient steps with 

well-defined intermediates. A key step is the acid-catalyzed cyclization of an Ŭ-ketoxanthate 

ester [RC(O)CH2SC(S)OR] in neat H2SO4 to give the dithiocarbonate.
[180]

  

 

 

 

Figure 2.1 Protected forms (as 1,3-dithiol-2-one) of asymmetrically substituted 1,2-dithiolene 

ligand systems. (Note: abbreviations of each ligand stand for the active ligand ene-1,2-dithiolate 

i.e. the deprotected form) 
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Scheme 2.1 A general synthetic scheme for the synthesis of unsymmetrically substituted 1,3-

dithiol-2-one ligands. 
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The corresponding reaction using Ŭ-keto dithiocarbamate ester [RC(O)CH2SC(S)NR2] generates 

the iminium analogues of the cyclic dithiocarbonates
[181]

, although the xanthate approach still 

appears preferable and is discussed throughout the thesis (see Scheme 2.1 and Experimental 

Section). For ligands L5 (AFph dt) and L6 (PYR ph dt) an additional step, condensation of 

the acid functionalized 1,3-dithiol-2-one with 6-aminofluorescein and 1-pyrenemethylamine, 

respectively, was employed to attach them via peptide bonds. Whereas, for L7 (NI ph dt) and 

L9 (4-PhenT ph dt) the ketone precursor was synthesised first by condensation and click 

reaction, respectively (see Experimental Section). In the following part of this section, the 

complications and how the reaction conditions were optimized will be discussed for each 

individual reaction step. 

 

2.1.1. Condensation of the anhydride with 4-aminoacetophenone 

The condensation reaction of 1,8-naphthalic anhydride with 4-aminoacetophenone was 

performed under nitrogen atmosphere in anhydrous DMF. Use of super anhydrous DMF is the 

key to this reaction, which was optimized only after numerous trials. The reaction mixture was 

refluxed for 24 h and then cooled down to room temperature when the product started to 

precipitate. Addition of anhydrous diethylether was needed to precipitate more cream colored 

crystalline solid, which was crystalized later on the surface of an NMR tube from chloroform. 

The product (L7a) was characterized by several spectroscopic methods like 
1
H NMR, 

13
C NMR, 

IR, MS and single crystal X-ray diffraction. The product is stable in air and was used for the next 

reaction without further purification. 

 

2.1.2. Click  Reaction 

For the synthesis of the protected form of ligand L9 (4-PhenT ph dt), a copper catalysed 

cycloaddition reaction was applied as first step (i.e. the step before xanthate addition) to connect 

the 9-ethynylphenanthrene and 2-bromo-1-(p-azidophenyl) ethanone via a triazole ring (see 

Scheme 2.2 and Experimental Section). In general the Cu-catalyzed Azide Alkyne 

Cycloaddition, CuAAC, is a catalyzed variant of the Huisgen reaction, i.e. a [3+2] cycloaddition 

between an azide and a terminal alkyne. The reaction is catalyzed by copper(I), which 

coordinates to the alkyne displacing the hydrogen and sumultaneously binds the azide, therefore 

bringing the two reaction centers close to each other.
[182]

 The terminal coordination of Cu(I) to 
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alkynes is not so common and is stabilized by the participation of alkyne ́-electrons in the 

bond.
[183]

 The most significant advantage of this CuAAC reaction is the regioselectivity which 

results in the formation of pure 1,4-subsituted triazole products instead of a mixture of both 1,4- 

and 1,5-substituted ones.
[184]

 

 

Table 2.1 Tested reaction conditions for the click reaction between 9-ethynylphenanthrene and 

2-bromo-1-(p-azidophenyl) ethanone. 

 

Entry Solvent Cu(I) Source Cu(I) (mol %) NaAsc (mol %) T, °C Time 

1 MeOH Cu(OAc)2 5 25 r.t overnight 

2 MeOH Cu(OAc)2 5 25 r.t 20 h 

3 DMF CuI 22,4 0 70 overnight 

4 MeCN CuSO4 100 500 r.t overnight 

5 MeCN CuSO4 200 1000 r.t 7.5 h 

6 MeCN CuSO4 200 1000 r.t. 48 h 

7 MeCN CuSO4 50 250 r.t overnight 

8 MeCN Cu(OAc)2 4 50 r.t overnight 

 

 

 

Scheme 2.2 Copper catalyzed [3+2] cycloaddition reaction between 9-ethynylphenanthrene and 

2-bromo-1-(p-azidophenyl) ethanone. 

 

After several attempts to optimize the reaction conditions as described in Table 2.1, we found the 

optimal conditions, where only 4 mol% of Cu(OAc)2 were used together with 50 mol% of NaAsc 
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at room temperature and in acetonitrile as solvent (Entry 8). The product was characterized by 
1
H 

NMR and mass spectroscopy. Since the obtained compound was not pure as evidenced from 
1
H 

NMR, the xanthate step had to be optimized by changing the solvent and ratio of starting 

materials. 

 

2.1.3. Bromination of Ketones 

For the total synthesis of 1,3-dithiol-2-one ligand systems, one approach is the Ŭ-halogenation of 

ketone (see in Scheme 2.1) which can be performed in both base and acid catalyzed conditions. 

 

2.1.3a Base-catalyzed bromination  

The reaction of ketones with molecular bromine in the presence of the base potassium carbonate 

results in the formation of Ŭ-haloketones. The suggested mechanism is depicted in Scheme 2.3.  
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Scheme 2.3 Mechanism of the base catalysed Ŭ-bromination of ketones 

 

The first step is supposed to be the base catalyzed enolization to give the enolate ion. The enolate 

ion then attacks the bromine molecule to give the bromide (Scheme 2.3a). One disadvantage of 

the base catalyzed halogenation is that it usually wonôt stop at the introduction of one halogen 

atom at the Ŭ position. The first step is the removal of an Ŭ-proton and the remaining Ŭ-protons 

between the carbonyl group and the bromine atom in the product are more acidic than those in 
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the original ketone because of the electron-withdrawing bromine atom. So, the bromoacetone 

forms an enolate faster than the original ketone does and undergoes a second Ŭ-bromination 

(Scheme 2.3b). Now we have one remaining proton in between the carbonyl group and two 

bromine atoms. This is even more acidic and so forms a new enolate ion even more quickly, 

which leads to the formation of the tribromo ketone (Scheme 2.3c). So, it is difficult to stop the 

reaction after the introduction of one bromine atom. 

 

2.1.3b Acid-catalyzed bromination: 

Acid catalyzed brominations worked better than the base catalyzed brominations because the 

reaction stops after the introduction of one bromine atom at the Ŭ-position (Scheme 2.4a). The 

second halogenation is slower than the first. This is because most of the intermediates are 

positively charged and hence destabilized by the presence of a halogen (see Scheme 2.4b). The 

bromoketone is less basic than acetone so less of the reactive protonated form is present. This 

slows down any further electrophilic attack. So, in general the halogenation of carbonyl 

compounds should be carried out in acidic solution. Attempts in basic solution lead to multiple 

substitutions and ultimate cleavage of CïC bonds.
[185]
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Scheme 2.4 Mechanism of the acid catalysed Ŭ-bromination of ketones. 

 

The bromination of corresponding ketones for the total synthesis of ligands mdt and NI ph dt 

were performed in HBr/AcOH solution and the optimized procedures are reported in the 

experimental section. The corresponding bromination for the synthesis of ligand tldt was done in 
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K2CO3/CCl4, since acid catalyzed bromination was difficult due to the presence of the acid 

sensitive amine group in the starting compound. All brominations were done in the dark since 

exposure to light can cause radical formation (Br
Å
), which reacts strongly with the reactants. The 

yields of the reaction amounted to an average of about 75% except for compound L7b (yield 15 

%) where the product had to be separated by column chromatography. The successful Ŭ -

brominations of all compounds are clearly discernible from the downfield shift of two Ŭ-

hydrogens of the bromoketone at 4.69-4.48 ppm depending on the nature of the substituents. The 

brominated products are not stable enough for many days but are quite durable for at least three 

days in a closed bottle at 30 °C. The brominated product 1-bromopropan-2-one (L2a: see 

Experimental Section), which is also a SEVERE LACHRYMATOR, started to decompose to a 

brown colored oil at room temperature in air and needs to be stored under nitrogen at - 80 °C. 

Because of this instability, the products were converted to the corresponding xanthate form 

within a few hours after their preparation.  

 

2.1.4. Xanthate Step 

The second reaction is a simple nucleophilic substitution replacing Br with the xanthate anion at 

a saturated carbon (sp
3
) atom (see Scheme 2.1), called xanthate step. This results in the formation 

of an Ŭ-ketoxanthate ester [RC(O)CH2SC(S)OR] with a ů-bond between carbon and sulfur. The 

byproduct (KBr) in this reaction is easily separated by filtration and then extraction with water. 

The xanthate salts used here, were obtained from the corresponding alcohol by reaction with 

KOH and CS2.
[137, 186]

 The xanthate reaction could occur via an SN2 mechanism demanding a 

back side attack, which in general is not favored by either the higher degree carbon atoms or the 

cyclic ring systems because of the steric strain. On the other hand, the SN1
 
mechanism demands 

the formation of a carbocation by the elimination of the bromide ion, which could be destabilized 

to some extend by the carbonyl group in Ŭ position. Further investigations would be required to 

decide which is the actual mechanism involved in this xanthate reaction step. The products after 

the reaction with potassium xanthate are yellow powders in most cases and are quite stable to 

keep for a long time under normal conditions. The Ŭ-ketoxanthate esters are also quite clearly 

identified by 
1
H NMR where the single proton of the O-isopropyl group appears as septet (spt.) 

at 5.64 5.76 ppm due to two methyl groups. Crystallization of the crude products by slow 

evaporation from chloroform yielded needle shaped off-white colored crystals of O-isopropyl S-
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2-oxo-2- naphthyl-ethylcarbonodithioate (L3a) and O-isopropyl S-2-oxo-2-coumarine-

ethylcarbonodithioate (L4a) intermediates. X-ray single-crystal structural characterization also 

provides a detailed understanding of these intermediates. 

 

2.1.5. Ring Closing Step 

The final step, which leads to 1,3-dithiol-2-one systems, is the acid-catalyzed cyclization of the 

Ŭ-ketoxanthate ester [RC(O)CH2SC(S)OR] (Scheme 2.1).
[180]

 This ring closing reaction is the 

most difficult step in the whole synthesis starting from the ketone precursors. The acid sensitive 

groups on the ligandôs backbone could be destroyed by the addition of strong acid such as 

HClO4, HBr and H2SO4. The ring closing product, for instance for the ligands tldt (L8) and 4-

PhenT ph dt (L9), was difficult to isolate from the reaction mixture due to the presence of the 

acid sensitive amine group and triazole ring respectively. The spectroscopic characterization of 

these two final compounds was not very clear and these two were not used for any further 

reaction since the following metallation demands high purity of its precursors. So, the amount 

and type of acid used for each individual ligandôs synthesis is very crucial and the found 

optimum is reported in the procedures (see Experimental Section). The possible mechanism of 

the ring closing reaction is depicted in Scheme 2.5. 

The product obtained was extracted with organic solvent after washing with water to remove the 

excess of acid. The byproducts propene and H2O can be easily separated from the product during 

washing with water. The final products are light yellow or yellow colored materials depending 

on the nature of the substituents and rather stable in air but should still be stored under an inert 

gas atmosphere, since slight discoloration of the substances starts after a longer stay in air. The 

1,3-dithiol-2-ones ligand systems, in general, are highly hydrophobic and are soluble in almost 

all common organic solvents. The final products were characterized by several spectroscopic 

techniques including 
1
H, 

13
C NMR, IR, MS, single crystal X-ray diffraction and elemental 

analysis. The dithiolene proton [(O)CS2C2HR] of all synthesized ligands is clearly visible in the 

1
H NMR from the downfield shift at ~6.9-7.3 ppm depending on the nature of the substituents. 

The only exception is the [(O)CS2C2H(Coumarin)] ligand where it appears at 8.07 ppm due to 

the intra molecular hydrogen bonding of this dithiolene hydrogen atom with carbonyl oxygen as 

evidenced from the crystal structure. This intra molecular hydrogen bonding also explains the 

increased stability of this compound compared to others. 



2. Synthetic Methodology 

33 

R

O

S

SO

H

R

O

S

SO

H

H

R

O

S

SO
H

H

H+

H+
O

S

SH

R

O

S

S

R

O

H

HO

S

S

R

O

H

H2O

H3C C
H

CH2
H

 

 

Scheme 2.5 The possible mechanism for the acid catalyzed ring closing reaction. 

 

The dithiocarbonate units are good protecting groups for the bis-thiol functional group until 

delivery to the metal. Many reactions are possible to perform without the destruction of this 

carbonate unit while many other require releasing the C=O moiety before binding with the metal. 

The deprotected form (dithiolate) is very unstable and needs to be used for in situ metallations 

since it can undergo various undesirable side reactions. 

 

2.1.6. Formation of amide bonds 

To complete the total synthesis for the protected forms of ligands L5 (AF ph dt) and L6 (PYR

ph dt) the acid functionalized 1,3-dithiol-2-one was condensed with 6-aminofluorescein and 1-

pyrenemethylamine respectively. The reactions are done at 115 °C in anhydrous pyridine and in 

presence of 0.7 equivalents of SiCl4.
[187]

 The products obtained were purified by trituration with 

hot EtOH. The postulated mechanism of this condensation reaction is depicted in Scheme 2.6. 

The first step involves the formation of an O Si bond supported by nucleophilic attack from 

pyridine. Then the reaction proceeds via an intramolecular four-membered reaction centre where 

the formation of the O=Si bond facilitates the nucleophilic attack of the amine on the carbonyl 

carbon resulting in the formation of the peptide bond. The final products are stable in air but still 

stored under nitrogen atmosphere as discussed before. These compounds (L5d and L6) were 

characterized by 
1
H, 

13
C NMR, IR HRMS spectroscopy and elemental analysis. The ligand AF

ph dt bearing the fluorescein fluorophore showed interesting behavior with varied pH, while 

another one did not show noticeable change with pH. However, there was a significant solubility 
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problem linked to these peptide connected fluorophore bearing dithiolene molecules which 

hindered their use for in situ metallation during metal ion scanning experiments. 
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Scheme 2.6 The postulated mechanism of peptide bond formation. 

 

2.2. Synthesis of Metal-Dithiolene Complexes 

2.2.1. Optimization of the Metal Dithiolene Complexation Method 

The synthesis of metal complexes that are derived from 1, 2-dithiolene ligands is generally 

complicated by the tendency of these ligands to polymerize or decompose.
[109]

 In particular, only 

the ligands that embed the 1,2-dithiolate moiety within an aromatic system, such as benzene-1,2-

dithiolate and related compounds, are stable enough to be isolable as such, whereas ethylene-1,2-

dithiols and -dithiolates are much less stable and must be protected until reacted with the desired 

metal salts.
[170]

 Among the various methods reported in the literature, one of the most commonly 

adopted consists of bis-thiol functions protected by the C=O moiety as already discussed in the 

previous section. So, in order to generate dithiolene metal complexes from 1, 3-dithiol-2-ones the 

protecting C=O moiety needs to be released from the precursor in basic conditions, which is 

most commonly done using ethanolic alkaline metal hydroxide solution
[8, 30, 137, 188]

 (see Scheme 

1.2 in Chapter 1). The typical excess of hydroxide described in the literature lies in between 2 

and 5
[189-192]

 per ligand precursor; in some cases even more has been reported
[193]

. However, the 

minimum or exact stoichiometry needed for a successful yet complete de-protection of the 

dithiolene has not been investigated comprehensively. Further, it is not clear, how these values 

were derived and if it may not be better to work at the lowest possible base concentrations in 

specific cases. Towards investigation of dithiolene compounds by optical methods for their 

possible use as metal ion indicators/markers it had become important for us to work at the lowest 

possible excess of base due to potentially base sensitive substituents and reaction partners.  
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Figure 2.2 UV-Vis titration of the base hydrolysis reaction of 1, 3-dithiol-2-one. 

 

Therefore quite a number of titration experiments were conducted in order to determine the 

optimal amount of base (Figure 2.2). For the initial titration experiments one of the most simple, 

symmetrically substituted compounds bearing the 1, 3-dithiol-2-one moiety was chosen: 4, 5-

dimethyl-1, 3-dithiol-2-one (L1b: see Experimental Section for synthetic details). Besides being 

rather simple and therefore easy to handle and characterize, from a synthetic point of view this 

compound should be easily modifiable for instance by bromination of the methyl group and 

subsequent nucleophilic substitution.
[179, 194]

 This makes it an interesting starting material for 

differently substituted dithiolenes. It has also been used as is as ligand system for molybdenum 

and tungsten oxidoreductase enzyme model complexes (7a, 7b, 13a in Experimental 

Section).The optimum base:precursor ratio to open the 1, 3-dithiol-2-ones ring was found to be 

2.5:1. So, the base hydrolysis of 1, 3-dithiol-2-one ring systems was standardized in course of 

ongoing work to use 2.5 equivalents of a strong base like potassium hydroxide or cesium 

hydroxide per ligand precursor.
[114]

 After releasing the C=O moiety from the precursor it was in 

situ delivered to the coordinating metal center in the ratio of 2:1 to synthesize the metallo 

bis(dithiolene) complexes. 
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2.2.2. The Ring Opening Reaction of 1,3-Dithiol -2-one Systems is Fully Reversible 

The following was the most interesting finding in course of conducting these titration 

experiments. To our great surprise and entirely by chance it was found, that the de-protection 

reaction of 4,5-dimethyl-1,3-dithiol- 2-one (L1b) ligand in basic solution was actually fully 

reversible by addition of an equal amount of acid. This finding sheds some light on the side 

products of the de-protection reaction and allows more insight into its mechanism, which, 

besides being relevant for researchers working in very different fields with these non-innocent 

ligand systems, may even have an impact on CO2 housekeeping, as the deprotected ligand acts as 

an efficient trap given that CO2 is dissolved in basic solution first.  

Compound L1b was treated with 2.5 equivalents of KOH (see Scheme 2.7) under nitrogen 

atmosphere and after 2h the completion of base hydrolysis was confirmed by 
13

C NMR. The 

disappearance of the signal at ŭ 191.9 ppm from compound L1b demonstrates the de-protection 

of the dithiolene ligand by hydrolysis of the keto group. The appearance of new signals at ŭ 161 

and 158 ppm in compound L1 was assigned to the formation of carbonates as side products and 

sheds light on the mechanism of de-protection by KOH (see Figure 2.3). When 2.5 equivalents of 

conc. hydrochloric acid was added to the de-protected form of the dithiolene ligand (L1), it 

surprisingly returned to its previous protected form (now denominated compound L1b' ), 

revealing a full ring opening-closing reversibility of 4, 5-dimethyl-1, 3-dithiol-2-one under basic 

and acidic conditions (Scheme 2.7). Reappearance of the NMR signal at ŭ 192 ppm in 
13

C NMR 

(Figure 2.3) confirms the reformation of the 1, 3-dithiol-2-one ring upon addition of 2.5 

equivalents of conc. HCl to species L1 (the de-protected salt). The same was also established by 

a 
1
H NMR experiment which shows the proton signal at 2.1 ppm in all three forms of the ligand 

(Figure 2.4). 

S

S
O

2.5 equ. KOH

SK

SK

2.5 equ HCl

+ HCO3

L1b, L1b' L1  

Scheme 2.7 Ring opening-closing reversibility of 4,5-dimethyl-1,3-dithiol- 2-one (L1b) under 

basic and acidic conditions. 
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Figure 2.3 
13

C NMR spectrum of (a) 4, 5-dimethyl-1, 3-dithiol-2-one L1b, (b) 2, 3-dimethyl-1,4 

dithiolate L1 and (c) reformed 4, 5-dimethyl-1, 3-dithiol-2-one L1b'  in CDCl3. 

 

Figure 2.4 
1
H NMR spectrum of (a) 4, 5-dimethyl-1, 3-dithiol-2-one L1b in CD2Cl2, (b) 2, 3-

dimethyl-1,4 dithiolate L1 in CD2Cl2 and (c) reformed 4, 5-dimethyl-1, 3-dithiol-2-one L1b'  in 

CDCl3. 
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Figure 2.5 IR spectra of (a) 4, 5-dimethyl-1, 3-dithiol-2-one L1b, (b) 2, 3-dimethyl-1,4 

dithiolate L1 and (c) reformed 4, 5-dimethyl-1, 3-dithiol-2-one L1b'  in KBr Pellets. 

 

The observed ring opening-closing reversibility was also confirmed by monitoring the C=O 

stretching frequency in the infrared spectra of compounds L1b, L1 and L1b' (Figure 2.5). 4, 5-

dimethyl-1, 3-dithiol-2-one (L1b) displays a band at 1753 cm
ï1

 caused by its C=O group, which 

disappears in compound L1 after de-protection of the dithiolene ligand. The band, based on the 

keto group, can be regenerated by addition of conc. HCl to compound L1. This confirms that in 

the presence of enough acid to neutralize the solution compound L1 regernerates its precursor, 

i.e. the full ring opening-closing reversibility of the 4, 5-dimethyl-1, 3-dithiol-2-one system. 

The UV-Vis spectra of compounds L1b, L1 and L1b' are displayed in Figure 2.6 and reveal a 

change of absorbance intensity with ring opening and closing of the 1, 3-dithiol-2-one ring 

system (Figure 2.7). The absorbance at 273 nm is most likely due to ˊŸˊ* and nŸˊ* mixed 

transitions. In the open form of the dithiolene ligand the ˊŸˊ* and nŸˊ* transitions are 

expected to be stronger causing an increase of absorbance intensity (Ů, 6592 cm
-1

mol
-1

L) 

compared to the closed form (Ů, 6240 cm
-1

mol
-1
L). Upon addition of acid to the open form the Ů 

values come back exactly to 6240 cm
-1

mol
-1

L, corroborating the reformation of the 4, 5-

dimethyl-1, 3-dithiol-2-one ring. 
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Figure 2.6 Absorbance spectra of 4, 5-dimethyl-1,3-dithiol-2-one (L1b) (black); 2, 3-dimethyl-

1, 4 dithiolate (L1) (red) and 4, 5-dimethyl-1,3-dithiol-2-one (L1b' ) (blue) in CH3OH as solvent. 

 

 

Figure 2.7 The above spectra shows the generation and the stability of the intermediate 2, 3-

dimethyl-1, 4 dithiolate (L1) with time and reformation of the 1,3-dithiol-2-one ring upon 

addition of acid (at ɚmax = 273nm) at hour 10. 

 

The proposed mechanism for the reformation of the 1, 3-dithiol-2-one ring in presence of enough 

acid to neutralize the solution is illustrated in Scheme 2.8. The first step involves bond formation 

between one of the dithiolate sulfur atoms and the hydrogen carbonate carbon aided by acid, 

which will be protonated again to give an intermediate bearing two hydroxyl groups. In the next  
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Scheme 2.8 Proposed mechanism for the opening and reformation of the 1, 3-dithiol-2-one 

ring.
[114]

 

 

step, one of the hydroxyl groups is released to form the C=O bond. This promotes the second 

thiolate sulfur to attack it, reforming the ring by release of a water molecule to give the stable 

closed structure i.e. the 1, 3-dithiol-2-one ring.  

The proposed respective reaction mechanism is supported by DFT calculations which will be 

discussed in the following chapter. Apparently, under neutral pH-conditions the reformation of 

the ring from the dithiolate is favorable compared to a dissociation of carbonic acid into water 

and CO2. Consequently, ene-dithiolate salts may be quite efficient traps for CO2 in aqueous 

solutions.  

 

2.2.3. Synthesis of Nickel bis(dithiolene) Complexes) 

The monoanionic [Ni(L)(L
Å
)]

 
and neutral [Ni(L

Å
)2] nickel complexes were synthesised adapting 

reported procedures
[136-137, 177, 190]

 where L represents the de-protected 1, 3-dithiol-2-one ligand 

systems. The de-protection of 1, 3-dithiol-2-one ligand systems was done using 2.5 equivalents 

of KOH under inert atmosphere in anhydrous methanol.
[114]

 Then the reaction of dipotassium 
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ene-1,2-dithiolate K2[S2C2RR
1
] with Ni(II) salts, e.g. hydrated NiCl2, in anhydrous methanol 

under anaerobic conditions in the ratio 2:1 yields reddish-brown solutions which contain square 

planar dianionic complexes of nickel [Ni(L) 2]
2

. The attempts to synthesize dianionic complexes 

were unsuccessful since these compounds are very sensitive towards oxygen particularly when 

dissolved and readily undergo one electron oxidation to form [Ni(L) (L
Å
)]  of which the 

potassium and tetraphenylphosphonium salts were isolated (K
+
: 1a, 2a, 3a, 4a; Ph4P

+
: 1b, 2b, 

3b, 4b. see Scheme 2.9 and Experimental Section). Single crystals suitable for X-ray analysis 

were obtained from a solvent mixture of acetonitrileEt2O by the slow diffusion method. 

 

 

 

Scheme 2.9 Synthetic route to and chemical structure of monoanionic and neutral nickel 

bis(dithiolene) complexes. 

 

A further one electron oxidation of 1a, 2a, 3a and 4a with one equivalent of iodine affords green, 

solutions of the square planar, diamagnetic, neutral complexes [Ni(L
Å
)2] which were isolated as 

solid materials. The single crystals suitable for X-ray analysis were obtained from a solvent 

mixture of THF acetonitrile by the slow diffusion method. Crystallographic structural 

descriptions of the nickel complexes in their monoanionic and neutral form (3b and 3c 

respectively) will be discussed in the following chapter. The compositions of the complexes were 

also confirmed by MALDI/TOF mass spectrometry.  

Similar attempts to synthesize metal complexes for the de-protected ligands AF ph dt (L5), 

PYR ph dt (L6) and NI ph dt (L7) towards investigation of these compounds as possible metal 
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ion indicators/markers were unsuccessful due to solubility problems with these ligands which 

will be discussed in the following chapter. 

 

2.2.4. Synthesis of Oxobis(dithiolene) Complexes of Mo and W 

The mono-oxo bis(dithiolene) complexes of molybdenum and tungsten were synthesized 

according to the procedures reported by Garner et al.
[169-170]

 As discussed earlier, the ligand 

needed to be de-protected before delivery to the metal center which was done using 2.5 

equivalents of KOH in anhydrous methanol under inert atmosphere.
[114]

 Trans-[MO2(CN)4]
4

 (M 

= Mo, W) used as the initial source of molybdenum and tungsten was synthesized according to 

the reported procedure.
[195]

 The blue coloured solution of metal precursor (K3Na[MO2(CN)4] 

here) in water was added slowly to the yellow coloured solution of free ligand (ene-dithiolate 

form) in methanol and the mixture was heated to 50 °C (Scheme 2.10). It was important to 

elevate the temperature of the reaction mixture above room temperature for the reaction to take 

place but at the same time even higher temperatures inclined to destroy the desired products. 

Careful monitoring of the temperature is therefore required. An immediate colour change from 

yellow to brown and eventually to red was observed with the reaction time. During this reaction 

the cyanide ligands were replaced by the dithiolenes. In course of this, one of the two oxo 

ligands, which are in trans- arrangement in the precursor, was lost. The trans arrangement for 

oxo ligands is decidedly unfavorable in complexes and only possible in the precursor due to the 

significant ˊ-character of the MïCN bonds.
[143]

 After the reaction mixture has cooled to room  

 

 

 

Scheme 2.10 Synthesis route and chemical structures of mono oxo-bis(dithiolene) complexes of 

Mo and W. 
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temperature a large cation source (here tetraphenylphosphonium chloride) was added to 

precipitate the anionic complexes [MO(L)2]
2ï

 (where L represents the de-protected form of 

ligand meaning without the C=O group in the 1, 3-dithiol-2-one ring). Recrystallization of the 

crude products from acetonitrile/diethyl ether yielded analytically pure complexes.  

Though there are a number of M
IV

 (M = Mo, W) model complexes supported by two dithiolene 

ligands,
[30, 55, 143-144, 196-201]

 several attempts failed to directly synthesize the corresponding 

oxidized species (i.e. the dioxo compound) which would have been quite helpful with respect to 

supporting the proposed catalytic mechanism. 

In this thesis we have made an attempt to synthesize the MoO2
2+

 core stabilized by two 

dithiolene ligands from the metal precursor cis-[MoO2(SCN)4]
2

, which was synthesized via the 

reported procedure.
[202]

 While the tetraphenylphosphonium tetrathiocyanatodixomolybdate (V1) 

compound has been reported before as an oxo transfer agent, it has not been exploited as a 

MoO2
2+

 source for the synthesis of dioxo-bis(dithiolene) complexes of molybdenum. The 

reaction was performed in a similar way like for mono-oxo bis(dithiolene) complexes. Only the 

solubility of this thiocyanato salt is poorer compared to K3Na[MoO2(CN)4] due to the larger 

Ph4P counter cations. So the metal salt added to the free ligand precursor was dissolved in 

dichloromethane instead of an aqueous solution of NaOH. And the reaction mixture was heated 

just above room temperature (at 30 °C). An immediate colour change from yellow to brown was 

also observed here and, notably, the colour was light brown compared to dark red for Mo
IV

 

complexes, which could be an indication for the formation of [MoO2(L)2]
2ï

 anions. After the 

reaction mixture has cooled to room temperature the solvent was removed by reduced pressure 

and the compound was extracted with dry acetonitrile since the products are soluble in 

acetonitrile while the starting materials are not. Again the solvent was removed by reduced 

pressure and the crude product was recrystallized from acetonitrile/ether to yield analytically 

pure complexes. 
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Metal ions play critical roles in many physiological and pathological processes in living 

organisms.
[203]

 Heavy metals such as iron, copper, zinc and molybdenum are among the most 

abundant transition metal species in cellular systems holding an outstanding biological 

importance because of their presence in the structures of numerous enzymes and proteins but 

excessive levels can be damaging.
[204]

 Other heavy metals such as mercury, lead and arsenic, 

which have no known vital or beneficial effect on organisms and their accumulation over time in 

the bodies of animals and human beings can cause serious illness.
[91, 205]

 Mercury, for instance, is 

one of the most ubiquitous non-biodegradable hazardous pollutants with its various existing 

forms widely distributed in the ecosystem.
[91, 206]

 The toxicity of Hg
2+

 is related to the fact that 

biological ligands (i.e. proteins/enzymes) can coordinate mercury preferably over essential 

metals due to its high affinity to S-functional groups in proteins (i.e. the amino acids cysteine and 

methionine).
[207]

 Inorganic mercury (Hg
2+

) can be converted into methylmercury by marine 

bacteria and then easily enter the food chain via large predatory fish, such as tuna and swordfish. 

When consumed by humans, methylmercury can easily pass through biological membranes due 

to its water solubility and concurrent lipophilicity.
[208-209]

 Exposure to mercury ions even at low 

concentration can cause serious human health problems resulting in significant damage to the 

kidneys, heart, brain, stomach, intestines, mitosis impairment and permanent damage of the 

central nervous system
[210-211]

 including the so called Minamata disease
[212]

. Certain elements 

such as cadmium, that are normally toxic, may be for certain organisms and under certain 

conditions even beneficial.
[213-214]

 Nickel also is an essential element in cellular systems but the 

amount of nickel we need is very little, and an excess of nickel ions in an organism may cause 

adverse health effects like acute pneumonitis, dermatitis, asthma, cancer of the nasal cavity and 

lungs along with other disorders of the respiratory and central nervous system.
[215-216]

 So to 

investigate the distribution of essential metals in physiological or excessive concentrations or 
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that of toxic metals in cellular and environmental systems, research has been focused on 

developing rapid, cost effective, easy to use, sensitive and selective methods for detecting these 

materials in environmental and biological milieus. 

Many features make fluorescence one of the most powerful transduction mechanisms
[217]

 to 

report chemical recognition events. A number of fluorescence based microscopy and 

spectroscopy techniques monitoring the life-time, anisotropy or intensity of the emission of 

fluorescent probes have been developed over the years. These are enormously sensitive 

techniques that allow even the detection of single molecules. Fluorescence does not consume 

analytes and no reference is required. One of the most significant advantages of fluorescence 

spectroscopy is that different assays can be designed based on different aspects of the 

fluorescence output (lifetime, intensity, anisotropy and energy transfer).
[218-220]

 Therefore, 

fluorescence techniques are envisioned as the most important detection method in diverse fields 

ranging from biology, clinical diagnosis, to drug discovery.
[218]

 To date, a large volume of 

fluorescent probes for a wide variety of targets has been developed. 

However, most of them possess absorbance and emission activity in the ultraviolet visible (UV-

Vis) light range, which limits their applicability for sensing and imaging targets of interest in 

living systems since the light in this wavelength region is well absorbed by biomolecules leading 

to unfavorable signal-to-noise ratios.
[97, 141]

 Although other traditional analytical techniques 

including atomic absorption spectroscopy, atomic fluorescence spectroscopy,
[221]

 dispersive 

liquidïliquid microextraction,
[222]

 inductively coupled plasma atomic emission spectroscopy, 

electrochemical sensing, and the use of piezoelectric quartz crystals provide good sensitivity they 

do require expensive equipment, quite often tedious sample treatment is necessary and they may 

be completely unsuitable for on-site real time in-situ detection of metal ions.
[207, 223-224]

 

Alternatively, applying absorbance spectroscopy in the NIR region to heavy metal ion detection 

has a significant advantage over other common analytical methods. First of all it is simple and 

cost effective. Paramount, however, is the fact, that the near-infrared (NIR) region of around 

750ï1400 nm possesses significant advantages including minimal interfering absorbance from 

biological samples, low scattering and deep penetration into tissues.
[97, 108]

  

In order to address the above issue, the design and synthesis of dithiolene based fluorophore 

bearing molecules is described in this chapter with their potential applications as sensors, 

markers or indicators for heavy metal ions in the NIR region. 
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3.1. Design of markers/indicators based on dithiolene as receptor 

The classical design of a fluorescent indicator includes two moieties, a receptor responsible for 

selective molecular recognition of the analyte and a fluorophore responsible for signaling the 

recognition event; the two are often separated by a spacer group as depicted in Figure 3.1. 

 

 

 

Figure 3.1 Design principle of fluorescence sensors. 

 

There are three main strategies to approach the design of fluorescent molecular indicators for 

metal ion sensing in solution. The first results in intrinsic fluorescent probes,
[95, 225]

 which are 

fluorescent molecules where the mechanism for signal transduction involves interaction of the 

analyte with a ligand that is part of the ˊ-system of the fluorophore. The second are extrinsic 

fluorescent probes, in which the receptor moiety and the fluorophore are covalently linked but 

are electronically independent.
[95, 226-227]

 The extrinsic probes have also been denoted 

conjugate;
[228]

 nevertheless, for homogeneity reasons, they are commonly known as 

ǌextrinsicǌ.
[219]

 Here, different fluorophore molecules have been synthesized and in the following 

been attached to a dithiolene receptor either through a spacer or without spacer to generate the 

sensitive probe for a heavy metal ion (Figure 3.2). In case of covalent linking through a spacer, 

both moieties are in close proximity; so the interaction of the analyte with the receptor induces a 

change in the fluorophore surroundings and changes its fluorescence. 

It has to be noted here that organic chemists sometimes refer to new molecular 

indicators/markers as óósensorsôô, which of course is somewhat overoptimistic since it takes a 

long way from the indicator molecule to a sensor which (integration of fluorescent 

indicators/markers) is a device.
[229]

 To avoid such confusion, Czarnik introduced the concept of 

óóChemosensorôô in 1993.
[230]

 A chemosensor was defined as: óóA compound of abiotic origin 

that complexes to an analyte reversibly with a concomitant fluorescent signal transductionôô and 

it constitutes only the active transduction unit of a sensor.
[230]

 

 

Fluorophore Spacer ReceptorFluorophore Receptor



3. Dithiolene Based Optically Active Molecules: Metal Ion Markers 

48 

 

Figure 3.2 Synthesized intrinsic (L3b, L4b) and extrinsic (L5d, L6, L7d, L9c) optical probes 

without and with a spacer group respectively. 

 

3.2. Large Fluorophore Dithiolene Based Marker s 

Fluorophore bearing dithiolene based molecules such as L5d, L6, L7d and L9c were first 

studied to evaluate their potential use as metal ion markers. Compounds L5d and L6 were 

synthesized by the condensation reaction of acid functionalized 1,3-dithiol-2-one (L5c) with 6-

aminofluorescein and 1-pyrenemethylamine respectively while the precursor 4-(benzoic acid)-

1,3-dithio-2-one (L5c) was easily synthesized by a three-step synthetic procedure starting from 

2-bromo-4ôcyanoacetophenone as shown in Scheme 3.1 (see Experimental section 10.6.5 and 

10.6.6 for details). The chemical structures of the intermediates L5aïL5c and the final product 

L5d and L6 were confirmed using 
1
H NMR, 

13
C NMR, IR, elemental analysis and mass 

spectrometry. 
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Scheme 3.1 Synthetic route to markers L5d and L6 starting from 2-bromo-4ôcyanoacetophenone. 

 

Scheme 3.2 Synthetic route to compound L7d starting from 1,8-naphthalic anhydride and 4-

aminoacetophenone. 

 

Figure 3.3 The molecular structure of compound L7a. Ellipsoids are shown with 50% 

probability. 

 

Compound L7d was synthesized in four steps starting from 1,8-naphthalic anhydride (see 

Scheme 3.2 and Experimental Section).
[231]

 The first step involved condensation of the anhydride 

with 4-aminoacetophenone to produce the corresponding imide. Subsequent bromination, 

followed by reaction with potassium O-isopropylxanthate and treatment of the product with 

concentrated sulfuric acid yielded the dithiol-2-one, L7d. The chemical structures of the 
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intermediates L7a, L7b, L7c and final product L7d were confirmed using 
1
H NMR, 

13
C NMR, 

IR, elemental analysis and X-ray crystallography. The molecular structure of L7a with the 

appropriate labeling scheme is shown in Figure 3.3 and the basic crystal refinement data are 

summarized in the Crystallographic Annex. 

And finally, compound L9c was synthesized by a three steps synthetic procedure starting from 9-

ethynylphenanthrene and 2-bromo-1-(p-azidophenyl) ethanone as shown in Scheme 3.3 (see 

Experimental Section). The first step involved a copper catalysed cycloaddition reaction to 

connect the 9-ethynylphenanthrene and 2-bromo-1-(p-azidophenyl) ethanone via a triazole ring. 

Subsequent reaction with potassium O-isopropylxanthate, followed by acid catalysed ring 

closing yielded the final product 1,3-dithiol-2-one, L9c. The chemical structures of the 

intermediates L9a and L9b were confirmed by 
1
H NMR, mass spectrometry but the 

characterization of the final product L9c was not possible since it could not be isolated as pure 

substance after the acid catalyzed ring closing step and therefore further attempts for metallation 

remained unsuccessful. 

 

Scheme 3.3 Synthetic route to compound L9c starting from 9-ethynylphenanthrene and 2-

bromo-1-(p-azidophenyl) ethanone. 

 

The de-protection of the ligands L5d, L6, L7d appeared to be very difficult due to base sensitive 

groups. Hence, these ligand systems (L5d, L6, L7d) were studied by UV-vis spectroscopy at 

different pH values to evaluate the number of equivalents of base needed to open the 2-oxo 1,3-

dithiolene ring. Then the procedure was optimised
[114]

. The fluorescence property of the 

deprotected ligand has also been checked at different pH. Based on the titration results of the 

ligands with base, compounds L5 and L7 were tested for fluorescence with respect to their 

coordination behaviour towards different biologically beneficial or toxic metals (Cu, Co, Fe, Mo, 

W, Hg, As, Cd, Hg, Ni, Pb, Zn), which are known to be easily coordinated by dithiolenes, some 

of which redox active and active in biological oxidation reactions.  
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Figure 3.4 UV-VIS absorbance spectra of ligand L5d (50
 
µM) upon addition of KOH (upto 5.0 

equivalent with respect to L5). 

 

The ligand L5d bearing the fluorescein fluorophore (AF ph dt) showed interesting behaviour 

with varied pH (Figure 3.4), which is typical for fluorescein bearing molecules while L7 (NI

ph dt) did not show any noticeable change with pH. Based on these observations we suspect that 

the 2-oxo 1,3-dithiolene ring did not open up upon addition of base in the ɛL scale. Another 

great disadvantage with these dithiolene ligands attached to large fluorophores was the solubility 

which obstructed them for metallation in alkaline alcoholic solution. Hence, we decided to 

concentrate only on the dithiolene ligands (L3b and L4b) attached to smaller substituents to 

evaluate their possible application as metal ion sensor/marker. 

 

3.3. Naphthalene-Dithiolene Based Markers 

A naphthalene-dithiolene derivative based ligand was studied as a colorimetric marker for 

selective detection of Ni
2+ 

in methanolic solution with which it showed a remarkable red shift 

compared to other toxic and heavy metal ions. The naphthalene-dithiolene based precursor (L3b) 

was first de-protected by addition of 2.5 equivalents KOH as discussed in a previous chapter and 

its optical behavior was monitored via UV-Vis spectroscopy with and without the individual 

addition of various metal ions ( Ag
+
, Al

3+
, Ca

2+
, Cd

2+
, Co

2+
, Cu

2+
, Fe

3+
, Hg

2+
, Li

+
, Mg

2+
, Mn

2+
, 

Na
+
, Pb

2+
, Sn

2+
, Zn

2+
 and Ni

2+
). The colorimetric detection of Ni

2+
 by this active dithiolene 

marker (L3) occurs by formation of a square planar monoanionic [Ni(L3)(L3
Å
)]

 
complex with 
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characteristic absorbance in the near-infrared (NIR: 750-1200nm) region. Furthermore, the 

marker (L3) also shows a distinguished color change from light yellow to brown upon addition 

of Ni
2+

 which was even easily observed with the naked eye. 

Notably, this monoanionic [Ni(L3)(L3
Å
)]

 
complex shows a metal exchange with Ag

+ 
resulting in 

a redshift which could be used for selective Ag
+
 sensing. 

 

3.3.1. Synthesis and Characterization 

The general synthetic strategy for the synthesis of substituted 1,3-dithiol-2-one ligands is well 

established in our group
[114]

 and has already been discussed in a previous chapter. Compound L3 

(ntdt) was easily synthesized by a two-step synthetic procedure starting from the Ŭ-haloketone as 

shown in Scheme 3.4. According to the synthetic pathway adopted previously,
[189, 192, 232-233]

 the 

commercially available material 2-Bromo-2ǋ-acetonapthone was reacted with potassium 

isopropylxanthate in anhydrous acetone giving intermediate L3a which was then subjected to 

acid catalyzed ring closing in presence of HClO4 to obtain the final isolable product, L3b with 

98% yield (see Experimental Section for details). The final compound (L3b) is soluble in almost 

all common organic solvents. The chemical structures of the intermediate L3a and product L3b 

were confirmed using 
1
H NMR, 

13
C NMR, IR, elemental analysis and X-ray crystallography.  

 

 

 

Scheme 3.4 Synthetic route to marker L3 with the last step being an in situ preparation 

immediately prior to adding the sample to be tested. 

 

Crystals of O-isopropyl S-2-oxo-2-naphthyl-ethylcarbonodithioate (L3a), suitable for X-ray 

structure analysis, were grown by slow evaporation from chloroform-diethyl ether solvent layers. 

X-ray single-crystal structural characterization of intermediate compound L3a shows that the 

relevant crystals belong to the monoclinic system with a P21/c space group. The molecular 

structure with the appropriate labeling scheme is shown in Figure 3.5 and the basic 
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crystallographic data are presented in the Crystallographic Annex. The dihedral angle of the 

carbonodithioate unit with the acetonapthone part of the molecule is 78.51 ° and this spatial 

arrangement brings the thione (S=C) and carbonyl groups closer to each other which is an 

essential requirement for the acid catalyzed ring closure mechanism. The spatial distance 

between the thione-S (S2 in Figure 3.5) and the carbonyl carbon (C11 in Figure 3.5) of L3a is 

3.481 Å which facilitates a nucleophilic attack from S2 on C11 to form the 1,3-dithiole 

heterocyclic ring. 

 

 

Figure 3.5 Crystal structure of intermediate L3a. Ellipsoids are shown with 50% probability. 

Hydrogen atoms are omitted for clarity reason. 

 

Rhombic shaped light yellow colored crystals of protected ligand L3b were similarly grown 

from chloroform and diethyl ether solvent layers by the slow evaporation method. The crystal 

structure analysis shows that the relevant crystals belong to the orthorhombic system with a Pbca 

space group. The molecular structure of the asymmetric unit with appropriate labeling scheme is 

shown in Figure 3.6. The basic crystallographic data are presented in the Crystallographic Annex 

and the selected interatomic distances (Å) and bond angles (°) are given in Table 3.1. The 

naphthalene ring in the 4-naphthyl 1,3-dithio-2-one (L3b) deviates from the planarity of the 

dithiolene moiety by 27.11 °, as observed in the crystal structure. The atoms C2 and C3 are in a 

sp
2
 hybridized state with a double bond of 1.338(5) Å between them, which is slightly larger than 

the typical value of 1.331(9) Å that tabulated from a large number of staructurally identified 

compounds.
[234]

 The bond lengths that connect the sulfur atoms with the double bonded carbon 

atoms are 1.719(4) Å for C2-S1 and 1.740(3) Å for C3-S2 respectively. The C-S bond length of 
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less than 1.73 Å may be taken as indicative of partial thione character of the dithiolene ligand (L  

in Scheme 1.1). Similarly, dithiolene C-C bond lengths longer than the typical (sp
2
)C=C(sp

2
) 

bond length of 1.331(9) Å may be interpreted as evidence for some thienyl radical monoanion 

(L
Åī

 in Scheme 1.1) involvement, which lowers the carbon-carbon bond order. 

 

 

Figure 3.6 The molecular structure of the asymmetric unit of the compound L3b. Ellipsoids are 

shown with 50% probability. 

 

Table 3.1 Selected Bond lengths (Å) and angles (º) for L3b. 

 
C(1)-O(1) 1.200(5) C(1)-S(1) 1.759(5) 

C(1)-S(2) 1.772(4) C(2)-C(3) 1.338(5) 

C(2)-S(1) 1.719(4) C(3)-C(4) 1.465(4) 

C(3)-S(2) 1.740(3) C(4)-C(13) 1.377(4) 

C(4)-C(5) 1.426(4) C(5)-C(6) 1.360(5) 

C(6)-C(7) 1.408(5) C(7)-C(8) 1.417(5) 

C(7)-C(12) 1.423(4) C(8)-C(9) 1.359(5) 

C(9)-C(10) 1.402(5) C(10)-C(11) 1.371(5) 

C(11)-C(12) 1.408(4) C(12)-C(13) 1.418(4) 

    

O(1)-C(1)-S(1) 124.2(3) O(1)-C(1)-S(2) 123.5(4) 

S(1)-C(1)-S(2) 112.4(2) C(3)-C(2)-S(1) 119.3(3) 

C(2)-C(3)-C(4) 125.5(3) C(2)-C(3)-S(2) 115.7(3) 

C(4)-C(3)-S(2) 118.8(2) C(13)-C(4)-C(5) 119.0(3) 

C(13)-C(4)-C(3) 122.3(3) C(5)-C(4)-C(3) 118.6(3) 

C(6)-C(5)-C(4) 120.5(3) C(5)-C(6)-C(7) 121.7(3) 

C(6)-C(7)-C(8) 122.9(3) C(6)-C(7)-C(12) 118.4(3) 

C(8)-C(7)-C(12) 118.7(3) C(9)-C(8)-C(7) 120.8(3) 

C(8)-C(9)-C(10) 120.6(3) C(11)-C(10)-C(9) 120.2(3) 

C(10)-C(11)-C(12) 120.8(3) C(11)-C(12)-C(13) 122.0(3) 

C(11)-C(12)-C(7) 118.9(3) C(13)-C(12)-C(7) 119.1(3) 

C(4)-C(13)-C(12) 121.2(3) C(2)-S(1)-C(1) 96.03(18) 

C(3)-S(2)-C(1) 96.65(18)   
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3.3.2. Selective Recognition of Ni
2+

 with L 3 

In order to generate the active dithiolate ligand (L3) from 4-naphthyl 1,3-dithio-2-one (L3b) 

being able to bind a metal ion for its selective marking, the C=O moiety needs to be released 

from the precursor (L3b) in basic conditions as discussed earlier. This is most commonly done 

using an alkaline solution of a metal hydroxide.
[8, 30, 114, 137]

 The optical behavior and response to 

analytes of L3 (generated by the in situ preparation from L3b via addition of 2.5 equivalents of 

KOH to open the 1,3-dithiol-2-one ring; L3b + 2.5 equivalents KOH Ÿ L3) in methanol was 

investigated by monitoring its UV-Vis spectra over a wide range (200 1200 nm) with and 

without the individual addition of various metal ions (Ag
+
, Al

3+
, Ca

2+
, Cd

2+
, Co

2+
, Cu

2+
, Fe

3+
, 

Hg
2+

, Li
+
, Mg

2+
, Mn

2+
, Na

+
, Pb

2+
, Sn

2+
, Zn

2+
 and Ni

2+
). The resulting solution was shaken well 

before recording the absorbance spectra and the spectroscopic studies were carried out at room 

temperature in methanol with the sample conc. of 5×10
-5

 mol/L. As shown in Figure 3.7, free L3 

exhibited absorbance bands centered at 305, 268 and 239 nm, which could be assigned to ḯ́* 

transitions of the naphthalene and 1,3-dithiole heterocyclic moiety.
[235]

  

 

 

Figure 3.7 UVïvis spectra of L3 (50 ɛM; assuming a quantitative transformation from L3b to 

L3) at room temperature in methanol. (Inset shows the spectra at 230 350 nm range). 

 

Preliminary qualitative experiments showed that the addition of 2.5 equivalents of KOH and 0.5 

equivalents of the metal ions, Ag
+
, Al
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, Ca
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, Cd
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, Fe

3+
, Hg
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+
, Mg
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, Mn
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, 

Na
+
, Pb

2+
, Sn

2+ 
and Zn

2+
 respectively to 50 ɛM (presuming a quantitative transformation from 

L3b to L3) colorless solutions of L3 in methanol resulted in negligible changes in the 
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absorbance spectrum of L3 if at all (Figure 3.8). As soon as 0.5 equivalents Ni
2+

 were added at 

room temperature to the active marker L3, a remarkable spectroscopic and visual change was 

observed. The naphthalene based peak appeared at 268 nm along with a new peak at 890 nm in 

the absorbance spectrum, possibly due to an extensive electron delocalization within the 

dithiolene ring system, and the interaction of this delocalized system with available d-orbitals on 

the central metal.
[140]

 Correspondingly, the colour change from light yellow to red-brown of the 

solution was observed by bare eye simultaneously in presence of Ni
2+

 (Figure 3.9). This result 

indicated that the colour change was most probably due to the formation of a new complex 

species with different electronic properties from that of L3. These results suggest that compound 

 

 

Figure 3.8 UVïvis spectral changes of L3 (50 ɛM; presuming a quantitative transformation 

from L3b to L3) in methanol upon the addition of 0.5 equivalents of different metal salts: Ag
+
, 

Al
3+

, Ca
2+

, Cd
2+

, Co
2+

,Cu
2+

, Fe
3+

, Hg
2+

, Li
+
, Mg

2+
, Mn

2+
, Na

+
, Pb

2+
, Sn

2+
,  Zn

2+
 and Ni

2+
 

respectively. 

 

Figure 3.9 Change in color of solutions of L3 (50 ɛM; presuming a quantitative transformation 

from L3b to L3) in methanol with the metal ions Ag
+
, Al

3+
, Ca

2+
, Cd

2+
, Co

2+
,Cu

2+
, Fe

3+
, Hg

2+
, 

Li
+
, Mg

2+
, Mn

2+
, Na

+
, Ni

2+
, Pb

2+
, Sn

2+ 
and Zn

2+
 respectively. 
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L3b and the actual marker made from it in situ, L3, can be utilized as a colorimetric ñnaked eyeò 

indicator for Ni
2+

 ions with an additional characteristic NIR signature even in the presence of 

various typical transition-metal ions, such as Cu
2+

, Pb
2+

, and Hg
2+

 etc. which are normally 

difficult to differentiate. Ni
2+

 as a ñsoftò metal ion displays a great affinity for soft sulfur 

coordination centers and therefore, high selectivity over ñhardò metal ions is achieved. The 

metal-dithiolene based peak at 980 nm in the absorbance spectrum further demonstrated that a 

stable complex was present having a certain stoichiometric ratio between the L3 and Ni
2+

 formed 

in methanol solution. Working in basic conditions might be the reason for decidedly thiophyllic 

metal ions like Hg
2+ 

not showing a response as they are possibly precipitated as hydroxides.  

 

3.3.3. Jobôs Plot Analyses using UV-Vis Spectroscopy 

For the determination of stoichiometry between L3 and Ni
2+

, Jobôs plot analyses were 

conducted. The method requires keeping the total concentration of L3 and Ni
2+

 at 50.0 µM, and 

changing the molar ratio of Ni
2+

 (X = [Ni
2+

]/[L3] + [Ni
2+

]) from 0.1 to 0.5. As shown in Figure 

3.10, when the molar fraction of Ni
2+

 was 0.33, the absorbance at 890 nm reached a maximum, 

indicating that a 2:1 complex between L3 and Ni
2+

 is formed.  

 

Figure 3.10 Jobôs plot of L3 with Ni
2+

 in CH3OH solution at 890 nm. Total concentration of 

([L3] + [Ni
2+

]) was kept constant at 50.0 µM. 

 

3.3.4. Coordination Behaviour of L3 and Ni
2+

 

The 2:1 stoichiometric complexation between L3 and Ni
2+

 ion is further supported by mass 

spectrometry data of the [Ni(ntdt)2]
ï
 complex. MALDI/TOF mass spectrometry shows the 
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formation of a 2:1 ligand-metal complex with a major signal at m/z = 489.795 for [2×L3+Ni
2+

]
 

(calcd. For C24H16NiS4
-
: 489.94883). The geometry of L3 and Ni

2+
 was speculated first to be 

square planar in a monoanionic [Ni(ntdt)2]
 
complex (Figure 3.11), which was later confirmed 

with single X-ray structural characterization and will be discussed in the following section in 

detail. Interestingly, this monoanionic [Ni (ntdt)2]
 
complex shows metal exchange with Ag

+ 

resulting in a redshift which could be used for selective Ag
+
 sensing. 

 

 

 

Figure 3.11 The proposed chemical structure of L3 binding with a Ni
2+

 ion; only the trans 

isomer is shown even though cis and trans isomers might be formed. 

 

3.4. Bis-(naphthalene-dithiolene) Niccolate Based Markers 

As the de-protected dithiolene ligands were designed and partly tested as marker to 

mark/indicate metal ions in environmental and/or biological systems, they do need to fulfil three 

crucial criteria with respect to handling them in those milieus. They need to be air stable and they 

need to be soluble in pure water or in such organic solvents which are easily miscible with water. 

And, most importantly, the markers should not exhibit large background interference during 

sensing and imaging targets of interest in living systems. Consequently, the markers exhibiting 

absorbance and emission in the ultraviolet visible (UV-Vis) light range have limited access to 

biological systems since the light in this wavelength region is well absorbed by biomolecules 

leading to unfavorable signal-to-noise ratios.
[97, 141]

 Additionally, most of the 1,2-dithiolate 

groups generated from 1,3-dithiol-2-ones heterocyclic rings are sensitive to oxygen and light
[107]

 

and the oxidative and photoinduced decomposition of the ligands increases background 

interference which also affects the metalôs analysis. 

Keeping all these points in mind and inspired by the coordination behavior of Ni
2+

 with 

noninnocent naphthalene-dithiolene ligands as discussed above, a series of nickel 



3. Dithiolene Based Optically Active Molecules: Metal Ion Markers 

59 

bis(naphthalene-dithiolene) compounds [K] [Ni(ntdt)2] (3a), [Ph4P][Ni(ntdt)2] (3b) and 

[Ni(ntdt)2] (3c) was developed with improved stability and solubility aimed at application as 

markers mediated by metal exchange reactions. Thus the use of bis(naphthalene-dithiolene) 

niccolate instead of the free dithiolene ligand as markers/indicators also reduces the background 

absorbance drastically due to low energy absorbance in the Vis-NIR region relative to an 

analysis using the free ligands. In addition, absorbance in the Vis-NIR region provides a 

significant advantage over other common analytical methods for the detection of metal ions in 

environmental and biological systems. All three compounds (3a 3c) were studied by UV-Vis 

and fluorescence spectroscopy for their possible use as metal ion markers/indicators in the NIR 

region. Interestingly, compound 3b showed strong selectivity towards Ag
+
 with a distinguished 

color change, therefore a solution of 3b can be considered as a potent selective marker for Ag
+
 

ions. The cation-responding behavior of compound 3a is similar to that of compound 3b while 

the optical behavior of compound 3c was not influenced by the presence of other metal ions. 

 

3.4.1. Synthesis 

Based on previous experiments it was already speculated that Ni
2+

 forms square planar 

complexes with active ligand L3 (ntdt). So to synthesize the nickel bis(naphthalene-dithiolene) 

complexes (3a 3c) in large scale, the starting precursor L3b was treated with 2.5 equivalents of 

potassium hydroxide
[114]

 in methanol affording the soluble di-potassium salt of the dithiolate 

dianion, which was then allowed to react with NiCl2·6H2O dissolved in methanol (Scheme 3.5). 

The initial product, monoanionic potassium salt of [Ni (ntdt)2]  (3a), was soluble in methanol and 

therefore the solid product was collected after removing the solvent and extracting the residues 

with acetonitrile. Again, the monoanionic salt [Ni(ntdt)2]
 
was precipitated as [Ph4P][Ni (ntdt)2] 

complex (3b) from the dark brown reaction mixture using tetraphenylphosphonium chloride as 

bulky cation source (see Scheme 3.5 and Experimental Section for details). Despite using a 

Ni(II) salt as precursor for the preparation of compounds 3a and 3b, we obtained monoanionic 

Ni(III) -dithiolene complexes according to similar complexes described in the literature.
[135, 137, 

190, 236-238]
 Molecular oxygen from air is the most likely oxidant in this oxidation from Ni(II) to 

Ni(III). The neutral nickel complex [Ni(ntdt)2] (3c) was synthesized by the chemical oxidation of 

the monoanionic nickel(III) naphthalene-dithiolene complex [K][Ni(ntdt)2] (3a) using molecular 

iodine (oxidant) in acetonitrile as shown in Scheme 3.5. Recrystallization of the crude complexes 
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from an acetonitrile:diethyl ether mixture at room temperature yielded the pure salts as dark 

brown crystalline solids. 

 

Scheme 3.5 Synthetic route to and chemical structure of the compounds 3a 3c starting from 4-

naphthyl 1,3-dithio-2-one (L3b). 

 

Compounds 3a 3c were characterized by elemental analyses and routine spectral studies 

including cyclic voltammetry. Whereas compounds 3b and 3c were unambiguously 

characterized by single crystal X-ray structure determinations, compound 3a could not be studied 

by single crystal X-ray structural studies because of the poor crystal quality. The obtained 

compounds (3a 3c) appear to be oxygen and moisture insensitive in solid state as even after 

prolonged standing in air no changes of the sample were observed.  

 

3.4.2. Spectroscopic and Electronic Characterization 

These nickel based unsymmetrical and naphthalene-substituted dithiolene complexes [Ni(ntdt)2]
/0 

(3a 3c) exhibit strong absorbance bands in the region of 850-1000 nm. This broad low energy 

NIR feature in the region of 800 to 1000 nm (for compounds 3a 3c) as shown in the electronic 

absorbance spectra (Figure 3.12) is a characteristic of bis(dithiolene) nickel complexes and is 

generally assigned to ́ Ÿ ́* transitions between the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO).
[140]

 It usually appears as a broad 

but intense band with Ů = 15000 40000 M
-1

 cm
-1

 which is important in connection with the 

compundsô use as NIR dyes 
[7, 45]

 and consequently for their application as NIR markers for 
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heavy metal ions in environmental and biological milieus. However, for the complexes 3a and 

3b, even though the ́ Ÿ ́* transition appears in the NIR region (Figure 3.12), it is not as intense 

in transition (Ů values are around 8000 M
-1

 cm
-1

) compared with that of bis(dithiolene)nickel 

complexes that are used as NIR dyes.
[45]

 One of the major conditions for obtaining high Ů values 

is co-planarity of the ligand moieties around the nickel ion. In complex 3b, for instance, the outer 

two naphthayl rings (substituents on the dithiolene moiety) are found to be twisted by 39.35 ° 

and 35.89 ° from the plane defined by the dithiolene. This probably affects the intensity of the ́ 

Ÿ ́* transition in the NIR region by perturbing the symmetry of the frontier orbitals The change 

of counter cation from bigger (Ph4P
+
 in compound 3b) to a relatively smaller one (K

+
 in 

compound 3a) increases the co-planarity of the whole complex and consequently the transition 

intensity also increases in compound 3a compared to 3b. In contrast, compound 3c is perfectly 

square planar which favours the  ́Ÿ ́* transition resulting in decidedly higher Ů values around 

30000 M
-1

 cm
-1

. 

 

 

Figure 3.12 UV-Vis spectra of compounds 3a 3c (50 µM) in CH3CN at room temperature. 

 

The 
1
H NMR spectra for the Ni(III) monoanionic complexes (3a and 3b) were measured in 

DMSO-d6. We have confirmed that compounds 3a and 3b are paramagnetic (EPR and Evanôs 

method). The presence of an unpaired electron in the molecule gives rise to large isotropic shifts 

(up to several hundred ppm) and severely broadened resonances, which usually make integration 
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of signals difficult.
[239]

 For a paramagnetic chromium complex, protons attached to carbon atoms 

directly bonded to Cr(III) (e.g., methyl groups) are typically unobservable.
[239]

 Any 

report/discussion of a 
1
H NMR spectrum of a Ni(III) coordination complex is hardly known.

[240]
 

In the 
1
H NMR spectra for compounds 3a and 3b, only the signals corresponding to the [Ph4P]

+
 

cations were observed; and only very weak broad features are detected in the shifted aromatic 

region (see the Experimental Section for the relevant 
1
H NMR spectra). The extremely low 

solubility of the neutral compound 3c precluded us from studying its 
1
H NMR spectra. 

MALDI/TOF mass spectrometry of the monoanionic Ni(III) complexes show the parent complex 

anion [3a]  and [3b]  for the corresponding complex. The organic compound L3b also exhibited 

the expected molecular mass with a major signal at m/z = 244.0013 (calculated for C13H8OS2: 

244.0017). 

 

3.4.3. X-ray Crystal Structure Descriptions 

3.4.3a Crystal Structure of [Ph4P][Ni(ntdt) 2] (3b) 

The crude products of compound [Ph4P][Ni(ntdt)2] (3b) were dissolved in acetonitrile in a 10 mL 

small sample tube and it was placed into a closed flask already half-filled with diethyl ether. 

Diethyl ether evaporates slowly at room temperature and diffuses into acetonitrile tardily 

generating a layer in between them. Dark brown coloured rock shaped crystals, suitable for 

single X-ray structure analysis, grew up slowly in between these two solvent layers; i.e. the slow 

diffusion method was applied. The X-ray analysis shows that the relevant crystals belong to the 

triclinic lattice system with a P-1 space group. The molecular structure with the appropriate label 

scheme is shown in Figure 3.13. The basic crystallographic data are presented in the 

Crystallographic Annex, and selected interatomic distances and bond angles are given in Table 

3.2.  

The four sulfur atoms surrounding the nickel ion provide a square planar coordination geometry 

with average SNi S angles of 91.3°. The tetra-coordinated nickel ion is deviated by 0.0160 Å 

out of the S4-plane of two dithiolate ligands. The two least squares planes of the Ni-dithiolene 

chelate rings (plane between C1, C2, S2, Ni1, S1 and C13, C14, S4, Ni1, S3) are not co-planar 

with a dihedral angel of 6.57° between them. In the five membered chelate rings containing the 

nickel atom, the average Ni S, C S, and C=C bond lengths are 2.139, 1.721 and 1.358 ¡ 

respectively (Table 3.2).  
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Figure 3.13 Crystal structure of compound [Ph4P][Ni(ntdt)2] (3b). Ellipsoids are shown with 

50% probability. Hydrogen atoms are omitted for clarity reason. 

 

The overall charge of this Ni(III) complex anion [Ni(ntdt)2]
1

 in compound 3b is -1, and its 

charge is compensated by a [Ph4P]
+
 cation as observed in the crystal structure (Figure 3.13). The 

overall structure of the anion is similar to one deposited in a database.
[241]

 

In this complex, the two naphthyl rings are skewed out of the plane defined by the dithiolene 

moieties. The dihedral angles between the least squares planes of Ni-dithiolene chelate rings 

[(Ni1, S1, C1, C2, S2) and (Ni1, S3, C13, C14, S4)] and the substituent naphthyl rings [(C3, C4, 

C5, C6, C7, C8, C9, C10, C11, C12) and (C15, C16, C17, C18, C19, C20, C21, C22, C23, C24)] 

are 28.667(15)° and 31.354(11)°, respectively. Possibly the presence of the big [Ph4P]
+
 cation in 

the compound is partly responsible for such distortion. 

 

Table 3.2 Selected Bond lengths (Å) and angles (º) for compound [Ph4P][Ni(ntdt)2] (3b). 

 
C(1)-C(2) 1.356(7) C(1)-S(1) 1.728(6) 

C(2)-S(2) 

C(13)-S(3) 

1.722(7) C(13)-C(14) 1.360(6) 

1.714(5) C(14)-S(4) 1.721(5) 

S(1)-Ni(1) 2.1399(17) S(2)-Ni(1) 2.1441(16) 

S(3)-Ni(1) 2.1292(16) S(4)-Ni(1) 2.1444(16) 

  

C(2)-C(1)-S(1) 

C(14)-C(13)-S(3) 

123.1(5) C(1)-C(2)-S(2) 116.4(5) 

120.9(4) C(13)-C(14)-S(4) 118.0(4) 

C(1)-S(1)-Ni(1) 102.8(2) C(2)-S(2)-Ni(1) 105.8(2) 

C(13)-S(3)-Ni(1) 104.69(17) C(14)-S(4)-Ni(1) 105.29(18) 

S(1)-Ni(1)-S(2) 91.54(7) S(3)-Ni(1)-S(4) 91.05(6) 
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3.4.3b Crystal Structure of [Ni(ntdt) 2] (3c) 

The dark green rhombic shaped crystals of neutral nickel(IV) compound [Ni(ntdt)2] (3c) were 

grown by the same diffusion method as described for compound 3b. Here, compound 3c was 

dissolved in THF for crystallization instead of acetonitrile due to the low solubility of the 

compound in CH3CN. Single crystal X-ray structure analysis shows that the crystals belong to 

the monoclinic lattice system with a space group P21/c and half of the molecule in the 

asymmetric unit. Figure 3.14 shows the molecular structure of compound 3c with the atom 

labelling scheme. 

 

Figure 3.14 Crystal structure of neutral compound [Ni(ntdt)2] (3c). Ellipsoids are shown with 

50% probability. 

 

The basic crystallographic data are presented in the Crystallographic Annex, and selected 

interatomic distances and bond angles are given in Table 3.3. The four sulfur atoms surrounding 

the nickel ion provide a perfect square planar coordination (deviation of the nickel ion from the 

S4 square plane = 0.000 Å) with average SNi S angles of 91.50°. In the five membered chelate 

ring containing the nickel atom, the average NiS, C S, and C=C bond distances are 2.142 Å, 

1.693 Å, and 1.381 Å, respectively (Table 3.3). The corresponding average C S value in the 

crystal structure of compound [Ph4P][Ni(ntdt)2] (3b) is considerably larger (1.721 Å; see Table 

3.2). On the other hand, the C=C bond in neutral compound 3c is longer (1.381 Å) than the 

average C=C bond of 1.358 Å in compound 3b. A possible explanation is that due to their 

noninnocent nature, the dithiolene ligands are in either a radical monoanionic state (L
Å

) or in a 

hybridized form (see Figure 1.8b and 1.8c) when binding nickel in the neutral compound 3c in 

contrast to compound 3b where both, dianionic and radical monoanionic forms could be present 

(see Scheme 1.4). In this context, it is worth mentioning that the nickel ion in the monoanionic 

compound [Ph4P][Ni(ntdt)2] (3b) is formally in a +3 oxidation state, whereas neutral compound 

[Ni(ntdt)2] (3c) formally bears a Ni(IV) ion and was made by iodine oxidation of compound 3b. 
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Table 3.3 Selected Bond lengths (Å) and angles (º) for compound [Ni(ntdt)2] (3c). 

 
C(1)-C(2) 1.381(4) C(1)-S(1) 1.672(3) 

C(2)-S(2) 1.714(3) Ni(1)-S(1) 2.1167(9) 

Ni(1)-S(2) 2.1418(8)  

  

C(2)-C(1)-S(1) 122.4(3) C(1)-C(2)-S(2) 116.7(2) 

S(1)-Ni(1)-S(2) 91.50(3) C(1)-S(1)-Ni(1) 104.39(11) 

C(2)-S(2)-Ni(1) 104.95(11)   

 

Hence, it is possible that electron delocalization due to the higher oxidation state of nickel in 

compound 3c results in a shorter CS bond and a relatively longer C=C bond. The average NiS 

bond length, found in the crystal structure of compound 3c, is typical of a neutral Ni 

bis(dithiolene) complex.
[137, 242-244]

 

The packing diagram of the neutral compound [Ni(ntdt)2] (3c) viewed down the crystallographic 

b axis is depicted in Figure 3.15, and shows that the molecules are packed in a layered structure 

on the crystallographic ac plane. The closest Ni···Ni distance is 5.0169(7) Å and the shortest 

interstack S···S contact is 3.699 Å (Figure 3.16a). This distance (between S(1) and S(2) in the 

crystal structure) is comparable to the sum of their van der Waals radii (3.70 Å). Similar neutral 

systems with such S···S contacts have been reported earlier.
[137, 245]

 The short S···S contacts (in 

compound 3c) are shown in Figures 3.16. Further, the ́ -ˊ stacking interactions among the 

external aromatic rings, separated by a distance of 3.92 Å, on the dithiolene part of compound 

[Ni(ntdt)2] (3c) lead to a chain type arrangement as shown in Figure 3.16b. 

 

3.4.4. Cation-Responding Studies by UV-Vis Spectroscopy 

The cation-responding studies with these nickel-dithiolene compounds (3a 3c) were conducted 

in acetonitrile first by monitoring their UV-Vis spectra over a wide range (200 1200 nm) with 

and without the individual addition of various metal ions such as Ag
+
, Al

3+
, Ca

2+
, Cd

2+
, Co

2+
, 

Cu
2+

, Fe
3+

, Hg
2+

, Li
+
, Mg

2+
, Mn

2+
, Na

+
, Pb

2+
, Sn

2+
 and Zn

2+
. The respective resulting solution 

was shaken well before recording the absorbance and emission spectra and the spectroscopic 

studies were generally carried out at room temperature in acetonitrile with the sample conc. of 

5×10
-5

 mol/L. As shown in Figure 3.12, these complexes (3a 3c) exhibit absorbance maxima in 

the NIR region, which are a function of both, extensive electron delocalization within the 

dithiolene ring system, and the interaction of this delocalized system with available d-orbitals on 

the central metal.
[140]

 



3. Dithiolene Based Optically Active Molecules: Metal Ion Markers 

66 

 

Figure 3.15 Packing diagram of [Ni(ntdt)2] (3c); viewing direction is the crystallographic b axis. 

Color code: Ni, cyan; S, yellow; C, gray. 

 

Figure 3.16 (a) S···S intermolecular interactions in [Ni(ntdt)2] (3c) looking down the 

crystallographic b axis; and (b) ́ -ˊ stacking interactions of the same looking down the 

crystallographic a axis, blue coloured ten membered rings indicate that these are directly 

involved in ́ -ˊ stacking interactions of the shown molecules. 

b a

c

b a

c

(a)

(b)
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Figure 3.17 UV/Vis absorbance spectra of 3b (50 ɛM) in acetonitrile upon addition of 1.0 

equivalent of metal salt of Ag
+
, Al

3+
, Ca

2+
, Cd

2+
, Co

2+
,Cu

2+
, Fe

3+
, K

+
, Li

+
, Mg

2+
, Mn

2+
, Na

+
, 

Pb
2+

, Sn
2+

,  Zn
2+

 and Hg
2+

. 

 

Figure 3.17 shows the UV-Vis absorbance of 3b in the presence of miscellaneous ions in 

acetonitrile solution. Compound 3b reacts to the presence of Al
3+

, Fe
3+

 and Hg
2+

 by a 

hypsochromic shift of 81 nm. Whereas the absorbance is increased by Al
3+

 and Fe
3+

, it is 

decreased by Hg
2+

. Hence, 3b can distinguish Hg
2+

 from Al
3+

 and Fe
3+

. In addition, the presence 

of Hg
2+

 evokes a distinct colour change easily detectable by eyesight. The most remarkable 

spectroscopic and visual response of marker 3b was observed upon addition of 0.5 equivalents of 

Ag
+
 salt, which caused a 174 nm red-shift of the dithiolene-metal based signal along with the 

generation of a new peak at 668 nm in the absorbance spectrum. 

The Ag
+
 binding affinity of 3b was analysed by absorbance titration experiments in acetonitrile 

solution. Upon gradual addition of the Ag
+
 ion (0ï1 equivalent) to a solution of 3b (50 µM), the 

absorbance bands centred at 936 nm and 316 nm steadily decreased with the concomitant 

generation of two new bands at 1110 nm and 668 nm (Figure 3.18). The not perfectly isosbestic 

points observed at 372, 825 and 1005 nm suggest the presence of more than one species in the 

medium. Further addition of Ag
+
 ions (1ï2 equivalents) led to no changes in the absorbance 

spectra (Figure 3.18 Inset). Hence, the observations can be attributed to the formation of a new 

species in the medium and support a strong selectivity of compound 3b toward Ag
+
. A solution 

of 3b can therefore be considered as a potent selective marker for Ag
+
 ions. 
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Figure 3.18 Absorbance spectra of 3b (50 ɛM) in acetonitrile in the presence of varying 

concentrations of Ag
+
 (0.0 to 2.0 equivalents). Inset: plots of absorbance of 3b at 940 and 1108 

nm as the function of equivalents of Ag
+
 added. 

 

3.4.5. Jobôs Plot Analyses 

The reaction stoichiometry between 3b and Ag
+
 was determined using the continuous variations 

(Job's method) method (Figure 3.19). The method requires keeping the total concentration of 3b 

and Ag
+
 at 50.0 µM, and changing the molar ratio of Ag

+
 (X = [Ag

+
]/[3b] + [Ag

+
]) from 0.1 to 

0.9. When the molar fraction of Ag
+
 was 0.5, the absorbance value approached a maximum, 

which demonstrated the 1:1 reaction between compound 3b and Ag
+
. 

 

Figure 3.19 Jobôs plot for the reaction of 3b with Ag
+
 in CH3CN solution at 1108 nm. Total 

concentration of ([3b] + [Ag
+
]) was kept constant at 50.0 µM.  
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3.4.6. Determination of the binding/dissociation constant (Ka) 

The binding constant of Ag
+
 with L3 (ntdt) in presence of nickel or the dissociation constrant of 

nickel from the complex 3b was determined using the BenesiïHildebrand equation as follows: 

Ў
     (3.1) 

 

 

Figure 3.20 Benesi-Hildebrand plot of 3b (50 ɛM) at 940 nm absorbance upon addition of 

different conc. of Ag
+
 in acetonitrile. 

 

where æA = (A A0); A and A0 represent the absorbance of compound 3b in the presence and 

absence of Ag
+
, respectively, Amax is the saturated absorbance of 3b in the presence of excess 

amount of Ag
+
; [Ag

+
] is the concentration of Ag

+
 ion added. The measured absorbance ( 1/æA) 

varied as a function of 1/[Ag
+
] in a linear relationship (R = 0.991), indicating formation of 1:1 

stoichiometry between Ag
+
 and 3b (see Figure 3.20). This further corroborated the 1:1 reaction 

derived from the Jobôs plot analyses. The binding or dissociation constant in CH3CN solution 

was calculated to be 4.93 × 10
3
 M
ī1

. 

The metal ion responding studies were further extended to compounds 3a and 3c. Compound 3a 

showed a similar result as compound 3b as expected since the effective anionic parts of both 

compounds are identical, i.e. [Ni(ntdt)2]
1

. Surprisingly, addition of 0.5 equivalents of the metal 

ions (Ag
+
, Al

3+
, Ca

2+
, Cd

2+
, Co

2+
, Cu

2+
, Fe

3+
, Hg

2+
, Li

+
, Mg

2+
, Mn

2+
, Na

+
, Pb

2+
, Sn

2+ 
and Zn

2+
) to 

a 50 ɛM green colored solution of compound 3c in acetonitrile resulted in negligible changes in 

the absorbance and emission spectrum of 3c if at all, which precludes this compound from being 

used as metal ion marker or indicator. 
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3.5. Coumarin- Dithiolene Based Markers 

A coumarin-dithiolene ligand was studied as a new colorimetric and fluorometric marker for 

Ni
2+

 ions. The coumarin-dithiolene combination functions as an efficient on-off fluorosensor for 

Ni
2+

 ions and as an off-on optical marker with respect to the color of the samples due to the 

special topology of the 1,3-dithiol-ene receptor. The noninnocent nature of the dithiolene ligand 

moiety facilitates establishing a connection between the coordinated nickel ion and an 

electronically deficient fluorophore. The coumarin-dithiolene based precursor was de-protected 

by addition of 2.5 equivalents KOH and exhibited fluorescence quenching upon addition of 0.5 

equivalents of a Ni
2+

 salt by formation of a thermodynamically very stable nickel-bisdithiolene 

complex K[Ni(S2C2Hcumrn)2], hence allowing it to selectively detect Ni
2+

 ions. This was even 

true in the presence of various potentially competitive background environmental metal ions 

(Ag
+
, Al

3+
, Ca

2+
, Cd

2+
, Co

2+
,Cu

2+
, Fe

3+
, Hg

2+
, Li

+
, Mg

2+
, Mn

2+
, Na

+
, Pb

2+
, Sn

2+
 and Zn

2+
). 

Furthermore, the marker also displayed a characteristic NIR absorbance band at 975 nm and an 

observable color change from colorless to green upon addition of Ni
2+

 ions selectively detecting 

this species colorimetrically too. 

 

3.5.1. Synthesis and Characterization 

Compound L4 (cmdt) was readily obtained by a two-step synthetic procedure as shown in 

Scheme 3.6 (see Experimental Section for details). Firstly, 3-(bromoacetyl) coumarin was 

reacted with potassium isopropylxanthate in anhydrous acetone giving intermediate L4a which 

was then subjected to acid catalyzed ring closing in presence of HClO4 to obtain the final 

isolable target, i.e. the precursor to the active marker molecule (or ñpre-markerò) L4b with 85% 

yield. The final compound is highly hydrophobic and it is soluble in almost all common organic 

solvents. The chemical structures of the intermediate L4a and final product L4b were confirmed 

using 
1
H NMR, 

13
C NMR, IR, elemental analysis and X-ray crystallography. Crystallization of 

the crude products L4a and L4b by slow evaporation from chloroform-diethylether solution 

yielded needle shaped crystals of off-white and light yellow color, respectively. The basic 

crystallographic data for compounds L4a and L4b are presented in the Crystallographic Annex 

and selected interatomic distances and bond angles for L4b are given in Table 3.4. 
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Scheme 3.6 Synthetic route to marker L4 with the last step being an in situ preparation 

immediately prior to adding the sample to be tested. 

 

 

 

Figure 3.21 The asymmetric unit of L4a. Ellipsoids are shown with 50% probability. 

 

X-ray single-crystal structural characterization of intermediate O-isopropyl-S-2-oxo-2-

coumarine-ethylcarbonodithioate (L4a) shows that the relevant crystals belong to the triclinic 

lattice system with a P-1 space group and the asymmetric unit contains one molecule. Figure 

3.21 shows the full molecule with the atom labeling scheme. The dihedral angle between the 

carbonodithioate unit and coumarin part of the molecule is 68.64 ° and this spatial arrangement 

brings the thione (S=C) and carbonyl groups closer to each other which is an essential 

requirement for the acid catalyzed ring closure mechanism. The spatial distance between thione-

S (S2 in Figure 3.21) and carbonyl carbon (C10 in Figure 3.21) of L4a is 3.465 Å which 

emphasises the facility of a nucleophilic attack from S2 on C10 to form the 1,3-dithiole 

heterocyclic ring.  

On the other hand, 4-coumarine-1,3-dithio-2-one (L4b) is a convenient protected form of the 

dithiolene ligand that is readily unmasked via base hydrolysis and then coordinated to the desired 

metal. The crystal structure of this protected compound cmdt is presented in Figure 3.22(left). It 

crystallized in the triclinic lattice system with a P-1 space group.  
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Figure 3.22 (left) Crystal structure of 4-(coumarin) 1,3-dithiol-2-one (L4b). Ellipsoids are 

shown with 50% probability; (right) intra and inter molecular hydrogen bonds in (L4b).  

 

Table 3.4 Selected Bond lengths (Å) and angles (º) for L4b. 

 
C(1)-C(9) 1.354(5) C(1)-C(2) 1.439(5) 

C(2)-C(7) 1.391(5) C(2)-C(3) 1.398(5) 

C(3)-C(4) 1.385(5) C(4)-C(5) 1.384(5) 

C(5)-C(6) 1.378(5) C(6)-C(7) 1.393(5) 

C(7)-O(1) 1.369(4) C(8)-O(2) 1.209(4) 

C(8)-O(1) 1.368(4) C(8)-C(9) 1.467(4) 

C(9)-C(10) 1.464(5) C(10)-C(11) 1.337(5) 

C(10)-S(1) 1.756(3) C(11)-S(2) 1.730(4) 

C(12)-O(3) 1.196(4) C(12)-S(1) 1.772(4) 

C(12)-S(2) 1.774(4)   

    

C(9)-C(1)-C(2) 121.4(3) C(7)-C(2)-C(3) 118.5(3) 

C(7)-C(2)-C(1) 117.9(3) C(3)-C(2)-C(1) 123.6(3) 

C(4)-C(3)-C(2) 119.7(3) C(5)-C(4)-C(3) 120.5(3) 

C(6)-C(5)-C(4) 121.1(3) C(5)-C(6)-C(7) 118.1(3) 

O(1)-C(7)-C(2) 120.5(3) O(1)-C(7)-C(6) 117.4(3) 

C(2)-C(7)-C(6) 122.1(3) O(2)-C(8)-O(1) 116.4(3) 

O(2)-C(8)-C(9) 126.4(3) O(1)-C(8)-C(9) 117.2(3) 

C(1)-C(9)-C(10) 122.1(3) C(1)-C(9)-C(8) 119.6(3) 

C(10)-C(9)-C(8) 118.3(3) C(11)-C(10)-C(9) 127.3(3) 

C(11)-C(10)-S(1) 115.2(3) C(9)-C(10)-S(1) 117.4(3) 

C(10)-C(11)-S(2) 119.5(3) O(3)-C(12)-S(1) 124.0(3) 

O(3)-C(12)-S(2) 124.1(3) S(1)-C(12)-S(2) 111.9(2) 

C(8)-O(1)-C(7) 123.4(3) C(10)-S(1)-C(12) 97.19(17) 

C(11)-S(2)-C(12) 96.09(18)   

 

The 1,3-dithiole heterocyclic ring and the coumarin substituent are more or less planar with sp
2
 

hybridized C10 and C11 atoms and a double bond of 1.337(5) Å between them. The C-Save bond 

length of 1.743(3) Å and the C=C bond length of 1.337(5) Å in (L4b) closely agree with the 

typical values of 1.751(17) ¡ for S C(sp
2
) and 1.331(9) Å for (sp

2
)C=C(sp

2
). The spatial 

a b

c

C
H
O
S
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distance between carbonyl-O and dithiolene hydrogen (2.153 Å), strongly suggests the existence 

of intramolecular hydrogen bonds in the molecule. The intra- and intermolecular hydrogen bonds 

in the crystal lattice involving the carbonyl-O with both dithiolene and aromatic hydrogen atoms 

and dithiolene-S with another aromatic hydrogen atom (Figure 3.22: right) explain the stability 

of the compound in the solid state. 

 

3.5.2. Cation-Responding Studies by UV-Vis Spectroscopy 

In order to generate a dithiolene ligand from 4-(coumarin)-1, 3-dithiol-2-one (L4b) able to bind a 

metal ion for its selective marking, the C=O moiety needs to be released from the precursor in 

basic conditions. This is most commonly done using an alkaline solution of a metal hydroxide.
[8, 

30, 114, 137]
 The optical behavior of L4 (generated by the in situ preparation from L4b via addition 

of 2.5 equivalents of KOH to open the 1,3-dithiol-2-one ring) was investigated first by 

monitoring its UV-Vis spectra over a wide range with and without the individual addition of 

various metal ions ( Ag
+
, Al

3+
, Ca

2+
, Cd

2+
, Co

2+
, Cu

2+
, Fe

3+
, Hg

2+
, Li

+
, Mg

2+
, Mn

2+
, Na

+
, Pb

2+
, 

Sn
2+

, Zn
2+

 and Ni
2+

). The resulting solution was shaken well before recording the absorbance and 

emission spectra and the spectroscopic studies were carried out at room temperature in THF 

solution (5×10
-5

 mol/L). As shown in Figure 3.23, compound L4 exhibits one absorbance band 

centered at 355 nm, caused by an nḯ* transition of the coumarin moiety.
[235]

 

 

Figure 3.23 UVïvis spectral changes of L4 (50 ɛM; presuming a quantitative transformation 

from L4b to L4) in THF upon the addition of 0.5 equivalents of different metal salts: Ag
+
, Al

3+
, 

Ca
2+

, Cd
2+

, Co
2+

, Cu
+
, Cu

2+
, Fe

3+
, Hg

2+
, Li

+
, Mg

2+
, Mn

2+
, MoO4

2ï
, Na

+
, Pb

2+
, Sn

2+
, Zn

2+
 and Ni

2+
 

respectively. 
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Figure 3.24 Change in color of solutions of L4 (50 ɛM; presuming a quantitative transformation 

from L4b to L4) in THF with the metal ions Ag
+
, Al

3+
, Ca

2+
, Cd

2+
, Co

2+
,Cu

2+
, Fe

3+
, Hg

2+
, Li

+
, 

Mg
2+

, Mn
2+

, Na
+
, Ni

2+
, Pb

2+
, Sn

2+ 
and Zn

2+
 respectively; (b) the same mixtures under 366 nm UV 

light. 

 

Figure 3.25 Emission spectra (ɚex = 355 nm) of L4 (50 ɛM; assuming a quantitative 

transformation from L4b to L4 in presence of 125 ɛM KOH) in THF upon the addition of 0.5 

equivalents of different metal salts: Ag
+
, Al

3+
, Ca

2+
, Cd

2+
, Co

2+
,Cu

2+
, Fe

3+
, Hg

2+
, Li

+
, Mg

2+
, 

Mn
2+

, Na
+
, Pb

2+
, Sn

2+
,  Zn

2+
 and Ni

2+
 respectively. 

 

Our preliminary qualitative experiments unveiled that the addition of 2.5 equivalents of KOH 

and 0.5 equivalents of the metal ions, Ag
+
, Al

3+
, Ca

2+
, Cd

2+
, Co

2+
, Cu

2+
, Fe

3+
, Hg

2+
, Li

+
, Mg

2+
, 

Mn
2+

, Na
+
, Pb

2+
, Sn

2+ 
and Zn

2+
 respectively to 50 ɛM (presuming a quantitative transformation 

from L4b to L4) colorless solution of L4 in THF resulted in no or negligible changes in the 

L4 Ag+ Al3+ Ca2+ Cd2+ Co2+ Cu2+ Fe3+ Hg2+ Li+ Mg2+ Mn2+ Na+ Ni2+ Pb2+ Sn2+ Zn2+

L4 Ag+ Al3+ Ca2+ Cd2+ Co2+ Cu2+ Fe3+ Hg2+ Li+ Mg2+ Mn2+ Na+ Ni2+ Pb2+ Sn2+ Zn2+
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absorbance spectrum of L4 (Figure 3.23). Though the addition of Cd
2+

 caused an increase of 

absorbance intensities at 296 nm, this perturbation was not apparent by bare eye inspection 

(Figure 3.24a). The most remarkable spectroscopic and visual response of the marker L4 was 

observed upon addition of 0.5 equivalents of Ni
2+

 salt, which caused a 68 nm red-shift of the 

coumarin based signal along with the generation of a new peak at 975 nm in the absorbance 

spectrum, possibly due to an extensive electron delocalization within the dithiolene ring system, 

and the interaction of this delocalized system with available d-orbitals on the central metal.
[140]

 

The strong thermodynamically driven affinity of the Ni
2+

 ion towards a free dithiolate functional 

group and the fast metal-to-ligand binding kinetics are most likely responsible for the selectivity 

towards Ni
2+

.
[246]

 The metal-dithiolene based signal at 425 nm in the absorbance spectrum further 

suggested that the absorbance changes should be observable with the bare eye. Indeed, the 

colorless solution of marker L4 immediately turned green when the Ni
2+

 ions were added (Figure 

3.24a); the color was intense enough to be easily detected by simple optical inspection. These 

results suggest that compound L4b and the actual marker made from it in situ, L4, can be 

utilized as a colorimetric ñnaked eyeò indicator for Ni
2+

 ions with an additional characteristic 

NIR signature even in the presence of various typical transition-metal ions, such as Cu
2+

, Pb
2+

, 

and Hg
2+

 etc. which are normally difficult to differentiate. As working in basic conditions is 

requisite for generating the free ene-dithiolate ligand and neutralization would recover the 

precursor, these studies cannot be undertaken in neutral or acidic solution. This maybe the reason 

for decidedly thiophyllic metal ions like Hg
2+ 

not showing a response; they are possibly 

precipitated as hydroxides. 

 

3.5.3. Cation-Responding Studies by Emission Spectroscopy 

The fluorescence behavior or response respectively of L4 (50 ɛM) in the absence and presence 

of different cations was similarly examined and is shown in Figure 3.25 and 3.24b. The 

fluorescence spectra were obtained by excitation of the samples at 355 nm. L4 is generated by 

addition of 2.5 equivalents of KOH to L4b. Upon subsequent addition of 0.5 equivalents of the 

Ni
2+

 salt to this colorless solution, the characteristic white fluorescence of coumarin disappeared 

(see Figure 3.25 and 3.24b). The fluorescence quenching of the samples as well as a colorimetric 

change in appearance can be attributed to the metallation of the base de-protected 1,3-dithiol-2-

one with Ni
2+

 forming the nickel-bisdithiolene complex K[Ni(S2C2Hcumrn)2]. 
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Figure 3.26 Fluorescence intensities of L4 (50 ɛM; assuming a quantitative transformation from 

L4b to L4 in presence of 125 ɛM KOH) in THF in the presence of various metal ions. The 

intensities were recorded at 442 nm, excitation at 355 nm. 

 

 

Figure 3.27 Relative Fluorescence intensities of L4 (50 ɛM; assuming a quantitative 

transformation from L4b to L4 in presence of 125 ɛM KOH) in THF in the presence of various 

metal ions. The black bars represent the emission intensities of L4 in the presence of 0.5 

equivalents of the respective metal ion. The lined bars represent the emission intensities observed 

upon subsequent addition of 0.5 equivalents of Ni
2+

 to the respective metal ion solution. The 

intensities were recorded at 442 nm, excitation at 355 nm. 
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To further investigate the suitability of L4 as a selective luminescence sensor for the detection of 

Ni
2+

, comparative and competitive experiments were carried out adding 0.5 equivalents of Ag
+
, 

Al
3+

, Ca
2+

, Cd
2+

, Co
2+

, Cu
2+

, Fe
3+

, Hg
2+

, Li
+
, Mg

2+
, Mn

2+
, Na

+
, Pb

2+
, Sn

2+ 
and Zn

2+
 respectively 

to the marker solution (L4b + 2.5 equivalents KOH Ÿ L4). No significant fluorescence changes 

were observed with these cations and the color of the solution remained unchanged as shown in 

Figures 3.26 and 3.24b. Upon addition of 25 ɛM of Ni
2+

 (0.5 equivalents) to the solutions 

containing L4 and one of the metal ions as described above, fluorescence intensities of these 

solutions immediately dropped down to the level of that for the L4 solution containing only Ni
2+ 

(25 ɛM) (see Figure 3.27). Thus, the presence of 0.5 equivalents of Ag
+
, Al

3+
, Ca

2+
, Cd

2+
, Co

2+
, 

Cu
2+

, Fe
3+

, Hg
2+

, Li
+
, Mg

2+
, Mn

2+
, Na

+
, Pb

2+
, Sn

2+ 
and Zn

2+
 ions did not impair the specific 

quenching effect triggered by Ni
2+

-binding. These results support a strong selectivity of 

compound L4 toward Ni
2+

.  

 

3.5.4. Coordination Behaviour of L4 and Ni
2+

  

In order to investigate the binding (in particular with respect to ratio) of L4 with Ni
2+

 ions, a 

fluorescence titration experiment of L4 (50 ɛM in THF) with Ni
2+

 ions (0 to 1.0 equivalent) was 

carried out. As shown in Figure 3.28, the stepwise addition of Ni
2+

 to a solution of L4 (L4b + 2.5 

equivalents KOH) gradually decreased the ligandôs emission band at 442 nm; i.e. a continuous 

decrease of the emission at 442 nm was induced by increasing concentrations of Ni
2+

 in the 

investigated sample solutions. The emission band at 442 nm decreased almost linearly up to 0.5 

equivalents of Ni
2+

, indicating the formation of a 2:1 stoichiometric complex between L4 and 

Ni
2+

. More importantly, the fluorescence changes upon addition of Ni
2+

 to the test solution (L4b 

+ 2.5 equivalents KOH) were clearly visible at 366 nm in UV light too (Figure 3.29). The 

characteristic white fluorescence of L4b and marker L4 immediately disappeared upon addition 

of 25ɛM Ni
2+

 ions, which means that the detection limit for Ni
2+

 by marker L4 in a 50 ɛM 

solution is approximately as low as 25 ɛM. Marker L4 hence possesses a high selectivity and 

sensitivity for Ni
2+

 ions with a clear color change observable by bare eye detection and even 

more impressively under 366 nm UV light and thus, could serve as both a potent selective 

colorimetric and fluorometric marker for Ni
2+

 ions. 
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Figure 3.28 Fluorescence intensity of L4 (50 ɛM; assuming a quantitative transformation from 

L4b to L4) in THF at 442 nm as a function of equivalent of Ni
2+

 added (ɚex = 355 nm).  

 

 

Figure 3.29 Fluorescence intensity of L4 (50 ɛM; assuming a quantitative transformation from 

L4b to L4) in THF at 442 nm upon addition of different portions of Ni
2+

 (final Ni
2+ 

concentrations: 0.0, 2.5, 5.0, 7.5, 10.0, 12.5, 15.0, 17.5, 20.0, 22.5, 25.0 and 27.5 ɛM) with 

gradual fluorescent color change recorded. 

 

3.5.5. Jobôs Plot Analyses from Emission Spectra 

For determination of the stoichiometry between L4 and Ni
2+

, Jobôs plot analyses were carried 

out. The method requires keeping the total concentration of L4 and Ni
2+

 at 50.0 µM, and 

changing the molar ratio of Ni
2+

 (X = [Ni
2+

]/[L4] + [Ni
2+

]) from 0.1 to 0.5. As shown in Figure 
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3.30, when a molar fraction of Ni
2+

 was 0.324, the normalized emission at 442 nm reached a 

maximum, indicating formation of a 2:1 complex between L4 and Ni
2+

.  

The 2:1 stoichiometric complexation between L4 and Ni
2+

 is further supported by mass 

spectrometry data of the [Ni(L4)2]
ï
 complex. MALDI/TOF mass spectrometry shows the 

formation of a 2:1 ligand-metal complex with a major signal at m/z = 525.703 for [2×L4+Ni
2+

]  
 

(calcd. For C22H12NiO4S4
-
: 525.8977) (Figure 3.32). The presumed and most likely binding mode 

of marker L4 with Ni
2+

 is shown in Figure 3.31. The complex was later synthesized on purpose 

and characterized in coordination with different counter cations (4a: K
+
, 4b: Ph4P

+
 4c: neutral 

complex) and its structure is strongly supported by examples of similar compounds in the 

literature.
[6-8, 11, 43, 59, 115, 125-126, 130, 133-137, 247-248]

 

 

Figure 3.30 Jobôs plot of L4 with Ni
2+

 in THF solution at 442 nm emission. Total concentration 

of ([Ni
2+

] + [L4]) was kept constant at 50.0 µM. 

 

 

Figure 3.31 The proposed chemical structure of L4 binding with a Ni
2+

 ion; only the trans- 

isomer is shown even though cis- and trans- isomers might be formed. 
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3.6. Bis-(coumarin-dithiolene) Niccolate Based Markers 

Inspired by the observed coordination behavior of Ni
2+

 with L4 as discussed above, the series of 

coumarin bearing nickel-dithiolene complexes [K] [Ni(cmdt)2] (4a), [Ph4P][Ni(cmdt)2] (4b) and 

[Ni(cmdt)2] (4c) was investigated with respect to application as metal ion sensors in the Vis-NIR 

region. All three compounds (4a 4c) are air stable in the solid state but in solution their color 

started to disintegrate slowly over time. All three compounds (4a 4c) were tested by UV-Vis and 

fluorescence spectroscopy regarding their potential use as metal ion markers/indicators in the 

NIR region. Interestingly, compound 4b showed remarkable selectivity towards Hg
2+

 over other 

various competitive metal ions (Ag
+
, Al

3+
, Ca

2+
, Cd

2+
, Co

2+
, Cu

2+
, Fe

3+
, K

+
, Li

+
, Mg

2+
, Mn

2+
, 

Na
+
, Pb

2+
, Sn

2+
 and Zn

2+
) evident from a distinguished color change. Therefore a solution of 4b 

can be considered as a potent selective marker for Hg
2+

 ions. . Compound 4b can serve as an 

easily applied, ready to use, low cost tool without any need for additional reagents, complicated 

technical procedures or laborious sample preparation. The cation-responding behavior of 

compound 4a is mostly similar to that of compound 4b while the optical behavior of compound 

4c did not change dramatically by the presence of other metal ions. 

3.6.1. Synthesis 

A general synthetic strategy 
[137, 177, 190, 236]

 was applied for the synthesis of the coumarin based 

nickel-dithiolene complexes (4a 4c) which was also applied for complexes (3a 3c). Treatment 

of compound L4b with 2.5 equivalents potassium hydroxide
[114]

 in methanol afforded the soluble 

potassium salt of the dithiolate dianion, which was then allowed to react with NiCl2·6H2O 

dissolved in methanol (Scheme 3.7). The synthesis and isolation methods applied for compounds 

(4a 4c) were similar to those for compounds (3a 3c).  

Compounds 4a 4c were characterized by elemental analyses and routine spectral methods 

including cyclic voltammetry studies. Attempts to crystallize these compounds by slow diffusion 

were successful but poor crystal quality prevented characterization by single crystal X-ray 

structural analysis. The obtained complexes appear to be oxygen and moisture insensitive in the 

solid state as even after prolonged standing in air no changes of the samples were observed.  

MALDI/TOF mass spectrometry for the monoanionic Ni(III) complexes show the parent 

complex anion [4a]  and [4b]  for the corresponding complex (Figure 3.32). The organic 

compound L4b also exhibited the expected molecular mass with a major signal at m/z = 

262.3017 (calculated for C12H6O3S2: 262.3042). 



3. Dithiolene Based Optically Active Molecules: Metal Ion Markers 

81 

 

 

Scheme 3.7 Synthetic route to and molecular structure of the complexes 4a 4c starting from 4-

coumarine-1,3-dithio-2-one (L4b). 

 

 

 

Figure 3.32 MALDI/TOF-MS spectrum of the monoanionic complex [Ni(cmdt)2] . 

 

525.703

820.118

614.944

723.899

770.065

931.370 1112.298

0

1

2

3

4

5

4x10

In
te

n
s.

 [a
.u

.]

500 1000 1500 2000 2500 3000
m/z

 



3. Dithiolene Based Optically Active Molecules: Metal Ion Markers 

82 

 

Figure 3.33 UV-Vis spectra of compounds 4b and 4c (50 µM) in CH3CN at room temperature. 

 

3.6.2. Spectroscopic and Electronic Characterization 

These coumarin based nickel-dithiolene complexes (4a 4c) exhibit strong absorbance bands in 

the wavelength region of 850-1000 nm. Such low energy NIR broad feature in the region of 800 

to 1000 nm (for compounds 4a4c) as shown in the electronic absorbance spectra (Figure 3.33) 

is a characteristic of bis(dithiolene) nickel complexes and is generally assigned to  ́ Ÿ ́* 

transitions between the highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO) as discussed before.
[140]

 The intensities of absorbance bands depend 

on the symmetry of the complex around the central metal ion.  

 

3.6.3. Magnetic moment measurements via Evanôs NMR method 

Despite using a Ni(II) salt as precursor for the preparation of compounds 4a and 4b the formal 

charge of the metal complex [Ni(cmdt)2] with distorted square planar geometry was presumed to 

be -1 according to similar complexes described in the literature.
[135, 137, 190, 236-238]

 This was 

confirmed by measuring the magnetic moment of the complex 4b via Evanôs NMR method.
[249-253] 

The magnetic moment of compound 4b was determined using the following equation (Evanôs 

method) and an NMR experiment in CD3CN at 300 K with a Bruker Avance II-300 MHz 

spectrometer and a 5mm Wilmad Coaxial Insert NMR tube (capillary tube).  
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ɛeff = magnetic moment; c = Concentration in mol/L; T = Temperature  [K]; æppm = difference 

of chemical shift by paramagnetic substances and A = constant which can be determined by 

calibrating with paramagnetic substances with known ɛeff values. 

The NMR tube was filled with 0.5 mL 0.0032077 M solution of compound 4b prepared using a 

mixture of CD3CN (475 ɛL) and 
t
BuOH (25 ɛL) as solvent. The capillary tube was filled with 0.5 

mL of the same solvent mixture (CD3CN: 475 ɛL; 
t
BuOH: 25 ɛL). Then, the capillary was placed 

into the NMR tube in such a manner that the solvent in the NMR tube should just cover the 

capillary so that the tube floats freely from the sides of the NMR tube. The idea is that it should 

not be like a sinker on the bottom of the NMR tube but it shouldnôt float off the bottom too far 

either. And finally the 
1
H NMR spectrum was measured for this sample at 300 K. The difference 

of the chemical shift of the methyl protons of 
t
BuOH due to the presence of a paramagnetic 

substance (complex 4b) was found to be 1.31 at 300 K as shown in Figure 3.34. 

For calibration a 0.5 mL solution of Cu(NO3)2  (c = 0.0107705 M) using CD3CN (475 ɛL) and 

t
BuOH (25 ɛL) as solvent was placed in the NMR tube and the capillary tube was filled with 0.5 

mL of the same solvent mixture (CD3CN: 475 ɛL; 
t
BuOH: 25 ɛL). Then, the capillary was placed 

into the NMR tube in the same way described above and 
1
H NMR was measured at 300 K. The 

difference of the chemical shift of the methyl protons of 
t
BuOH  was found to be 0.93 at 300 K 

(Figure 3.35). 

A was calculated to be 0.012050609 at 300 K by calibration with Cu(NO3)2 (c = 0.0107705 M, 

æppm = 0.93), which is known to be paramagnetic with a ɛeff value of 1.94.
[254]

  The magnetic 

moment of compound 4b was determined to be 4.22 from the Evanôs equation: 

‘
Ȣ

Ȣ  

Ȣ  Ȣ

 = 4.22       (3.3) 

The whole experiment was repeated three times and the average ɛeff  value was eventually found 

to be 4.17. 

Since the magnetic moment is a function only of the number of unpaired electrons (theoretically: 

ɛeff   =  ὲὲ ς; n: number of unpaired electrons), the present distorted square planar 

[Ph4P][Ni(cmdt)2] complex has to be described as a formal Ni(III) system with its magnetic 

moment corresponding to approximately three unpaired electrons. This indicates a rather strong 

deviation from the square-planar geometry under the conditions applied in the experiments. In 
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square-planar geometry the expected number of unpair electrons would be one for Ni(III). 

Alternatively, ligand to metal charge transfer might play a role with radical ligand forms present. 

 

Figure 3.34 
1
H NMR spectra for measuring the magnetic moment of the [Ph4P][Ni(cmdt)2] 

complex  (c = 0.0032077 M; Solvent: CD3CN: 475 ɛL; 
t
BuOH: 25 ɛL).  

 

Figure 3.35 
1
H NMR spectra for measuring the magnetic moment of Cu(NO3)2 (c = 0.0107705 

M; Solvent: CD3CN: 475 ɛL; 
t
BuOH: 25 ɛL). 
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3.6.4. Cation-Responding Studies by UV-Vis Spectroscopy 

The optical properties of the coumarin based nickel-dithiolene complexes (4a 4b) were 

investigated by UV-Vis spectroscopy over a wide range. Interestingly, these complexes are very 

well soluble in nonpolar organic solvents but insoluble in water. The exchange of the bulky 

counter cation [Ph4P
+
] for a smaller one (i.e. Bu4N

+
, K

+
, Na

+
) increases the solubility 

significantly but lowers the yield from its synthesis (compound 4a). The coumarin part attached 

to the nickel dithiolene core has a large effect on both the position of electronic absorbance 

maxima and the solubility of the relevant dye (for instance when exchanged for naphthalin). It 

was found that compound 4b and 4c gave a green colored solution in acetonitrile with an 

absorbance maximum at 950 and 855 nm respectively (Figure 3.33). 

 

3.6.4a Selective Recognition of Hg
2+

 with 4b 

The addition of Hg
2+

 ions to this solution of 4b results in a rapid color change of the solution 

from green to colorless (Figure 3.36, inset) ending with no absorbance at 951 nm or anywhere 

near. Apparently complex 4b can serve as a visual indicator for the presence of Hg
2+ 

ions, which 

is a great advantage over other analytical techniques because with this nickel complex Hg
2+

 can 

be detected even using simple eyesight. To determine the requirements for a quantitative 

interaction of the nickel complex with the target ion, absorbance titrations of 4b with Hg
2+

 ions 

were carried out. When Hg
2+

 was added in distinct portions to the solution of 4b (50 ɛM), a 

gradual decrease of the absorbance at 951 was observed accompanied by a hypsochromic shift 

(Figure 3.36 and Figure 3.37). Even though apparently with approximately 1.5 equivalents an 

intermediate (responsible for the shift) is formed, the resulting absorbance maximum is still 

proportional to the amount of added equivalents Hg
2+ 

(0 to 0.2 mM; i.e. a fourfold excess of Hg
2+

 

with respect to the nickel complex). In the range of 0 to 0.15 mM Hg
2+

 concentrations together 

with 50 ɛM concentration of complex an almost linear dependency of the absorbance at 951 nm 

on the concentration of Hg
2+ 

was found. This means that the coumarin-dithiolene nickel complex 

might even be used for a photometric determination of Hg
2+

 concentrations given that suitable 

experimental setups are chosen. 
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Figure 3.36 Absorbance spectra of compound 4b (c = 50 µM) in acetonitrile with added Hg
2+

 

(0.0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0 equivalents). Inset: the color of a 

solution of 4b in the absence and presence of Hg
2+

. 

 

 

 

Figure 3.37 Absorbance titration of 4b (c = 50 ɛM) at 951 nm in acetonitrile upon addition of 

different portions of Hg
2+

 (final Hg
2+ 

concentration: 0.0, 0.025, 0.05, 0.075, 0.10, 0.125, 0.15, 

0.175, 0.20, 0.225, 0.25, 0.275, 0.30 mM) with gradual color change. 
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3.6.4b Detection limit  

The detection limit of complex 4b as an indicator for Hg
2+

 was determined from the plot of the 

normalized absorbance as a function of the Hg
2+

 concentrations (see Figure 3.38).
[255]

 The 

absorbance data were normalized between the maximum absorbance, found at zero free Hg
2+

, 

and minimum absorbance, found at 0.2 mM free Hg
2+

. A linear regression curve was fitted to the 

five intermediate values (0.25  1.25 mM) in Figure 3.38. The point, at which this line crosses  

 

Figure 3.38 Determining the detection limit concentration of free Hg
2+

 by linear regression. 

 

 

 

Figure 3.39 Determining the detection limit concentration of free Hg
2+

 by compound 4b. 
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the ordinate axis, was taken as the detection limit and equaled to approximately 0.13 mM free 

Hg
2+

 in combination with the 50 ɛM concentration of indicator complex. The minimal 

concentration of complex 4b detectable by UV-Vis spectroscopy and bare eye was also 

calculated and found to be approximately 5 ɛM which accordingly can be used for detecting free 

Hg
2+

 down to a concentration of 13 ɛM (see Figure 3.39). 

 

3.6.4c Selectivity over Competitive Ions 

For any excellent probe an inevitable requirement is a high selectivity for the target. The effects 

on the indicator solution (4b) of metal ions commonly found in the environment or with similar 

chemical properties as Hg
2+

 such as Ag
+
, Al

3+
, Ca

2+
, Cd

2+
, Co

2+
, Cu

2+
, Fe

3+
, K

+
, Li

+
, Mg

2+
, Mn

2+
, 

Na
+
, Pb

2+
, Sn

2+
 and Zn

2+
 were investigated by absorbance spectroscopy of the sensor solution 

after addition of each representative metal ion individually (Figure 3.40:top) and compared with 

Hg
2+

. The color of the solution and the absorbance band remained unchanged upon addition of 4 

equivalents of Al
3+

, Ca
2+

, Cd
2+

, Co
2+

, K
+
, Li

+
, Mg

2+
, Mn

2+
, Na

+
, Pb

2+
, Sn

2+
, and Zn

2+
 to the 

sensor solution as shown in Figure 3.40. Upon addition of 4 equivalents of Fe
3+

 and Cu
2+

 ions the 

absorbance maxima underwent a hypsochromic shift by 116 nm accompanied by a color change, 

which looks more like a fading to the bare eye even though the absorbance infact increases. For 

Ag
+
 ions two new peaks were observed (at 715 nm and 920 nm) and a color change to light 

brown upon addition of 4 equivalents. As the addition of Hg
2+

 to the solution of 4b led to a 

minimum absorbance and a complete discoloring of the solution, probe 4b can colorimetrically 

discriminate Hg
2+

 from all other tested metal ions with a characteristic NIR signature and easily 

even with the bare eye.  

Notably, the tested ions might be added dissolved in any solvent, even water, without interfering 

with the optical properties of the indicator. To further explore the utility of compound 4b as an 

ion-selective indicator for Hg
2+

, the selectivity studies were extended to different mixtures of 

environmentally relevant metal ions (Figure 3.41). The results clearly illustrate that the novel 

probe exhibits a very high selectivity toward Hg
2+ 

ions even in the presence of various 

background competitive metal ions and metal ion mixtures such as Ag
+
, Al

3+
, Ca

2+
, Cd

2+
, Co

2+
, 

Cu
2+

, Fe
3+

, K
+
, Li

+
, Mg

2+
, Mn

2+
, Na

+
, Pb

2+
, Sn

2+
 and Zn

2+
 with a distinct discoloration of the 

solution. It was shown that the coumarin based nickel-dithiolene complex 4b (also 4a; since the 

anionic part is the same) can be utilized as an Hg
2+

-selective indicator with evident sensitivity for 
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Hg
2+

 even in the presence of 4 equivalents of background Cu
2+

, Pb
2+

, and Ag
+
 ions which were 

presumed to be potentially potent competitors. 

 

 

Figure 3.40 (Top) UV/Vis absorbance spectra of compound 4b (50 ɛM) in acetonitrile upon 

addition of salts (4.0 equiv) of Ag
+
, Al

3+
, Ca

2+
, Cd

2+
, Co

2+
,Cu

2+
, Fe

3+
, K

+
, Li

+
, Mg

2+
, Mn

2+
, Na

+
, 

Pb
2+

, Sn
2+

,  Zn
2+

 and Hg
2+

. (Bottom) And the color stability or change of 4b (50 ɛM) in 

acetonitrile observed upon adding 4 equivalents of different metal ions. 

 

Figure 3.41 Selectivity experiments of compound 4b (50 ɛM) in acetonitrile toward Hg
2+

 in 

methanol (4 equiv.) over a mixture of environmentally relevant metal ions (mix A: compound 3, 

Ag
+
, Cu

2+
, Fe

3+
; mix B: compound 3, Ag

+
, Al

3+
, Ca

2+
, Cd

2+
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2+
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, Fe

3+
, K

+
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+
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+
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The synthetic complex 4b presented here is superior to many previously discovered mercury 

sensors because of its synthetic simplicity and the low economical costs of its precursors 

(making it attractive for commercial use). In addition, the sensor demonstrated a colorimetric 

behavior toward Hg
2+

 ions as evidenced by perceptible color changes of the solutions from green 

to colorless. This suggests a great potential for the development of economical and portable 

devices and test strips for óónaked-eyeôô detection of Hg
2+

.  

The metal ions responding studies were also extended to compound 4c. Surprisingly, addition of 

metal ions (Ag
+
, Al

3+
, Ca

2+
, Cd

2+
, Co

2+
, Cu

2+
, Fe

3+
, Hg

2+
, Li

+
, Mg

2+
, Mn

2+
, Na

+
, Pb

2+
, Sn

2+ 
and 

Zn
2+

) to a 50 ɛM green colored solution of compound 4c in acetonitrile resulted in negligible 

changes in the absorbance and emission spectrum of 4c if at all, which excludes this neutral 

nickel compound from a possible use as metal ion marker/indicator. 
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4. Molybdenum and Tungsten Oxidoreductase Models 

 

 

 

 

 

Molybdenum and tungsten are unique in being the only 4d (Mo) and 5d (W) transition metals 

that are required for the normal metabolism of biological systems; indeed, Mo is required as a 

trace element by all forms of life. Mo is the active center of more than thirty redox enzymes that 

catalyze key reactions in the metabolism of C, N, and S of microorganisms, plants, animals, and 

humans.
[147, 154]

 X-ray crystallography has confirmed that the metal in the respective enzymes is 

co-ordinated to the ene-1,2-dithiolate (or dithiolene) group of a special pterin: molybdopterin 

(MPT).
[64, 256]

 The noninnocent nature of the MPT ligand might play a crucial role in controlling 

the chemistry of these important enzymes; however, it is not clear enough if and how this works 

and therefore more research is needed in particular on suitable model complexes.
[257-258]

 The 

synthesis of the molybdopterin ligand has proven to be extremely difficult and the nearest model 

known today was published by Burgmayer and co-workers in 2012,
[259]

 though the enzymes have 

been known for more than forty years. This very advanced model is still not perfectly mimicking 

every aspect of MPT but it is strikingly similar. In order to synthesize model ligands for MPT 

reliably, with good yield and with an acceptable amount of work, typically compounds bearing 

the coordinating dithiolene function and various different substituents on the double bond are 

considered to model MPT sufficiently well. 

In the DMSO reductase family the cofactor is present with two MPT ligands bound and a 

coordinating amino acid residue from the surrounding peptide, which constitutes the only 

covalent interaction between cofactor and peptide. In the oxidized form one oxo ligand is 

additionally attached to molybdenum. Arsenite oxidase is generally thought to fall into the 

DMSO reductase family. It is, however, exceptional as it does not bind directly to the peptide 

and in place of the amino acid residue an oxo ligand is bound, or two in the oxidized form, 

respectively.
[260-261]

 Such bis(dithiolene) compounds having M
IV

O/M
VI

O2 (M = Mo, W) 

structural motives, are frequently observed in synthetic inorganic chemistry and have been used 
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previously as models for enzymes of the DMSO reductase family.
[30, 54, 57, 64, 142, 151-152, 169-170, 173, 

196, 257, 262-267]
 Further Mo

IV
O(dithiolene)2 type complexes can be oxidised to the corresponding 

Mo
VI

O2(dithiolene)2 upon reaction with strong oxidising agents such as Me3NO, DMSO.
[55]

 

In our case, as the fluorophore substituents necessarily possess interesting electronic properties 

and because this should be in conjugation with the coordinated metal via the noninnocent 

dithiolene metal binding moiety we were curious as to how this might affect the catalytic and 

electronic properties of the resulting complexes. Hence, from the initial aim of developing heavy 

metal ion sensors and markers, the developed ligand systems (L4ïL5) were also utilized for 

MoCo and WCo models in order to investigate their catalytic potential. So a series of 

molybdenum and tungsten complexes (7a 11b) were synthesized (see Scheme 4.1 and 

Experimental Section) which are structural models for DMSO reductase and arsenite oxidase in 

particular, with respect to the immediate coordination sphere. It has to be mentioned here that in 

case of the tungsten compound the peptide coordination to the active site was neglected. The 

similarity is however close enough to expect catalytic oxo-transfer activity here as well as for the 

molybdenum complex. This was investigated by the typical model reaction for oxo transfer.
[164]

 

This chapter describes the preparation and characterisation of the above mentioned complexes. A 

comparative study on the oxotransfer catalytic properties will be described in the following 

chapter. 

 

4.1. General Synthetic Approaches to Metal(IV)  mono-oxo bis(dithiolene) Complexes 

The mono-oxo bis(dithiolene) complexes of molybdenum and tungsten were synthesized 

according to the reaction mechanism described in Scheme 4.1. After the successive synthesis of 

respective ligands in protected forms (i.e. L1b, L2c, L3b, L4b and L5d), the de-protection 

reactions
[114]

 were performed using 2.5 equivalents of KOH in anhydrous methanol under inert 

atmosphere before delivery to the metal center. The first step involved the cleavage of the S-C 

bonds that the sulfur atom makes with the ketonic carbon atom of the substituted 1,3-dithiol-2-

one ring to yield dissolved dipotassium dithiolate salts. The by-product in this reaction was 

carbonic acid or solid potassium carbonate depending on the pH of the solution which could then 

liberate carbon dioxide and water in basic medium.
[114]

 However, no precipitation was observed 

and the reaction mixture remained a clear red solution, favouring the possibility of formation of 

carbonic acid. Since the reaction was not vigorous, any type of bubbling due to CO2 expulsion in  
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Scheme 4.1 Synthetic route to and chemical structure of the compounds 7a 11b using trans-

[MO2(CN)4]
4

 (M = Mo and W) as metal precursors. 

 

basic medium was not observable in the stirred solution. All attempts to isolate the dipotassium 

dithiolate salts i.e. de-protected ligands from the solution have failed. Consequently the metal 

starting compound, K3Na[MO2(CN)4].6H2O (M = Mo, W) in water was added directly to the 

reaction mixture. The metal precursors, for both molybdenum and tungsten were synthesized 

(Mo:6a and W:6b; see Experimental Section) on a gram scale according to the reported 

procedure and were relatively stable in air.
[195]

 The best solubility of the resulting metal salts 
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(Mo:6a and W:6b) was achieved in degassed water and the use of other solvents to dissolve the 

salts during complexation reactions did not provide the desired products. The water needs to be 

very well degassed before addition to the metal precursor. An advantage of using water was that 

during work up the ionic by-products stayed in the aqueous phase. The only disadvantage of the 

procedure was the use of potassium cyanide during synthesis of the precursor emitting hydrogen 

cyanide (smells like bitter almonds, extremely poisonous) as by-product and the reaction has to 

be handled very carefully. During complex synthesis the four CN groups were replaced by two 

bis(thiolate) groups of the respective ligands and the metal atom switched from the 

hexacoordinate to a pentacccordinate environment by giving up one of the oxo groups. Some 

reactions required heating for the CN-substitution to take place and, interestingly, it was found 

that the synthesis of tungsten complexes required more heating than for molybdenum complexes. 

Generally with dithiocarbonate ligands refluxing the reaction mixture at 65 °C changed the color 

from blue (Mo)/violet (W) to dark red-brown to yield the desired product. It was important that 

no free ligand remained in the reaction mixture since free ligand might lead to oxidation of the 

metal starting material to K2[M
VI

O2(CN)4] which was difficult to separate from the main 

product. To avoid this complication, the metal precursors were used in a slight excess (1.1:2.0 

metal to ligand ratio). After the reaction, the final products were washed with chloroform and 

extracted in aqueous medium under an inert gas atmosphere to remove remaining ligands or 

ligand decomposition products. To precipitate the complex from the reaction mixture, a solution 

of bulky counter cation salts (Bu4N
+
, BzEt3N

+
, Et4N

+
, PPh4

+
 etc.) in degassed water was added 

drop-wise to the mixture under stirring. The desired product immediately precipitated as orange 

brown solid which was filtered, washed with degassed water and dried under extreme vacuum 

overnight before its routine characterization. 

 

4.1.1. Counter Cations of the Complexes 

During synthesis, small counter cations (K
+
 or Na

+
) balanced the charge of the anionic metal 

complex and as a result the complex was soluble in water. Since the remaining ligands or ligand 

decomposition products also stayed in the aqueous medium, it was important to separate the 

product from this aqueous medium. Precipitation of the complex from its mother solution is the 

best way to separate the product from its by-products. Hence, the anionic metal complexôs native 

small counter cation, i.e. K
+
 or Na

+
, was replaced by a bigger one such as Bu4N

+
, BzEt3N

+
, Et4N

+
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or PPh4
+
 etc. to obtain better yield. As a result of using a big cation (mostly PPh4

+
), the solubility 

product (Ksp) of the complex decreased and the complex became insoluble in water and 

immediately precipitated as orange brown solid from the mixture with considerable amount of 

yield. The compounds obtained were washed with degassed water again to remove unreacted 

metal starting materials and the remaining base residues to separate the products in pure form. A 

disadvantage of the use of the Bu4N
+
 cation is that it often resulted in the formation of oils that 

had to be recrystallized several times to obtain the final products as solids or crystals. In order to 

separate a number of by-products, as well as basic salt mixtures, I modified the original synthetic 

procedures reported by Garner et al.
[169-170]

 by the use of acetonitrile during the reaction. In many 

cases, the reaction solvent mixture (water / methanol) was first evaporated to dryness and the 

residue was dissolved in dry acetonitrile and filtered in an inert atmosphere. Thus, insoluble 

NaOH or KOH was separated and the complex remained dissolved in acetonitrile. As a next step, 

acetonitrile was removed and the final products were washed with chloroform and extracted in 

aqueous medium under an inert gas atmosphere to remove remaining ligands or ligand 

decomposition products. Then the products were separated with good yields by addition of a 

bulky cation to the aqueous solution of the complex. Several attempts for crystallization were 

made using solvent mixtures (DMF-Et2O, CH3CN- Et2O) and the slow diffusion method to 

obtain crystalline or microcrystalline material. 

4.1.2. Oxidoreductase Models with Methyl -Substituted Dithiolene Molecules 

While our research group was working to evaluate the key roles of the MPT ligand in controlling 

the chemistry of molybdenum and tungsten cofactor (MoCo and WCo), through extensive 

synthetic and spectroscopic studies, I was focused on mimicking the immediate coordination 

sphere composition of those cofactors combining small dithiolate molecules (L1, L2) with Mo 

and W ions (Figure 4.1) in order to compare their catalytic activities with that of those containing 

more elaborate MPT ligand models. 

Both pairs of compounds were obtained by reactions of respective ligands L1b and L2c with 

metal precursors trans-[MO2(CN)4]
4

 (M = Mo, W) in presence of 2.5 equivalents of KOH as 

shown in Scheme 4.1.
[268-269]

 The ligands were synthesized from commercially available 3-

bromo-2-butanone and acetone respectively (see Experimental Section and Scheme 4.2). The 

reaction of acetone with molecular bromine in the presence of acetic acid resulted in the 

formation of 1-bromopropan-2-one (L2a). 
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Figure 4.1 Chemical structures of small molecules (7aï8b) analogous to the MoCo and WCo 

models. 

 

Then the product L2a and commercially available material 3-bromo-2-butanone were reacted 

with potassium isopropylxanthate in anhydrous acetone giving intermediates L1a and L2b which 

were then subjected to acid catalyzed ring closing in presence of conc. H2SO4 to obtain the final 

products, L1b and L2c respectively (see Experimental Section for details). The crude products 

(L1b and L2c) constituted black oils, and were purified using a short-path fractional distillation 

at 65-70 °C and 0.56 mbar pressures. The freshly distilled pale yellow oils of products L1b and 

L2c were dissolved in warm hexane followed by cooling to -20 °C to obtain white colored 

needle shaped crystals that were isolated by decanting the mother liquor and drying at 18 °C in 

open air. Compounds L1b and L2c were stable to air, moisture and light and were soluble in 

common organic solvents such as pentane, hexane, diethyl ether, dichloromethane, benzene, 

toluene, acetonitrile and methanol. They were characterized by elemental analysis, mass 

spectrometry, as well as 
1
H and 

13
C NMR spectroscopy. The single crystal structure of L1b was 

determined by single crystal X-ray crystallography according to literature
[116]

, whereas L2c could 

not be studied by single crystal X-ray structural studies because of the poor crystal quality. The 

molecular structure of L1b with the appropriate labeling scheme is shown in Figure 4.2 and the 

basic crystal refinement data are summarized in the Crystallographic Annex.  

 

acetone
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O
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O
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S
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Scheme 4.2 Synthetic route to and chemical structure of ligand precursors L1b and L2c. 
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Figure 4.2 The molecular structure of compound L1b. Ellipsoids are shown with 50% 

probability. 

 

After successful synthesis of the ligands (L1b and L2c), they were treated with 2.5 equivalents 

of KOH and added to the metal precursor trans-[MO2(CN)4]
4

 (M = Mo, W) to synthesize the 

corresponding complexes (7a, 7b and 8a, 8b) as shown in Scheme 4.1 (see Experimental Section 

for details). Both molybdenum and tungsten compounds (7a, 8a and 7b, 8b) were obtained as 

light brown colored powder. Due to the asymmetric substitution on the double bond of 

compound L2c, both cis- and trans- isomers were formed for compounds 8a and 8b. Since 

several attempts for crystallization of these compounds (7a, 7b and 8a, 8b) failed, they were 

identified by a number of analytical methods such as 
1
H, 

13
C-NMR, IR, MS and elemental 

analysis. MALDI/TOF mass spectrometry for compounds 7a and 8a evidenced the parent 

complex anion [MoO(dmdt)2]
2

 and [MoO(mdt)2]
2

 for the corresponding complexes. Elemental 

analysis (C, H, N, S) of all compounds showed good agreement with the theoretically calculated 

values. 
13

C NMR spectra of the complexes demonstrated a disappearance of the C=O signals at 

192 ppm and 194 ppm in comparison to the ligandôs (L1b and L2c respectively) spectra. 
1
H 

NMR spectra also showed a shift of the dithiolene proton [(O)CS2C2HR] from 6.30 ppm to 7.13 

ppm which can be attributed to metallation of the dithiolene moieties. In addition, a shift of the 

M=O stretching frequency of the complexes (7a, 7b and 8a, 8b) in the IR spectrum as compared 

to the starting materials (Mo=6a, W=6b) indicated the formation of metal-oxo-bisdithiolene 

compounds. A comparison of the ɡ(M=O) values for all four compounds with their starting metal 
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precursor are given in Table 4.1. UV-Vis spectra of the compounds (7a and 8a) in CH3CN 

showed absorbance bands at 347 nm (Ů, 6940 cm
-1

mol
-1

L) and 266 nm (Ů, 16560 cm
-1

mol
-1

L) 

respectively which were assigned as dïd-transitions. Compounds (7a, 7b and 8a) could be 

oxidized cleanly and more or less reversibly (M
IV
źM

V
) by DPV as shown in Figure 4.3. The 

difference in redox potential for molybdenum and tungsten compounds (7a and 7b respectively) 

is quite small, which is unusal. The small differences may indicate that the process is to some 

(considerable) extent located on the ligand rather than the metal. 

 

 

 

 

Figure 4.3 DPV of compounds 7a, 7b (top) and 8a (bottom) in CH3CN containing 0.1 M 

Bu4NPF6. 
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4.1.3. Oxidoreductase Models with  Optically Active Dithiolene Molecules 

Because of the interesting electronic properties as discussed in the previous chapter, the 

developed dithiolene ligands (L3 and L4) were utilized to synthesize bis-(dithiolene)mono-oxo 

complexes of Mo and W in order to investigate the effect of optically active substituents on the 

catalytic and electronic properties of the resulting complexes. 
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[MO(ntdt)2]2-  M=Mo (9a), W (9b) [MO(cmdt)2]2-  M=Mo (10a), W (10b)  

 

Figure 4.4 Chemical structures of bis-(dithiolene)mono-oxo complexes of Mo and W (9aï10b) 

derived from optically active dithiolene molecules. 

 

The synthesis of the corresponding ligands was already discussed in the previous chapter 

(section 3.2.1 for L3b and 3.4.1 for L4b). Both pairs of the complexes were synthesized by 

reactions of the respective ligands L3b and L4b with metal(IV)  precursor i.e. trans-

[MO2(CN)4]
4

 (M = Mo, W) in presence of 2.5 equivalents of KOH as shown in Scheme 4.1. 

Due to the asymmetric substitution on the double bond of the ligand precursors L3b and L4b, 

metallation lead to both cis- and trans- isomers for the compounds (9a, 9b and 10a, 10b) as light 

brown colored powder. Upon addition of 2.5 equivalents of KOH and subsequently 0.5 

equivalents of [MO2(CN)4]
4

 salts to the ligandôs solution, the characteristic white fluorescence 

of coumarin disappeared which indicated the formation of the metal complexes. Crystals, 

suitable for X-ray crystallographic analysis, were not obtained for these complexes and they 

were identified by NMR, IR, MS, UV-Vis spectroscopy and elemental analysis. A shift of the 

dithiolene proton in the 
1
H NMR and a shift of the M=O stretching frequency in the IR spectra as 

compared to the starting materials indicated the formation of bis-(dithiolene)mono-oxo 

complexes of Mo and W. A comparison of the ɡ(M=O) values for all four compounds is given in 
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Table 4.1. All  compounds showed good solubility in acetonitrile and methanol, but complete 

insolubility in degassed water and non-polar solvents. It was observed during the synthesis that 

tungsten compounds were much more sensitive to oxygen than the analogous molybdenum 

compounds and decomposition led to an immediate color change from dark red to green. 

Electrochemical studies of the compounds (9a, 9b and 10a, 10b) were carried out in CH3CN 

 

 

 

 

Figure 4.5 DPV of compounds 9a, 9b (top) and 10a, 10b (bottom) in CH3CN containing 0.1 M 

Bu4NPF6. 
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containing 0.1 M Bu4NPF6 and the observed signals in the DPVs were assigned to the transitions 

M
IV
źM

V
 (shown in Figure 4.5). No colour change was observed during the electrochemical 

measurements. The information was recorded at 298 K with use of a platinum disc electrode as 

working electrode, a platinum wire secondary electrode and a platinum knob reference electrode; 

potentials are expressed versus the [Fc] /[Fc]
+
 couple. 

 

Table 4.1 ɜ(M=O) values of M(IV)O and W(IV)O bisdithiolene complexes. 

Mo Complex ɜ(Mo=O)/cm
-1

 W Complex ɜ(W=O)/cm
-1

 

6a 

7a 

8a 

9a 

728 

935 

922 

959 

6b 

7b 

8b 

9b 

742 

931 

904 

943 

10a 971 10b 939 

 

4.1.4. Oxidoreductase Models with  Aminofluorescein Substituted Dithiolene Molecules 

The developed aminofluorescein substituted optically active dithiolene ligands (L5) were also 

utilized to synthesize corresponding bis-(dithiolene)mono-oxo complexes of Mo and W in order 

to investigate the effect of such fluorophore substituents especially on the electronic properties of 

the resulting complexes.  

2-

[MoO(dt-ph-AF)2]2-  M = Mo (11a), W (11b)
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Figure 4.6 Chemical structures of bis-(dithiolene)mono-oxo complexes of Mo and W (11a, 11b) 

synthesized from the aminofluorescein substituted optically active dithiolene molecule. 

 

The synthesis of the corresponding ligand (L5d) was discussed in a previous chapter. After the 

successful synthesis of ligand L5d, it was treated with 2.5 equivalents of KOH in anhydrous 

methanol to open the 1,3-dithiol-2-one ring and then added to the respective metal precursor 

trans-[MO2(CN)4]
4

 (M = Mo, W) to synthesize the corresponding complexes as shown in 

Scheme 4.1. It must be noted here that the ligand (L5d) showed poorly solubility  in protic 
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solvents the use of which was necessary for metallation. But after prolonged stirring in presence 

of base, most of the ligand was dissolved in methanol which was then filtered before addition of 

the metal precursor. Due to the asymmetric substitution on the double bond of the ligand L5d, 

both cis- and trans- isomers for compounds (11a and 11b) were expected to form after 

metallation. The characteristic green fluorescence of the fluorescein substituents disappeared 

upon subsequent addition of KOH and metal salts to the ligandôs solution, which could be an 

indication for the binding of the metal with the ligand. The resulting orange-red coloured 

compounds (expected as 11a and 11b) showed good solubility in DMF but were poorly soluble 

in acetonitrile, methanol and completely insoluble in degassed water and non-polar solvents. 

Attempts to crystallize these compounds by slow diffusion using a solvent mixture (DMF-Et2O) 

were not successful and they were characterized by routine spectroscopy methods such as 
1
H 

NMR, IR, MS and EA. Apart from the solubility problems of the ligand (L5d) and itôs 

corresponding complexes, the 
1
H NMR of these compounds (11a and 11b) were not clean 

enough to assign them correctly, but MALDI/TOF mass spectrometry showed the parent 

complex anions [MoO(dt ph AF)2]
2

 and [WO(dt ph AF)2]
2

 for the corresponding complexes. 

Furthermore, elemental analyses were not in good agreement with the theoretically calculated 

value and hence we decided to exclude this pair of compounds from any further studies. 

 

4.2. Metal(VI)  cis-dioxo bis(dithiolene) Complexes 

Molybdenum and tungsten complexes in high oxidation states are of considerable interest not 

only because of their presence in the active site of oxygen atom transferring enzymes but also 

because of their use in industrial catalysis. A large number of important transformations both in 

vivo and in vitro are catalysed by molybdenum complexes, for example, hydrodesulfurization, 

olefin epoxidation, alcohol oxidation, olefin metathesis, oxidation of aldehydes, xanthine and 

other purines etc.
[270-271]

 Though a number of M
IV

 (M = Mo, W) model complexes supported by 

two dithiolene ligands have been reported,
[30, 55, 143-144, 170, 196-201]

 several attempts failed to 

directly synthesize the corresponding oxidized species (i.e. the cis-dioxo compound) which 

would have been quite helpful with respect to supporting the proposed catalytic mechanism. In 

this thesis we have made an attempt to synthesize the MoO2
2+

 core, using the metal precursor 

cis-[MoO2(SCN)4]
2

, stabilized by two dithiolene ligands and compare the catalytic activity with 

that of mono-oxo complexes.  
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Figure 4.7 Crystal structure of [Ph4P]2[MoO2(SCN)4]·CH2Cl2 (12a). Two cations and 

coordinating solvent molecule were removed for clarity reason. 

 

The metal precursor cis-[MO2(SCN)4]
2

 (Mo:12a and W:12b; see Experimental Section) were 

synthesized via the reported procedure
[202]

 and the structures were confirmed by single crystal X-

ray crystallography. The crystal structure of the [Ph4P]2[MoO2(SCN)4]·CH2Cl2 (12a) is 

presented in Figure 4.7 and the basic crystallographic data for compounds (12a and 12b) are 

presented in the Crystallographic Annex.  

The di-oxo bis(dithiolene) complexes of molybdenum were synthesized in a similar way like for 

mono-oxo bis(dithiolene) complexes according to the reaction mechanism as described in 

Scheme 4.3. The only difference was the choice of solvent in which the molybdenum precursor 

was dissolved. Due to the presence of large counter cations (Ph4P
+
) in the metal precursor it was 

insoluble in methanol or in an aqueous solution of NaOH, but it was soluble in dichloromethane 

at 30 °C after prolonged stirring. So, the molybdenum salt added to the de-protected ligand 

precursor was dissolved in dichloromethane and the whole reaction mixture was heated just 

above room temperature (at 30 °C). An immediate colour change from yellow to brown was 

observed and, notably, the colour was light brown compared to dark red for the Mo(IV)  

complexes, which could be taken as indication for the formation of the [MoO2(L)2]
2ï

 anionic 

metal complexes. After the reaction mixture had cooled to room temperature the solvent was 

removed by reduced pressure and the compound was extracted with dry acetonitrile since the 

products are soluble in acetonitrile while the starting materials are not. Since the anionic metal 

complex [MoO2(L)2]
2ï

 was accompanied by the metal precursorôs native counter cations Ph4P
+
, 

the complex showed poor solubility in acetonitrile. Therefore, the mixture was stirred for 30 

mins in acetonitrile before extraction and it was repeated twice to separate all products from the  
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Scheme 4.3 Synthetic route to and chemical structure of the compounds 13 16 using cis-

[MoO2(SCN)4]
2

 metal precursors. 

 

 

 

Figure 4.8 IR spectra of compounds 12a and 15 in KBr Pellets. 
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Figure 4.9 Cyclic voltammogram of compound 15 (1 mM) in MeCN containing 0.1 M of 

Bu4NPF6 as electrolyte (scan rate 100mV/s). 

 

starting materials. Again acetonitrile was removed after extraction by reduced pressure and the 

product was dried under extreme vacuum overnight before its routine characterization. The 

synthesis of the dioxo tungsten(VI) bis(dithiolene) complexes was found to be almost 

impossible, because the tungsten salt [Ph4P]2[WO2(SCN)4]·CH2Cl2 (12b) was almost completely 

insoluble in methanol, degassed water, dichloromethane or any other solvent which could mix 

with the de-protected ligand precursor. Hence, only dioxo molybdenum(VI) bis(dithiolene) 

complexes (13ï16) were synthesised and characterized for this thesis. 

The compounds were characterized by NMR, MS, EA and IR spectroscopy. The molybdenum 

precursor (12a) displayed bands at 2096 cm
-1

 and 2053 cm
-1

 in the IR spectrum caused by ïNCS 

groups and bands due to ɜ(Mo=O) at 920 cm
-1

 (Figure 4.8). Interestingly, in the complex 

[Ph4P]2[MoO2(ntdt)2] (15) a shift of the M=O stretching frequency (998 cm
-1

) was observed as 

shown in Figure 4.8 along with the disappearance of the ɜ(ïNCS) bands in the IR spectrum as  

compared to the starting materials (12a) indicating the formation of the metal-dioxo-

bis(dithiolene) compounds. While it was possible to characterize compounds 13 and 15 correctly 

by IR, 
1
H NMR and mass spectroscopy, the other two (14 and 16) showed ambiguous 

characterization results which could be due to the instability of the compounds in aerobic 

conditions. The cyclic voltammogram (CV) of compound 15 in MeCN in the presence of 0.1 M 
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of 
n
Bu4PF6 exhibited an irreversible and a quasi-reversible redox processes that could be ascribed 

to the Mo
VI
źMo

V
 Mo

V
źMo

VI
 transitions respectively (Figure 4.9). 

After the successful synthesis and characterization of mono oxo-bis(dithiolene) complexes of 

molybdenum and tungsten and dioxo-bis(dithiolene) complexes of molybdenum, they were 

screened for their catalytic activity in the model oxotransfer reaction between DMSO and PPh3 

as discussed in the following chapter. 
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5. Oxotransfer Catalysis 

 

 

 

 

 

5.1. Oxo Transfer Reactions 

Molybdenum and tungsten enzymes (except nitrogenase) usually catalyze the following type 

of reactions: 

Mo
VI

O2(ligand)n + X D Mo
IV

O(ligand)n + XO     (5.1) 

 

This type of reaction is generally called oxygen atom transfer reaction (OAT). Oxygen atom 

transfer of molybdenum compounds that resemble the active site of molybdenum enzymes have 

been extensively reviewed by Holm in 1990, prior to the elucidation of the active site structures 

of the MPT bearing enzymes.
[161]

 One of the most extensively studied redox couples is 

Mo
IV

O/Mo
VI

O2 as a natural choice due to the high frequency of occurrence of these groups in 

conventional molybdenum chemistry.
[47]

 

 

5.2. Inhibitors of OAT Reaction: Formation of Dimeric µ-oxo Mo
V
 Species 

Complexes of Mo and W with higher oxidation states can also form dimeric or oligomeric 

assemblies via ɛ-oxo groups, which are catalytically dead. The reaction of the reduced and 

oxidized forms (Mo
VI

O2/Mo
IV

O) of the OAT reactive molybdenum core with each other (see 

equation 5.2) by comproportionation commonly generates a dimeric chemically inert Mo
V

2O3 

moiety.
[161-162]

 The formation of this inactive species obstructs the catalytic cycle for good, 

unless it is in equilibrium with the reduced and oxidized species. It has been observed that the 

position of the equilibrium can be shifted to the left by the use of bulky ligands.
[55, 163-167]

 It was 

also found that the use of donor solvents such as DMF, MeCN or THF leads to a preferred dimer 

formation.
[166]

  

MoIV

O

+ Mo

O

O
2+2+ VI

Mo

O

O Mo

O

V V 4+

   (5.2) 
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The dimer formation can take place by the attack of an oxygen atom of the Mo
VI

O2 moiety on 

the trans- position of a Mo
IV

O core, which then leads to a dimeric µ-oxo Mo
V
 species via the 

cis/trans rearrangement. Nakamura and co-workers investigated specifically the possibility of 

formation of these dimeric species and the inhibition of formation by electronically controlled 

ligand systems.
[55, 174, 198, 272-274]

 

 

5.3. Preparation of di-oxo Compounds 

The bis(dithiolene) model compounds having Mo
VI

O2 moieties are originally proposed or 

considered as relevant for the DMSO reductase family of enzymes. Since the mono-oxo 

compounds M
IV

O(dithiolene)2 (M = Mo, W) (7a 11b) prepared for this thesis have only one oxo 

group on the metal center with the oxidation state IV, the first step in the cycle must be the 

transfer of an oxygen atom to the metal center. M
IV

O(dithiolene)2 type complexes can be 

oxidised to the corresponding M
VI

O2(dithiolene)2 upon reaction with strong oxidising agents 

such as Me3NO or even DMSO solvent (equation 5.3).
[55]

 As shown in equation (5.4) the 

backward reaction follows the transfer of O
2ï

 from M
VI

O2(dithiolene)2 to the oxo acceptor 

substrates such as Et3P, PhEt2P, Ph2EtP and Ph3P to regenerate the M
IV

O moiety and the 

catalytic cycle completes. 

 

[M
IV

O(dithiolene)2]
2ï

  +  Me2SO  Ÿ  [M
VI

O2(dithiolene)2]
2ï

  +  Me2S (5.3) 

 

[M
VI

O2(dithiolene)2]
2ï

  +  Ph3P  Ÿ  [M
IV

O(dithiolene)2]
2ï

  +  Ph3PO (5.4) 

 

5.4. Geometrical Preferences of di-oxo Groups 

The geometrical arrangement of two oxo groups present in the [M
VI

O2(dithiolene)2]
2ï 

type 

complexes was explicated by crystal structures
[198]

 and also assayed by theoretical calculations. 

In the complex [MoO(mnt)2]
2-

 Sarkar et al. demonstrated that two oxo groups stayed at an angle 

of 107 ° to each other.
[267]

 The same was explained by Hoffmann et.al. in the 1980ôs where they 

proved by theoretical studies that Mo 4d orbitals play a dominant role in stabilizing the MoO2
2+

 

moiety in bent or cis-configuration.
[275]

 This might be explained simply in terms of maximum 

utilization of vacant d orbitals of Mo in the formation of  ́bonding with the oxygenôs lone pairs. 

There are four oxygen ́ -type lone pairs. In the cis- geometry they can interact with three vacant 
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d orbitals (Figure: 5.1aï5.1c) on the metal, whereas in the trans- geometry they can interact with 

two d orbitals (Figure: 5.1dï5.1e) with the electron pair in a nonbonding orbital. So, ˊ-bonding 

involves three d orbitals in the bent and two in the linear arrangement and therefore leads to a 

higher -́bond order when bent.
[275-276]

 The relevant orbital interactions are shown in Figure 5.1. 

5.1a 5.1b 5.1c

5.1e5.1d 5.1f
 

Figure 5.1 Interaction of the metal d-orbitals with the ́-orbitals of the oxygen atoms  

 

5.5. Removal of the Attached Oxygen Atom 

Triphenylphosphine was chosen as the model substrate for oxygen acceptors and reducing agents 

in the catalytic cycle (see equation 5.4). The reason of choosing PPh3 was that it has high 

solubility in organic solvents and also the reactivity can be controlled by simple substituent 

modification on the phenyl ring, for instance use of tris(pentafluorophenyl)phosphine. Generally, 

OAT reactions in molybdenum complexes occur via the formation of two transition states: (i) 

nucleophilic attack of phosphine at the oxygen atom on the Mo=O ˊ* orbital to give the 

phosphine oxide intermediate and (ii) substitution at the octahedral Mo(IV) intermediate by 

dimethyl sulfoxide, which leads to product release.
[276-277]

 The proposed complete catalytic cycle 

is shown in Scheme 5.1. 

The progress of the reaction is easily monitored by 
31

P NMR spectroscopy since substrate (PPh3) 

and product (PPh3O) demonstrate well-separated signals. Figure 5.2 shows the 
31

P NMR spectra 

demonstrating the conversion of PPh3 to PPh3O with time. 
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Scheme 5.1 Proposed catalytic cycle of the oxotransfer reaction between DMSO and PPh3 

catalyzed by molybdenum and tungsten bisdithiolene complexes. 

 

 

Figure 5.2 Example for monitoring progress of the oxotransfer reaction between DMSO and 

PPh3 catalysed by [MoO2(ntdt)2]
2-

 (15) by 
31

P NMR spectroscopy with a ratio of 1:5 

catalyst:PPh3. 

Ph3P

25 20 15 10 5 0 ï5 ppm
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Figure 5.3 UV-Vis Spectral changes during the oxidation of compound [WO(ntdt)2]
2ï

 (9b) 

(5×10
-5

 M) to [WO2(ntdt)2]
2ï

 by excess of Me3NO followed by addition of 2.5 equivalents of 

Ph3P at 25 ºC. 

 

At the beginning of the catalytic reaction PPh3 is the present phosphorus species, as seen from a 

signal at ~ -6 ppm. In the course of the reaction, a development, and an increase of a singlet at ~ 

26 ppm was observed which, at the end of the catalytic cycle, was the dominating PPh3O species. 

Throughout the spectra the signal at 23.5 ppm was due the presence of Ph4P
+
 as counter cations 

of the catalyst. The progress of the reaction was also controlled by UV-Vis spectroscopy. The 

spectra was recorded with a specific time interval during the oxidation of [MO(L)2]
2-

 compounds 

to [MO2(L)2]
2-

 by Me3NO followed by addition of PPh3 and recovery of the catalyst (see Figure 

5.3). 

In this study, the oxo-transfer model reaction from DMSO to PPh3 was used to test the catalytic 

properties of some of the mono-oxo molybdenum and tungsten compounds (7aï10b). The oxo-

transfer ability of two di-oxo molybdenum complexes (13 and 15) was investigated as well (see 

Figure 5.4). The purpose was to compare their catalytic potential in order to determine the 

influence of ligand on redox behaviour and on the oxygen atom transfer properties of 

molybdenum and its tungsten counterpart. The procedure and results are described in the 

following. 

[WO(ntdt)2]
2ï

[WO2(ntdt)2]
2ï

Me3NO

Me3NPh3P

Ph3PO
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Figure 5.4 Chemical structures of molybdenum and tungsten compounds used in the oxygen 

atom transfer reaction experiments. 

 

5.6. General procedure 

The oxidations of PPh3 by molybdenum and tungsten mono-oxo and di-oxo complexes were 

carried out in DMSO-d6 at room temperature (Scheme 5.2) and the progress of the reaction was 

monitored by 
31

P NMR spectroscopy immediately after sample preparation.
[278]

 The reduction of 

complexes 13 and 15 by oxo-transfer to PPh3 can be coupled to its re-oxidation by the reaction 

with DMSO leading to catalytic transfers (see Scheme 5.1). The oxidations of complexes 7a-10b 

were followed the same way. So, the oxygen atom transfer reactions shown in equations (5.3 and 

5.4) truly lead to the net transfer of an oxygen atom to or from substrate as shown in Scheme 5.2. 

 

PPh3 O=PPh3

DMSO

catalyst  

Scheme 5.2 The catalyzed oxygen atom transfer reaction from DMSO to phosphine. 
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Table 5.1 Conditions used in the catalytic studies of compounds 7aï10b and 13, 15. 

 
Catalyst Amount of 

catalyst, mg 

Amount of 

PPh3, molL
-1
 

Cat: PPh3 molar 

ratio 

Total volume 

of the soln in 

DMSO, mL 

7a 5.1358 0.025 1:2.5  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.05 1:5.0 

0.075 1:7.5 

0.1 1:10.0 

7b 5.5753 0.025 1:2.5 

0.05 1:5.0 

0.075 1:7.5 

0.1 1:10.0 

8a 4.9955 0.025 1:2.5 

0.05 1:5.0 

0.075 1:7.5 

0.1 1:10.0 

8b 5.435 0.025 1:2.5 

0.05 1:5.0 

0.075 1:7.5 

0.1 1:10.0 

9a 11.1632 0.0456 1:2.5 

0.0913 1:5.0 

0.1369 1:7.5 

0.1825 1:10.0 

9b 11.9652 0.0456 1:2.5 

0.0913 1:5.0 

0.1369 1:7.5 

0.1825 1:10.0 

10a 6.2965 0.025 1:2.5 

0.05 1:5.0 

0.075 1:7.5 

0.1 1:10.0 

10b 6.7360 0.025 1:2.5 

0.05 1:5.0 

0.075 1:7.5 

0.1 1:10.0 

13 9.5188 0.0456 1:2.5 

0.0913 1:5.0 

0.1369 1:7.5 

0.1825 1:10.0 

15 11.4443 0.0456 1:2.5 

0.0913 1:5.0 

0.1369 1:7.5 

0.1825 1:10.0 
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The amount of catalyst used in all experiments was in the range of 0.01ï0.018 molL
-1

 (7a = 

5.1358 mg, 7b = 5.5753 mg, 8a = 4.9955 mg, 8b = 5.435 mg, 9a = 11.1632 mg, 9b = 11.9652 

mg, 10a = 6.2965 mg; 10b = 6.7360 mg, 13 = 9.5188 mg; 15 = 11.4443 mg). The catalyst: PPh3 

molar ratios were selected as 1:2.5, 1:5, 1:7.5 and 1:10. The total volume of the reaction mixture 

was maintained as 0.5 mL with DMSO-d6. Table 5.1 summarizes the details of reaction systems 

used to study the oxotransfer catalytic ability. All reaction mixtures were transferred to a NMR 

tube under nitrogen atmosphere using Schlenk line techniques and the tube was sealed with air 

tight caps. In order to follow the conversion of PPh3 to PPh3O, 
31

P-NMR of the reaction mixtures 

were measured with a Bruker Avance II-300 MHz instrument at room temperature with specific 

time intervals. Concentrations of substrates and products at various times were determined by 

signal integration. In these systems, excess of PPh3 in DMSO in the presence of catalysts was 

completely converted to OPPh3. Without catalyst no reaction occurs between PPh3 and DMSO 

under these conditions.
[279]

 

 

5.7. Catalytic Oxo-Transfer Reactivity of Complexes 7aï10b 

Since the proposed formula of the compounds (7a, 8a, 9a, 10a) mimics the natural immediate 

coordination sphere of the DMSO reductase family of enzymes, we have examined their catalytic 

oxygen atom transfer ability in DMSO by mixing the catalysts with PPh3 in different ratios at 

room temperature. The reactions of the analogous tungsten compounds (7b, 8b, 9b, 10b) with 

different ratios of PPh3 in DMSO were performed under the same conditions. These mono-oxo 

compounds were first oxidised by DMSO to di-oxo intermediates which were then used to 

oxidise Ph3P to Ph3PO as explained by equations 5.3 and 5.4 and Scheme 5.1. The progress of 

the reactions was monitored by 
31

P NMR spectroscopy. The OPPh3 product was identified easily 

by its characteristic signal at 26.30 ppm. 

The development of OPPh3 for catalysts 9a and 9b over time with different catalyst: PPh3 ratios 

is shown in Figure 5.5. For both catalysts, the highest speed of the reaction was found for a 1:10 

cat: Ph3P molar ratio and the slowest in the case of a 1:2.5 ratio. The initial rate of the reaction in 

each case was calculated from the linear fit of the first three values (i.e. in the area that can be 

regarded as approximately linear) in the respective graph. The molybdenum catalyst shows a 

higher initial rate than the tungsten catalyst in each case. The obtained data for all catalytic 

experiments are summarized in Table 5.2. 
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Figure 5.5 Development of OPPh3 with time for catalyst 9a (left) and catalyst 9b (right) with 

different quantities of substrate (cat: PPh3; 1:2.5, 1:5; 1:7.5 and 1:10) in DMSO as solvent and 

second substrate. 

 

The amount of DMSO, a second substrate, was in excess and therefore its concentration change 

during the reaction is negligible. On the basis of this, the reaction is assumed to be first order 

with respect to the concentration of PPh3. In analogy to the enzymatic reaction kinetics, 

Michaelis-Menten kinetics was applied in the present study. Assuming a quasi-steady-state 

approximation i.e. the concentration of the substrate bound catalysts does not change during the 

reaction and the total catalyst concentration is a constant, the Michaelis-Menton equation for the 

reactions under study can be set up as: 

 

 =  +       (5.5) 

 

where, v is the initial rate, vmax is the maximum rate and KM is the Michaelis constant. [PPh3] in 

this case represents the initial concentration of PPh3. For a given amount of catalyst, the value of 

vmax (which is the maximum possible velocity of a reaction) is fixed and the only variables in the 

above equation are v and [PPh3]. Obviously, equation 5.5 is a linear equation with the slope 

KM/vmax and the y-intercept 1/vmax. The graph for the variables (1/v) and (1/[PPh3]) is called a 

LineweaverïBurke plot (or double reciprocal plot)
[280]

 and the ratio between its y-intercept and 

slope provides the value of KM (Michaelis constant). In fact, the value of KM is important in the 

sense that it is an approximation of the affinity of the catalyst (enzyme analogue) for the 
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substrate and it is numerically equivalent to the substrate concentration at which the rate of 

conversion reaches half of vmax. In other words, a small KM value indicates a high affinity, and a 

substrate with a smaller KM will approach vmax more quickly. However, the value of KM as 

obtained from the LineweaverïBurke plot is prone to error, as the y-axis takes the reciprocal of 

the rate of reaction, in turn increasing any small errors in the measurement. Therefore in the 

present study, a HanesïWoolf plot was used which is obtained by rearranging the equation 5.5 as 

follows.
[281]

 

 

 =        (5.6) 

 

A plot of ([PPh3]/v) vs. [PPh3] will give a straight line with the slope equal to 1/vmax and the y-

intercept (KM/vmax). The ratio of the y-intercept and slope (which is equal to the x-intercept) will 

provide the value of KM. The figures 5.6 and 5.7 show the HanesïWoolf plots for the reactions 

catalysed by compounds 8aï10b. The observed kinetic results for the reactions catalyzed by 9a 

and 9b are provided in table 5.2. These results are compared with those obtained for 8a, 8b, 10a, 

10b, 13 and 15. Attempts to investigate catalytic OAT activity of complexes 7a and 7b failed 

because of their decomposition in DMSO. 

 

 

 

Figure 5.6 HanesïWoolf plot for [MoO(mdt)2]
2-

 8a, [WO(mdt)2]
2-

 8b (left) and [MoO(ntdt)2]
2-
 

9a, [WO(ntdt)2]
2-

 9b (right) as catalysts based on various concentrations of PPh3. 
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Table 5.2 shows that the initial velocity (v) of the reaction was highest for a 1:10 molar ratio of 

catalyst and PPh3 and the lowest for 1:2.5 ratios in all cases as expected. Among the 

molybdenum catalysts, 9a has the maximum value of vmax followed by 8a and 10a. Since the 

maximum velocity is a direct indicator for the activity of the catalyst, the present study shows 

that the presence of electronically rich aromatic groups in the adjacent ring of the dithiolene 

function enhances the catalytic activity. It should be noted that the natural selection of the active 

sites of enzymes for specific reactions is not purely based on the speed of the reaction. In fact, 

this is finely tuned to the requirements of the organism. In other words, the reaction rate is an 

optimized parameter which is neither too low so that the organism cannot survive nor too high 

which is not required. In this respect, the affinity of the enzyme for the substrate in a given 

reaction is an important factor. Provided, the maximum velocity is optimized, the enzyme with 

the highest affinity for the substrate will have the lowest value of KM. Simply said, for a given 

maximum velocity, a catalyst with the lowest value of KM will bring the maximum velocity at 

the lowest concentration of the substrate. Interestingly, the KM value of 10a is only 77 % of that 

for 9a even though the later exhibited higher velocity.  

 

 

 

Figure 5.7 HanesïWoolf plot for [MoO(cmdt)2]
2-

 10a, [WO(cmdt)2]
2-

 10b as catalysts based on 

various concentrations of PPh3. 
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Table 5.2 Kinetic parameters of catalysts 8aï10b for the oxygen atom transfer reaction under 

different conditions. 

 

Catalyst 

 

[Ph3P] 

(mol L
-1

) 

 

[Ph3P]/ɜ 

(min) 

 

Kcat 

(min
-1

) 

 

Kcat/KM 

(min
-1

 mol
-1

 

L) 

 

ɜmax 

(mol L
-1

 

min
-1

) 

 

KM 

(mol L
-1

) 

 

 

 

8a 

 

 

0.025 

0.05 

0.075 

0.10 

9.63×10
3
 

1.15×10
4
 

1.37×10
4
 

1.55×10
4
 

 

 

8.77×10
-4

 

 

 

 

6.3×10
-3

 

 

 

 

8.77×10
-6

 

 

 

 

0.14 

 

 

 

8b 

 

 

0.025 

0.05 

0.075 

0.10 

1.41×10
4
 

6.12×10
4
 

8.04×10
4 

1.03×10
5
 

 

 

3.36×10
-4

 

 

 

 

3.9×10
-3

 

 

 

 

 

3.36×10
-6

 

 

 

 

 

0.086 

 

 

 

9a 

 

 

0.0456 

0.0913 

0.1369 

0.1825 

1.32×10
2
 

1.71×10
2
 

2.06×10
2
 

2.33×10
2
 

 

 

0.077 

 

 

 

0.70 

 

 

 

1.4×10
-3

 

 

 

 

0.11 

 

 

 

9b 

 

 

0.0456 

0.0913 

0.1369 

0.1825 

6.29×10
3
 

7.19×10
3
 

8.06×10
3
 

8.86×10
3
 

 

 

0.0029 

 

 

 

 

0.01 

 

 

 

5.3×10
-5

 

 

 

 

0.29 

 

 

 

10a 

 

 

0.025 

0.05 

0.075 

0.10 

9.27×10
3
 

1.38×10
4
 

1.53×10
4
 

1.65×10
4
 

 

 

 

1.08×10
-3

 

 

 

 

 

0.012 

 

 

 

1.08×10
-5

 

 

 

 

 

0.085 

 

 

 

10b 

 

 

0.025 

0.05 

0.075 

0.10 

4.2×10
4
 

7.09×10
4
 

8.93×10
4
 

1.12×10
5
 

 

 

 

1.09×10
-4

 

 

 

 

 

4.73×10
-3

 

 

 

 

 

1.09×10
-6

 

 

 

 

 

0.023 

 

 

It is interesting to note that in the case of tungsten catalysts, 9b is better in terms of the values of 

vmax. The vmax value of 9b (5.3×10
-5

 mol L
-1

 min
-1

) is 1577 and 4862 orders of magnitude of that 

for 8b and 10b respectively. However, the KM values of 8b and 10b are only 30 and 8 % of that 

for 9b. So, in terms of KM values 10b is the better catalyst compared to 9b and 8b.  
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Though these compounds (8aï10b) did not mimic properly all important structural features of 

the corresponding enzymes, we were curious how the electronically variable substituents (i.e. 

naphthalene, coumarion) on the dithiolene ring affect the catalytic properties of the resulting 

complexes mimicking the immediate coordination sphere only. And the kinetic parameters 

showed that the naphthalene substituted compounds (9a, 9b) are better in catalyzing the oxygen 

atom transfer reaction in terms of the values of velocity (vmax), but in terms of affinity of the 

substrates towards catalysts (expressed by the KM parameter) coumarin substituted compounds 

(10a, 10b) are better. These kinetic results will be compared in terms of reactivity with the 

values obtained for di-oxo molybdenum compounds (13, 15) in the following section. 

 

5.8. Catalytic Oxo-Transfer Reactivity of Complexes 13 and 15 

Oxygen atom transfer (OAT) activity of the molybdenum complexes 13 and 15 was also 

investigated at room temperature by 
31

P NMR spectroscopy using an excess of PPh3 over 

catalyst. As described earlier in a general procedure, 0.009 mmol (0.01825 molL
-1

) of complexes 

13 or 15 and PPh3 in different ratios (catalyst: PPh3 as 1:2.5, 1:5, 1:7.5 and 1:10) were dissolved 

in 0.5 mL of deoxygenated dimethyl sulfoxide (DMSO-d6). The sample was subjected to 
31

P 

NMR spectroscopy at room temperature after its immediate preparation and the progress of the 

oxo transfer reaction was monitored. Without catalyst no reaction occurred under these 

conditions. 

The OPPh3 product was identified easily by its characteristic peak at 26.30 ppm (see Figure 5.2). 

The development of OPPh3 for both catalysts 13 and 15 over time with different catalyst: PPh3 

ratios are shown in Figure 5.8. Like for the mono-oxo compounds are as expected, the highest 

speed of the reaction was found for a 1:10 cat: Ph3P molar ratio and the slowest in the case of a 

1:2.5 ratio. The initial rate of the reaction in each case was calculated from the linear fit of the 

first five values in the respective graph as described before. The concentration of PPh3 (at -5.88 

ppm) decreased gradually with time of the reaction and the reaction was found to be pseudo-

first-order with respect to [PPh3]. The pseudo-first order rate constants kobs of the OAT reaction 

between PPh3 and DMSO catalyzed by 13 and 15 was calculated as 1.53×10
-5

 s
-1

 for 13 and 

2.55×10
-5

 s
-1

 for 15, respectively. 

Throughout the reaction, the colour changed only slightly from yellow-brown to yellow-red. 

Proton NMR spectra of the catalytic reaction solutions after complete conversion of PPh3 to 
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OPPh3 showed complexes 13 and 15 to remain fairly stable in solution. No evidence for the 

formation of dimeric Mo(V) species by the reaction of the reduced and oxidized forms 

(Mo
VI

O2/Mo
IV

O) was found. Dimeric [Mo2O3(L)2] species could be diamagnetic or 

paramagnetic depending on the orientation of the M=O moieties vs. each other.
[278]

 We did not 

observe additional resonances in the spectrum for a diamagnetic compound, nor a broadening of 

the resonances pointing to paramagnetic species in solution. 

 

 

 

Figure 5.8 Development of OPPh3 with time for catalyst 13 (left) and catalyst 15 (right) with 

different quantities of substrate (cat: PPh3; 1:2.5, 1:5; 1:7.5 and 1:10) in DMSO as solvent and 

second substrate. 

 

Figure 5.9 HanesïWoolf plot for [MoO2(dmdt)2]
2-

 13, [MoO2(ntdt)2]
2-

 15 as catalysts based on 

various concentrations of PPh3. 
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For both compounds the initial velocity of the reactions referring to the PPh3 substrate 

concentrations is showing MichaelisïMenten type kinetics. KM (Michaelis constant) and vmax 

(maximum reaction velocity) were determined by the HanesïWoolf plot. Figure 5.9 shows the 

HanesïWoolf plot for the reactions catalyzed by compounds 13 and 15 and the obtained data for 

catalytic experiments are summarized in Table 5.3.  

The relatively fast stoichiometric oxo transfer reaction with the cis-dioxo compounds (13 and 15) 

prompted us to compare, under identical experimental conditions, the oxidation of PPh3 by 

DMSO as catalyzed by mono-oxo and cis-dioxo molybdenum compounds. 

Since KM values express the affinity of the respective catalyst (enzyme analogue) for the 

substrate and a smaller KM value indicates a higher affinity, compounds 13 and 15 are better in 

catalyzing the oxygen atom transfer reaction in terms of the values of KM compared to 

molybdenum mono-oxo bis(dithiolene) ones (8a, 9a, 10a; see Table 5.2 and 5.3). The 

comparatively shorter reaction times (Figure 5.8) and the smaller Michaelis constants (13: 0.09 

mol L
-1

; 15: 0.06 mol L
-1

) also suggested an improved stability of the catalystïPPh3 intermediate 

complexes compared to those with mono-oxo compounds. In addition, the calculated turnover 

number (Kcat) also demonstrated better catalytic efficiency of the di-oxo compounds (13 and 15) 

over 8a, 9a and 10a.  

 

Table 5.3 Kinetic results of catalysts 13 and 15 for the oxygen atom transfer reaction under 

different conditions. 

 

Catalyst 

 

[Ph3P] 

(mol L
-1

) 

 

[Ph3P]/ɜ 

(min) 

 

Kcat 

(min
-1

) 

 

Kcat/KM 

(min
-1

 mol
-1

 

L) 

 

ɜmax 

(mol L
-1

 

min
-1

) 

 

KM 

(mol L
-1

) 

 

 

 

13 

 

 

0.0456 

0.0913 

0.1369 

0.1825 

0.899×10
2
 

1.20×10
2
 

1.47×10
2
 

1.81×10
2
 

 

 

0.083 

 

 

 

0.92 

 

 

 

1.52×10
-3

 

 

 

 

0.09 

 

 

 

15 

 

 

0.0456 

0.0913 

0.1369 

0.1825 

0.48×10
2
 

0.68×10
2
 

0.86×10
2
 

1.09×10
2
 

 

 

0.12 

 

 

 

2 

 

 

 

2.27×10
-3
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The developed catalysts performed rather poorly in comparison with other oxygen atom transfer 

catalysts based on molybdenum.
[173, 265-267, 282-283]

 But the important observation here is that 

optically active coumarin substituted compounds (10a, 10b) are better catalysts for the oxygen 

atom transfer than the naphthalene containing compounds (9a, 9b) in terms of the values of KM, 

a property which warrants further investigation to determine the influence of the ligand on the 

redox behaviour of the central metal and also on the oxygen atom transfer mechanism. 

Another important observation is that dioxo compounds (13, 15) are also better in catalyzing the 

OAT reaction in terms of the values of KM and Kcat compared to molybdenum mono-oxo 

compounds likely due to the higher affinity of the respective dioxo compounds for the substrate 

and the stability of the catalystïPPh3 intermediate. In the catalytic cycle, the mono-oxo 

compounds are first oxidised by DMSO to the corresponding di-oxo compounds and it is 

speculated that this oxidation step might be the rate limiting step
[284]

 of the OAT reaction and 

thus explained the higher affinity of the respective di-oxo compounds for the substrate with a 

stable catalystïPPh3 intermediate. 
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6.1. Electrochemistry 

Electrochemistry is an invaluable tool for characterising the oxidation and reduction (redox) 

properties of materials. Either in solution or in the solid-state, electrochemical analysis offers 

many benefits which include the development of voltammetric reaction mechanisms
[285]

, 

understanding the corrosion of metals
[286]

, construction of electrochemical sensors
[287]

 and can 

yield useful information regarding the electronic properties of the materials.
[135, 139, 190, 237]

 This 

information is vital also for organic electronics as well as for bioinspired model complexes for 

the active sites of metallo enzymes to characterize and understand their electronic and 

catalytic
[288]

 properties respectively. In this thesis, dynamic electrochemistry is concerned with 

the electron transfer process that occurs at the solution/electrode interface, although this might 

induce some disadvantages such as mass deposition on the electrode surface and difficulties in 

separating synthetically useful product from the supporting electrolyte. 

 

6.2. Theory 

By measuring current (I) as a function of applied voltage (denoted as E), the redox processes of 

an electroactive species can be investigated. For routine operation, a three electrode system, 

comprising a working, a counter/auxiliary and a reference electrode, is generally used (see 

Figure 6.1). In such a setup, a potential (E) is applied across an electrolyte solution, containing 

the material under investigation, between the working and counter electrode, and held relative to 

the reference electrode. Generally, this reference electrode consists of a half cell with a known 

redox potential, often separated from the bulk by a salt bridge to stop diffusion of the active 

species into the reference, or vice versa. The counter and working electrodes are usually made 

from an inert metal that is stable under the given reaction conditions, so no contamination of the 

bulk occurs, and thus the redox processes observed at the working electrode are a result of the 
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active species and electrolyte used. The counter electrode should be of suffi cient surface area 

that it does not limit the current entering the cell, and is generally much larger than the working 

electrode. The potential difference between the counter and working electrode is modulated, 

relative to the reference electrode, by a potentiostat.  

 

 

Figure 6.1 An illustration of the three electrode electrochemical cell diagram (adapted from ref. 

[289]
) (left) and an electrochemical cell used in this thesis for analysis (right). 

 

In a standard setup, the electoactive species (usually at low concentrations) is dissolved in dry 

organic solvent with a high concentration of an ionised salt (such as [
n
Bu4N][PF6], [

n
Bu4N][BF4], 

[
n
Bu4N][ClO4]), called electrolyte. The electrolyte performs several important functions 

necessary for the proper operation of the cell. The electrolyte increases the conductivity of the 

solution to avoid solution resistance effects, which can lead to Joule heating, and non-uniform 

current/potential distributions. At high concentrations, it eliminates migration as a mechanism 

for mass transport of the electroactive species, and thus allows only the diffusion-controlled 

processes to be studied. 

There are several major methods for electrochemical measurement and two of them were used in 

this thesis: Cyclic voltammetry (CV) and differential pulse voltammetry (DPV). 

 

6.3. Electrodes 

In all cases, unless otherwise mentioned, the electrochemical measurements were carried out 

using a three-electrode system. The three electrodes are: working electrode (WE), reference 

electrode (RE) and auxiliary/counter electrode (CE). 

WERECE

WERECE

Potentiostat

Cyclic voltammogramFunction Generator
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6.3.1. Working Electrode (WE) 

The working electrode is made from an unreactive metal or carbon, so that reactants can undergo 

electron transfer process on its surface at given reaction conditions. Electrons can be transferred 

either from the electrode to the reactant or vice versa. The WE is normally designed with a disc 

shape with a well-defined area (1 mm
2
 for this thesis). Other geometries are also used for 

different purpose, e.g. a square shape WE is designed for a hydrodynamic flow system, as mass 

transport under laminar flow can be simulated relatively easier than that of disc shapes. 

 

6.3.2. Reference Electrode (RE) 

The reference electrode provides a stable reference potential to the working electrode under 

normal pressure and temperature (i.e. 1 atmosphere and 298 K). It is usually made from a highly 

reversible redox system so that a small passage of current is ineffective to its potential. A 

saturated calomel electrode and a silver/silver chloride electrode are the most common reference 

electrodes used in research. Sometimes, a simple silver or platinum wire is used in conjunction 

with an internal potential reference provided by ferrocene, when a suitable conventional 

reference electrode is not available and that is the technique we adapted for our measurements 

described in this thesis. Ferrocene undergoes a reversible one-electron oxidation at a low 

potential around 0.5 V or 0.64 V versus a saturated calomel electrode (SCE) or a normal 

hydrogen electrode (NHE) respectively.  

 

6.3.3. Counter Electrode (CE) 

In order for the current to flow a circuit must be installed, between the working electrode and the 

counter electrode. The counter electrode is made from an unreactive conducting material that has 

a large surface area in order to ensure that the current passed through the CE is sufficient. 

Commonly used materials are platinum or nickel wires. It has to be noted here that, electroactive 

species can undergo reactions at the CE surface, therefore it is necessary to keep WE and CE 

apart from each other since the chemicals produced at the CE surface could interfere with the 

reactions that occurre at the WE surface. 
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6.4. Cyclic Voltammetry 

Cyclic voltammetry (CV) is one of the most widely used electroanalytical methods for studying 

electroactive species. A cyclic voltammogram is generated by scanning the potential linearly 

from a potential E1 to a potential E2, and then reversing the direction of the scan (from E2 to E1). 

With the change of potential, the current passed through the electrode changes due to oxidation 

or reduction processes, therefore normally a cyclic voltammogram is a plot of current (I) against 

potential (E). An example of a cyclic voltammogram is shown in Figure 6.2. On scanning the 

potential (E) to more positive potentials (from E1 to E2), initially almost no current (I) should be 

passed through the working electrode, as E is insuffi cient to induce oxidation of the active 

species in the cell [region (a) Figure 6.2].  

 

Figure 6.2 A plot of current I vs. potential E for an electrochemically reversible one electron 

process, corresponding to the [M]
n+1

/[M]
n
 redox couple, as investigated by scanning the potential 

E between potentials E1 and E2, and back again. For an electrochemically reversible process, the 

peak current |ip| of the oxidation and reduction processes (ip,a and ip,c respectively), should 

increase linearly with the square root of the scan rate ɜ, but the potentials of peaks Ep, for the 

oxidation and reduction process (Ep,a and Ep,c respectively) should not change with scan rate (ɜ). 

The points (a) to (f) denote regions of interest described in the text. 
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As E is scanned to more positive potential, I increases since E becomes suffi cient to induce 

oxidation [region (b)]. The increase in I is initially exponential in form as a steep concentration 

gradient is developed in the vicinity of the working electrode (the Nernst diffusion layer). As the 

active species in this layer becomes depleted, further oxidation is restricted by the diffusion of 

active species from the bulk to the electrode surface. This mass transport is slow on a CV 

timescale, and therefore the rate of oxidation decreases as the concentration of active species is 

depleted. This is shown by the hollowing of the slope as region (b) is traversed. At point (c), a 

balance between the increasing rate constant (due to a steeper concentration gradient), and the 

decreasing concentration of active species (due to slow mass transport) is reached, and this is 

known as the peak current [in general ip (ip,a for oxidation, ip,c for reduction)]. From point (c), I 

decreases as the oxidation process becomes diffusion controlled [region (d)]. As the direction of 

scan is reversed (from E2 to E1), the active species continues to be oxidised at the working 

electrode, until E becomes suffi cient to re-reduce the oxidised species [region (e)]. At this point, 

the current response of the reduction process (ip,c) resembles that of the oxidation process (ip,a), 

though with opposite sign [point (f) Figure 6.2]. 

 

6.4.1. Reversibility 

Based on the different electrode kinetics, the electrochemical reactions can be described as 

reversible, quasi-reversible and irreversible. An electrochemically reversible process occurs 

when the rate of electrode reaction is faster than that of the mass transport. Conversely, if the rate 

of electrochemical reaction is slower than the rate of mass transport, then the reactant is 

electrochemically irreversible. Normally the diffusion layer becomes thinner at faster scan rates 

(ɜ) generating a steeper concentration gradient, resulting in an increase in |ip|. From the Randles-

Sevcik equation
[290]

 one finds ip to be proportional to the gradient at the electrode surface, which 

is determined by ɜ (see equation 6.1), if the concentration of electroactive species is assumed to 

be constant throughout the course of the experiment. 

 

Ὥ  θ’Ⱦ          (6.1) 

 

If the oxidised species is stable under the experimental conditions, and capable of relinquishing 

the electron back from the working electrode, and if the rate of electron transfer between the 
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active species is faster (on an electrochemical timescale) than the mass transport, the process can 

be thought of as being electrochemically reversible. By scanning the same electrolyte solution at 

different scan rates (ɜ) (typically five rates between 50 and 250 mVs
-1

) and plotting ip vs. ɜ
1/2

, a 

relationship between ip and ɜ can be obtained. If the plot is linear, and passes through the origin, 

the electrochemical reaction can be proposed to be electrochemically reversible. Theoretically in 

order to state an electrochemical process as reversible, the following tests should satisfy. 

 

¶ Ep is independent of ɜ 

¶ Ὥ  θ’Ⱦ  

¶ ȹEp = |Ep,c ï Ep,a| = 59/n mV (n; number of electrons involved in the process) 

¶ 
ȿȟȿ

ȿȟȿ
 ρ  

 

The formal reduction potential (ὉȾ) for a reversible couple is given by 

 

ὉȾ  
ȟ ȟ

        (6.2) 

 

If the process showed no reverse signal, it is stated to be chemically irreversible. In this case, the 

electroactive species may undergo a chemical change upon oxidation or reduction, such that a 

reverse sweep cannot or not swiftly return the species to its original state results in ȹEp > 59/n 

mV. 

 

6.5. Different ial Pulse Voltammetry (DPV) 

The DPV measurement technique is a pulse technique that can be applied equally to reversible 

and irreversible systems. A pulse of constant amplitude is superimposed on a slowly changing 

base potential. The Current is measured at two points for each pulse: the first point just before 

the application of the pulse and the second at the end of the pulse. Since the modulation 

amplitude remains constant throughout the measurement process, the background signal changes 

only slightly. The difference between current measurements at these two points for each pulse is 

determined and plotted against the base potential. Thus measurements can be carried out with 

this method up to concentrations of about 10
-8

 M. 
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6.6. Electrochemistry of Nickel bis(dithiolene) Complexes 

Electrochemical properties of the unsymmetrical substituted nickel bis(dithiolene) complexes 

[Ph4P][Ni(ntdt)2] (3b), [Ni(ntdt)2] (3c), [Ph4P][Ni(cmdt)2] (4b), [Ni(cmdt)2] (4c) were 

investigated by cyclic voltammetry versus [Fc]/[Fc]
+
 in acetonitrile solution each containing 0.1 

M [
n
Bu4N][PF6] as supporting electrolyte. The results are summarized in Table 6.1. Cyclic 

voltammograms (third cycle) of compounds 3b and 4b are shown in Figure 6.3. The information 

was recorded at 298 K with use of a platinum disc electrode with a reaction surface of 1 mm
2
 as 

working electrode, a platinum wire counter electrode and a platinum knob reference electrode in 

conjunction with an internal potential reference provided by ferrocene and maintained under 

argon. 

The initial developments of the electrochemistry of transition metal dithiolene complexes have 

been comprehensively reviewed by McCleverty
[59]

 and later by Eisenberg
[129]

. It is theoretically 

and experimentally established that transition metal dithiolene complexes exhibit a three-

membered, planar series as shown in Scheme 6.1, with M=Ni, Pd or Pt.
[37]

 In such series, the  

 

 

 

Figure 6.3 Cyclic voltammograms of unsymmetrical dithiolene complexes [Ph4P][Ni(ntdt)2] 

(3b) (dot) and [Ph4P][Ni(cmdt)2] (4b) (line) in MeCN containing 0.1 M of Bu4NPF6 as 

electrolytes (scan rate 100 mVs
1
). All compoundôs peak potential were recorded vs internal 

reference [Fc]/[Fc]
+
 at 298 K. 
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Scheme 6.1 

 

neutral and dianionic members are diamagnetic and the monoanion is paramagnetic with an S = 

1/2 ground state. Cyclic voltammograms of compounds 3b and 4b exhibited two reversible or 

quasi-reversible one electron redox process at ὉȾ  ρȢς 6ȟὉȟ  πȢσρ 6ȟ Ὁȟ

 πȢυς 6 and ὉȾ  πȢωω 6ȟὉȟ  πȢρτ 6ȟ Ὁȟ  πȢςψ 6 respectively (see Figure 6.3). 

Since the experiments were performed in acetonitrile, the electrochemistry in this solvent was 

complicated by precipitation of the neutral species onto the electrode during oxidative scans 

which led to quasi-reversible signals. On the basis of Scheme 6.1 and by comparison with 

literature values for similar complexes,
[133, 135, 137, 236]

 the quasi-reversible oxidative response and 

a reversible reductive response can be assigned to the sequential interchange between the neutral, 

anionic and dianionic states of the nickel dithiolene complexes.  

Redox states of the dissolved depolarisers (electroactive species) for the reversible waves (at 

ὉȾ
ȟἪ  ρȢς 6ȟÁÎÄ ὉȾ

ȟἪ  πȢωω 6 respectively) of compounds 3b and 4b were determined 

with the help of cyclic voltammetry
[291]

 in course of this work. As seen from Figure 6.4, the two 

waves from compound 4b were of identical (Figure 6.4: left) or almost identical (Figure 6.4: 

right) shape, but their position with respect to the zero current was shifted. In the case of the 

oxidised form, the current at the negative potential limit exceeded the magnitude of the current at 

the positive potential limit.  The function I = |iɚ,a| ï |iɚ,c| will be less than unity and vice versa for 

the solution of the reduced form which is summarized below:  

 

Parameter I can be used to diagnose the redox state and the composition of a solution containing 

variable amounts of both the reduced and oxidised forms of the electroactive species.
[291]

 For the 

redox process of compound 4b at lower potential range (Figure 6.4: left), the parameter I is less 

than unity. This indicates the prevalent presence of oxidised species [Ni(L) 2]
ï
 (L = cmdt) of the 

[Ni(L) 2]
1 /2  

redox couple in the solution. And the function I = |iɚ,a| ï |iɚ,c| is greater than unity for 

the redox process of compound 4b at higher potential (Figure 6.4: right), which suggests again 

the prevalent presence of reduced species [Ni(L) 2]
ï
 of the [Ni(L)2]

0/1
 redox couple in the solution. 

[M(L)2]0 [M(L)2]2-
[M(L)2]-

e

-e

e

-e

|

: molar ratio of reduced form is higher.

: molar ratio of oxidised and reduced forms are equal.

: molar ratio of oxidised form is higher.
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Figure 6.4 Cyclic voltammograms of compound 4b with the depolariser in the bulk of the 

solution in its oxidised (left) and reduced forms (right). Scan rate 0.1 Vs
1
 for oxidised 

depolariser and 0.5 Vs
1
 for reduced depolariser. 

 

The redox state of compound 3b is also determined by applying the same method.
[291]

 Based on 

that, the wave at ï1.2 V must be due to the formation of a monoanionic species [Ni(L) 2]
ï
 and the 

wave at higher potential (ca. ï0.40 V) must be due to the formation of a neutral species. 

As observed from Figure 6.5, the reductive response of compound 4b at lower potential (ὉȾ

 πȢωω 6) was diffusion controlled as the peak heights are correlated to the scan rates. The peak 

current |ip| of the oxidation and reduction processes (ip,a and ip,c respectively) increased linearly  

 

Figure 6.5 (Left) Cyclic voltammograms of compound 4b scanned between 0.65 and 1.4 V in 

MeCN containing 0.1 M of Bu4NPF6 as electrolytes at increasing scan rates of 50, 100, 150, 200 

and 250 mVs
ī1

. (Right) Peak currents (ip,a and ip,c respectively) vs (scan rate)
1/2

 plot with linear 

fit.  
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with the square root of the scan rate ɜ (Figure 6.5: right). Further, an examination of ipc/ipa and 

peak separation values clearly indicate that the reduction of the monoanionic species to the 

corresponding dianionic one is a fully reversible process (ipc/ipa = 1.15; |EpcïEpa| about 60 mV for 

3b and ipc/ipa = 1.07; |EpcïEpa| about 70 mV for 4b at 100 mVs
ï1

; see Table 6.1). This is evidence 

for no precipitation occurring during the scan and that all redox processes involved dissolved 

species without decomposition of the complexes. 

Cycling the potential to the positive range (0.55 and 0.17 V) revealed one quasi-reversible 

oxidation peak at 0.31 V and 0.14 V for compounds 3b and 4b respectively. The quasi-

reversibility was probably due to the generation of the cationic state in the dithiolene units
[236, 292]

 

leading to the formation of neutral nickel dithiolene complexes [Ni(L)2]
0
. Apparently, the neutral 

complex started to deposit on the electrode surface due to the low solubility of this complex in 

acetonitrile. Therefore this signal can be assigned to the oxidation of one of the two ene-1,2-

dithiolate ligand to the neutral 1,2-dithione species (see Scheme 1.1), and hence to the formation 

of the neutral nickel dithiolene complexes. Initially the oxidation process for compound 4b was 

not reversible and it was investigated fully by scanning the same solution with different scan 

rates (50 1000 mVs
1
). Interestingly, it was found that the peak current |ip| of the oxidation and 

reduction processes (ip,a and ip,c respectively) increaseed linearly with the square root of the scan 

rate ɜ and the oxidation process showed almost full reversibility  at 1000 mVs
ï1

 scan rate (see 

Figure 6.6 for compound 4b). This is characteristic for an electrochemical polymerization and the 

 

Figure 6.6 (Left) Cyclic voltammograms of compound 4b scanned between 0.55 and 0.17 V in 

MeCN containing 0.1 M of Bu4NPF6 as electrolyte at increasing scan rates of 50, 100, 150 upto 

1000 mVs
ī1

. (Right) Anodic peak current (ip,a) vs (scan rate)
1/2

 plot with linear fit. 
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current increase observed on successive scans are indicative of formation of an electroactive 

polymer film on the surface of the electrode.
[292-294]

 Though, an examination of ipc/ipa and peak 

separation values at 1 Vs
ï1

 scan indicated that the oxidation of the monoanionic species to the 

corresponding neutral ones was a quasi-reversible process (ipc/ipa å 1.6; |Epc ï Epa| about 140 mV 

at 1000 mV s
ï1

; see Table 6.1). The oxidative response of compound 3b was also determined to 

be a quasi-reversible process as evidenced from ipc/ipa and |Epc ï Epa| values (see Table 6.1). 

Since neutral nickel bis(dithiolene) complexes (3c and 4c) were not soluble in acetonitrile, their 

electrochemistry was investigated in DMF each containing 0.1 M [
n
Bu4N][BF4] as supporting electrolyte. 

The experiments were carried out by Muhammad Zubair at the University of Nottingham. The results are 

summarized in Table 6.1. The cyclic voltammogram of compound 3c is shown in Figure 6.7. The studies 

have shown that the complexes (3c and 4c) exhibit two reversible redox processes at ὉȾ  ρȢςρ 6, 

ὉȾ  πȢςω 6 and ὉȾ  ρȢπυ 6, ὉȾ  πȢςρ 6 respectively relative to the 

ferrocene/ferrocenium reference couple (see Figure 6.7 and Table 6.1). These potentials were only 

slightly different from those observed for complexes 3b and 4b. Since these two processes are typical of 

nickel dithiolenes as discussed above, they were assigned to the dianionź monoanion and monoanion ź 

neutral redox processes respectively, i. e. [Ni(L) 2]
2ï

 ź [Ni(L) 2]
1ï

 ź [Ni(L)2]
0
. The key difference was 

that complexes 3c and 4c were dissolved in DMF and therefore no deposition on the elctrodes of the 

neutral species was observed. Further as the most oxidised species was used as sample no additional 

oxidation process was observed in the applied potential range.  

 

Figure 6.7 Cyclic voltammogram of complex [Ni(ntdt)2] (3c) in DMF containing 0.1 M of 

[
n
Bu4N][BF4] as supporting electrolyte (scan rate 100 mVs

1
). All compounds peak potential 

were recorded vs internal reference [Fc]/[Fc]
+
 at 298 K. 
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Table 6.1 Cyclic voltammetry parameters for the reversible or quasi-reversible reductions and 

oxidations of the complexes 3b, 4b in CH3CN and 3c, 4c in DMF at 298 K. 

 
 

 

Complex 

reductions (2ï/1ï) oxidations(1ï/0) 

Ὁȟ 

vs 

Fc/Fc
+
 

(V) 

Ὁȟ  

vs 

Fc/Fc
+
 

(V) 

ὉȾ  

vs 

Fc/Fc
+
 

(V) 

ipc/ipa |Epc ïEpa| 

(mV) 

Ὁȟ 

vs 

Fc/Fc
+
 

(V) 

Ὁȟ  

vs 

Fc/Fc
+
 

(V) 

ὉȾ  

vs 

Fc/Fc
+
 

(V) 

ipc/ipa |Epc ïEpa| 

(mV) 

3b -1.17 -1.23 -1.2 1.15 60 -0.31 -0.52 ï 1.20 210 

4b -0.96 -1.03 -0.99 1.07 70 -0.14 -0.28 ï 1.60 140 

3c -1.18 -1.24 -1.21 0.96 60 -0.25 -0.32 -0.29 1.02 70 

4c -1.02 -1.08 -1.05 1.05 60 -0.16 -0.25 -0.21 1.12 90 

 

 

6.7. Electron Transfer and HOMO -LUMO Energy Levels 

In electrochemistry, the applied voltage is the key to drive an electrode reaction. If we consider 

the units of volts  

 

V = Joule/Coulomb        (6.3)  

 

we can see that a volt is simply the energy required to move charge. Application of voltage to an 

electrode therefore supplies electrical energy. And since electrons possess charge an applied 

voltage can alter the energy of the electrons within a metal electrode. So, by electrochemical 

measurements (cyclic voltammetry) one can estimate the relative position of HOMO/LUMO 

levels together with optical measurements.
[177, 295-300]

 

The oxidation process corresponds to removal of the electron from the HOMO energy level, 

while the reduction corresponds to electron addition to the LUMO energy level of the 

materials.
[301]

 These processes can be measured using cyclic voltammetry by measuring the 

redox potentials Ep,a and Ep,c respectively. And the onset potentials of oxidation and reduction of 

a material can be used to calculate the energy of the HOMO and LUMO levels according to the 

empirical relationship proposed by Bredas et al.
[302-303]

 In this thesis ferrocence is used as a 

known reference with the value of -4.8 eV. 
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Ὁ  ɀτȢψ  Ὁ        (6.4) 

 

Ὁ  ɀτȢψ  Ὁ        (6.5) 

 

and, Eg = EHOMO  ELUMO       (6.6) 

 

Ὁ  and Ὁ  are the onset potentials of oxidation and reduction, respectively, while Eg is 

the HOMO-LUMO energy gap of the material. The onset potentials were determined from the 

intersection of two tangents drawn at the rising current and baseline charging current of the CV 

traces. 

We have also investigated the optical band gap (Eg(opt)) of the materials exhibiting optical 

absorbance. In organic molecules, the energy levels of the electronic states correspond to the 

energy carried by UV or visible radiation. At resonance, the molecules can absorb quantified 

energy transported by the electromagnetic radiation, and promote an electron from the low-

energy molecular orbital (HOMO) to the higher energy molecular orbital (LUMO)
[298, 304]

. These 

transitions can be measured using a UV-Vis spectrophotometer. The longest absorbance 

wavelength ɚonset is used to calculate the optical energy gap (Eg(opt)) according to the equation
[299, 

305-306]
: 

Ὁ  Ὡὠ         (6.7) 

 

Combining these two methods we have made a comparative study of the HOMO-LUMO energy 

gap of the molecules of interest (3b, 3c, 4b, 4c) and the results are supported by theoretical 

calculations. 

 

6.7.1. Calculation of the HOMO and LUMO Levels 

Collected CV data allowed to evaluate the HOMO and LUMO levels of the complexes (3b, 4b in 

CH3CN and 3c, 4c in DMF). The obtained data were compared with the optical energy gap 

(Ὁ ) and also with theoretically calculated values. The results are summarized in Table 6.2. 

The use of onset potentials rather than peaks provided values that represent EHOMO and ELUMO. 

The onset potentials were determined from the intersection of two tangents drawn at the rising 

current and baseline charging current of the CV curves (see Figure 6.8). The reduction onset 

(Ὁ ) for the complexes 3b, 4b, 3c, 4c occured at ca. -1.11, -0.89, -1.08, -0.96 V and the 

oxidation onset (Ὁ ) occured at ca. -0.46, -0.22, -0.36, -0.27 V. Respectively, the HOMO and  
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Figure 6.8 Cyclic voltammogram (left) and absorbance spectrum (right) of complex [Ni(ntdt)2] 

(3c) in DMF used to determine the onset redox potentials (╔ἷὀ
ἷἶἻἭἼ, ╔ἺἭἬ

ἷἶἻἭἼ) and onset wavelength 

(ɚ
onset

) respectively. 

 

Table 6.2 Onset redox potentials determined by CV, HOMO and LUMO levels, ╔Ἧ
Ἅἤ, ╔Ἧ

ἷἸἼ
, 

calculated Eg of the complexes 3b, 4b in 
a
CH3CN and 3c, 4c in 

b
DMF. 

Complex Ὁ  

vs 

Fc/Fc
+
 

(V) 

EHOMO 

(eV) 

Ὁ  

vs 

Fc/Fc
+
 

(V) 

ELUMO 

(eV) 

Ὁ  

(eV) 

‗  

(nm) 
Ὁ  

(eV) 

Calculated 

Eg (eV) 

Calculated 

Eg (eV) 

(Gasphase) 

3b -0.46
a
 -5.26

a
 -1.11

a
 -3.69

a
 1.57

a
 1100

a
 1.13

a
 1.37

a
 1.44 

4b -0.22
a
 -5.02

a
 -0.89

a
 -3.91

a
 1.11

a
 1131

a
 1.10

a
 1.48

a
 1.45 

3c -0.36
b
 -5.16

b
 -1.08

b
 -3.72

b
 1.44

b
 1050

b
 1.18

b
 1.39

b
 1.45 

4c -0.27
b
 -5.07

b
 -1.07

b
 -3.73

b
 1.34

b
 1059

b
 1.17

b
 1.53

b
 1.60 

 

LUMO energy level (EHOMO and ELUMO) values were calculated from the oxidation onset 

(Ὁ ) and reduction onset (Ὁ ) values for the 1e process via equations 6.4 and 6.5. The 

HOMO-LUMO energy gap (Ὁ ) was calculated using equation 6.6. The estimated HOMO-

LUMO energy gap from the CV curve showed good aggrement with the optical band gap (Ὁ ) 

estimated from the onset of the optical absorbance via equation 6.7. The particularly small 

HOMO-LUMO energy gap (Ὁ  = 1.11 eV, see Table 6.2) of compound 4b indicates that this 
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could be a particularly good candidate for application as metal ion sensor/marker. In 

electrochemical experiments it was found that the electrochemical energy gaps (Ὁ ) are larger 

than the optical energy gap (Ὁ ) for all compounds as seen from Table 6.2. In a 

photoexcitation, a strongly bound electron-hole pair is created by a transfer of an electron from 

the HOMO to the LUMO. This Coulombic interaction is what makes the optical band gap in 

general smaller than the electrical one.
[307-309]

 The use of the onset method as compared to the 

peak average or formal potential method for electrochemical claculations could also be an 

explanation for such differences since the onset of oxidation or reduction varies with scan 

rate.
[307]

  

The HOMO-LUMO energy levels and the corresponding energy gaps were also calculated 

theoretically with the B3LYP/GEN basis set in order to compare with the results obtained via 

electrochemical and optical methods. The calculations were done in both phases-solvation and 

gas phase. Details of HOMO-LUMO calculations using the B3LYP/GEN basis set will be 

discussed in the following chapter. Interestingly, it was found that theoretically calculated 

HOMO-LUMO energy gap values were much closer to that obtained from electrochemical 

experiments as evident in Table 6.2 though a straightforward comparison is difficult. Solvation is 

the primary difference between species in the gas phase and the dissolved states, and hence the 

effects of solvation of neutral, negatively charged, and positively charged species are likely 

different and must be considered. As a result, a straightforward interconversion among optical, 

electrochemical, and other analytical methods is impossible.
[309]

 

 

6.8. Electrochemical studies of Mo and W-oxo bis(dithiolene) Complexes 

As already discussed in chapter 4, molybdenum and tungsten oxo bis(dithiolene) complexes 

were also characterized electrochemically by differential pulse voltammetry (DPV). The results 

are summarized in Table 6.3. The monooxo-bis(dithiolene) complexes of molybdenum and 

tungsten (7a, 7b, 8a, 9a, 9b, 10a, and 10b) could be oxidized cleanly and reversibly for the 

transitions M
IV
źM

V
 by DPV as shown in Figures 4.3 and 4.5 in chapter 4. For monooxo 

compounds, it was found that, the metal center based redox potential (M
IV
źM

V
) for 

molybdenum compounds appeared at higher potential than that of the analogous tungsten 

compounds. However, the difference in redox potential for one molybdenum and tungsten 
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compound pair (7a and 7b) is quite small (see Table 6.3), which is unusual. The small 

differences may indicate that the process is to some (considerable) extent located on the ligand  

 

Table 6.3 Differential pulse voltammetry (DPV) and cyclic voltammetry (for 15) parameters of 

the Mo and W-oxo bis(dithiolene) complexes in CH3CN at 298 K. 

 

Compounds ὉȾ  vs Fc/Fc
+
 (V) ὉȾ ὉȾ  (V) 

[MoO(dmdt)2]
2ï

 (7a) 

[WO(dmdt)2]
2ï

 (7b) 

[MoO(ntdt)2]
2ï

 (9a) 

[WO(ntdt)2]
2ï

 (9b) 

[MoO(cmdt)2]
2ï

 (10a) 

[WO(cmdt)2]
2ï

 (10b) 

[MoO(mdt)2]
2ï

 (8a) 

[MoO2(ntdt)2]
2ï

 (15) 

ï0.84 

ï0.86 

ï0.89 

ï0.99 

ï0.95 

ï1.04 

ï1.08 

ï2.33(Ὁȟ)
a
, ï0.40(Ὁȟ)

b
, 0.14(Ὁȟ)

b
 

 

0.02 

 

0.10 

 

0.09 

a
 irreversible process in CV; 

b
 quasi-reversible process in CV. 

 

rather than the metal. The molybdenum dioxo-bis(dithiolene) compound (15) was also studied by 

cyclic voltammetry in MeCN in the presence of 0.1 M of 
n
Bu4PF6 as supporting electrolyte. As 

shown in Figure 4.9 in chapter 4, 15 exhibited an irreversible and a quasi-reversible redox 

process that could be ascribed to the Mo
VI
źMo

V
 and Mo

V
źMo

VI
 transitions respectively (see 

Table 6.3). 
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7. Theoretical Studies 

 

 

 

 

 

This chapter examines by Density Functional Theory (DFT) studies the reformation of the 4, 

5-dimethyl-1, 3-dithiol-2-one ring in presence of enough acid to neutralize the solution of 2, 3-

dimethyl-1,4 dithiolate. Density functional theory (DFT) calculations are also employed to 

calculate the HOMO and LUMO energy levels of the monoanionic and neutral nickel 

bis(dithiolene) complexes [Ni(ntdt)2]
ï
 (3b), [Ni(cmdt)2]

ï
 (4b) and [Ni(ntdt)2] (3c), [Ni(cmdt)2] 

(4c) respectively and to provide additional insight into the electronic properties of these 

compounds. The knowledge of these HOMO and LUMO energies is required to explain the 

affinity of these compounds (3b and 4b in particular) towards heavy metal ions for designing 

metal ion sensors.  

 

7.1. DFT Studies for the Proposed Mechanism of Ring Opening-Closing Reversibility in 

the 1,3-dithiol -2-one Systems 

In the synthetic methodology part of this thesis (chapter 2) we have described that the de-

protection reaction of the 4,5-dimethyl-1,3-dithiol-2-one (L1b) ligand in basic solution was 

actually fully reversible by addition of an equal amount of acid. The proposed mechanism for the 

reformation of the 1, 3-dithiol-2-one ring in presence of enough acid to neutralize the solution is 

illustrated in Scheme 2.8. We have speculated that the first step involves bond formation 

between one of the dithiolate sulfur atoms and the hydrogen carbonate carbon aided by acid, 

which will be protonated again to give an intermediate bearing two hydroxyl groups. In the next 

step, one of the hydroxyl groups is released to form the C=O bond. This promotes the second 

thiolate sulfur to attack it, reforming the ring by release of a water molecule to give the stable 

closed structure i.e. the 1, 3-dithiol-2-one ring. For a better understanding of the proposed 

mechanism of ring opening-closing reversibility in 1,3-dithiol-2-one systems, we carried out ab 

initio calculations which were done by Dr. M. K. Kindermann. 
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The calculations were done with the B3LYP/6-311+G** basis set to consider the sulfur d-

orbitals better. The geometries of the reactants and products after the complete addition of the 

base were optimized and the full optimization was verified with a frequency calculation. Since 

we were concerned with the understanding of the mechanism no additional H2O molecules were 

included in the calculations and no solvation models (e.g. Tomasi's Polarized Continuum Model 

(PCM)
[310]

 are considered since experimental studies were partly carried out in different solvents. 

 

7.1.1. Mechanism: Concerted or a Multi -step Process? 

An attempt was made to understand whether there is a concerted mechanism or a multi-step 

process taking place. The search for a transition state (TS) that belongs to a concerted 

mechanism (simultaneous addition of two OH
ï
 ions to the 4,5-dimethyl-1,3-dithiol-2-one and 

formation of 1,3-dithio-dianion and free carbonic acid (H2CO3), or conversely consider the 

reversible attachment of the H2CO3 to the 2, 3-dimethyl-1,4 dithiolate (L1) with simultaneous 

elimination of two OH
-
 ions and formation of a  4,5-dimethyl-1,3-dithiol-2-one) gives no 

meaningful result. Therefore, a step-wise mechanism was adopted as an alternative (as is 

discussed for the normal ketal formation in dithiols
[311]

). 

We find a stable intermediate (described as 2,3-dimethyl-1,4-dithio-1-carboxylate anion, Figure 

7.1), in which a carboxyl group is present. The sulfur atom, where the carboxylate group is not 

attached, has a high negative charge (Mulliken charge: -1.117) and is able to form a bond to the 

carboxylate carbon (cyclization). 

 

 

Figure 7.1 2,3-dimethyl-1,4-dithio-1-carboxylate anion reaction intermediate. 
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Figure 7.2 Proposed mechanism by DFT calculations (level of theory: B3LYP//6-311+G**) for 

the opening of the 1, 3-dithiol-2-one ring. 

 

Figure 7.3 Calculated energy levels for the proposed mechanism of reformation of the 1, 3-

dithiol-2-one ring upon neutralizing the basic solution with acid (level of theory: B3LYP//6-

311+G**). 

 

The transition states of the reaction could be determined with the QST2 routine
[312-313]

 of the 

program in both ways: from 2,3-dimethyl-1,4-dithio-1-carboxylate anion to the reactant (1,3- 

dithiol-2-one) as well as to the products (dithioanion and H2CO3). Transition states TS 1 and TS 

2 (see Figure 7.2 and Figure 7.3) were confirmed by exactly one negative frequency. 
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7.1.2. Calculated Energy Profile for the Proposed Mechanism 

For the energy profile of the reaction, the zero-point corrected free energies of the reactants 

involved were determined and compared (DG: 298 K, 1 atm, etc.). A rational energy profile is 

obtained if one takes into account that the strongly basic solutions are back-titrated with acid to 

neutrality. 

By addition of carbonic acid to the basic solution of the dianion an OH
-
 ion is eliminated from 

the acid after formation of a C-S bond. This forms upon further titration with acid (H
+
) water - a 

very stable molecule. Since a proton is difficult to depict in ab initio calculations (no electron) 

we calculated the process with H3O
+
 (H3O

+
 + OH

-
  -> 2 H2O). The same consideration applies to 

the formation of the 1,3-dithiol-2-one from the dithiocarboxylatanion. The titration of a solution 

containing H2CO3 and the dianion with acid leads to 1,3-dithiol-2-one and four water molecules 

and an energy gain of 1950.55 KJ /mol. 

Overall, one can assume that corresponding to our ab initio calculations at first the carbonic acid 

is bound to the sulfur atom of the dianion with the loss of an OH
-
 anion (and subsequent 

formation of H2O). During the approach of the second negatively charged sulfur anion to the 

electropositive carboxylate carbon atom a further bond is formed (ring closure to the five 

membered ring), with elimination of the second OH
-
 ion (and the formation of additional H2O). 

So, apparently under neutral pH-conditions the reformation of the ring from the dithiolate is 

favorable compared to a dissociation of carbonic acid into water and CO2. Consequently, ene-

dithiolate salts may be quite efficient traps for CO2 in aqueous solutions.  

 

7.1.3. General Computational Methods 

The Gaussian09 program suite (RevB.01)
[314]

 was used to carry out all quantum chemistry 

calculations presented here. B3LYP/6-311+G(p,d)
[315-316]

 was found to be a suitable method and 

basis set for a variety of reactions. Optimizations were carried out for the model systems in the 

gas phase (Convergence criteria as build in: Maximum Force < 0.000450, RMS Force < 

0.000300, Maximum Displacement < 0.001800, RMS Displacement < 0.001200). In addition, 

normal mode vibrational frequency analyses were performed to verify the nature of all the 

stationary points and to compute free energies as the stable minima have all positive vibrational 

frequencies and that the transition states have only one imaginary frequency. Transition states 

(TS) were located using the QST2 routines
[312-313]

 as implemented in the Gaussian09 program. 



7. Theoretical Studies 

143 

7.2. DFT Studies to Calculate the HOMO and LUMO Energy Levels of Nickel dithiolene 

Compounds 

With the aim of getting an insight into the structural, spectroscopic, and electrochemical features 

of the compounds [Ni(ntdt)2]
ï
 (3b), [Ni(ntdt)2] (3c), [Ni(cmdt)2]

ï
 (4b) and [Ni(cmdt)2] (4c) 

quantum chemical calculations have carried out at the density functional theory (DFT)
[317]

 level. 

The ab initio calculations were performed with the program package Gaussian 09 (RevB.01)
[314]

. 

Single point and geometry optimization calculations were performed using the B3LYP 

functional along with the 6-311+G(p,d)
[315-316]

 basis set for atoms C, O, S, H and LANL2DZ for 

Ni. In case of the radical anions the unrestricted calculation was done using UB3LYP. The 

geometry optimization calculations were performed using the crystallographic coordinates 

obtained for compound trans-[Ni(ntdt)2] (3c) as the starting geometry which showed almost 

planar coordination. In case of compound [Ni(cmdt)2]
ï
 (4b) and [Ni(cmdt)2] (4c) the appropriate 

atoms in the crystallographic coordinates for 3c were manually changed to obtain the starting 

geometry. In all cases, the geometric optimization led to non planar geometries with the 

substituents slightly twisted out of the central NiS4 plane. It is worth noting that the replacement 

of the naphthyl ring with a coumarion substituent at a carbon atom of the ethylene-1,2-dithiolate 

does not induce significant modifications in the optimized bond lengths and angles. On the 

contrary, it is interesting to underscore that the torsion angle (ɗ) of the aryl substituent is affected 

by the overall charge of the complex, with the mononionic species featuring ɗ values slightly 

larger with respect to the corresponding neutral species. Calculations were done for the gas phase 

and with solvent for studying the influence of the solvent. Calculations for neutral compounds 3c 

and 4c were done in solvent DMF whereas compounds 3b, 4b were calculated in CH3CN in 

accordance with the solvents used for electrochemical studies. Solvents were considered with the 

Polarizable Continuum Model (PCM),
[318-319]

 e.g. solvent: acetonitrile, Eps= 35.688000, Eps(inf) 

= 1.806874. 

The results were evaluated by analyzing the frontier molecular orbitals (see Tables 11.1ï11.4 in 

appendix). For a better insight into the electronic features of the complexes, the results of the ab 

initio calculation using Gaussian 09 were also investigated by natural charges derived from a 

NBO analysis
[320]

 (Natural Bond Orbitals) in solvent. This analysis delivered localized atomic 

orbitals with slightly different energies than obtained from ab initio calculations as NBO analysis 
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calculates a new set of orbitals. For each MO, the occupancy/contributions of the central nickel 

species, C, and S have calculated (see Tables 11.1ï11.4 in appendix). 

 

 

 

Figure 7.4 Calculated HOMO-LUMO energies of nickel dithiolene complexes 3b (in 

acetonitrile) and 3c (in DMF) using (U)B3LYP/6-311G(d,p) method. 

 

Figure 7.5 Calculated HOMO-LUMO energies of nickel dithiolene complexes 4b (in 

acetonitrile) and 4c (in DMF) using (U)B3LYP/6-311G(d,p) method. 
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Energies of HOMO and LUMO were obtained from Hartree energies in eV of the ab initio 

electron density of the original DFT calculations. In case of the neutral complexes we used the 

HOMO-LUMO gap for calculating the redox potential. In case of the radical anions we used the 

next energy level of the alpha-HOMO to calculate the redox potential, which is typically the 

beta-LUMO.  

The frontier MO shapes calculated for compounds 3b, 3c, 4b and 4c in their trans-form is 

depicted in Figures 7.4 and 7.5. The smaller energy separation between nickel 3d orbitals and the 

ˊ system of the ligands facilitated the interaction. As a consequence in 3b and 4b the highest 

occupied molecular orbital (Ŭ-HOMO, see Figures 7.4 and 7.54) is a ˊ MO predominantly 

localized on the ethylene-1,2-dithiolato moiety. 

The LUMO (ɓ-LUMO, see Figures 7.4 and 7.5) is an antibonding ů MO predominantly built by 

the combination of the in-plane sulphur 2p atomic orbitals. The one-electron oxidation, which 

led to the corresponding neutral complexes, corresponded to the removal of a ɓ electron from the 

Ŭ-HOMO of complexes 3c and 4c respectively. It is worth noting that the trend of the calculated 

HOMOïLUMO energy gaps for compounds 3b, 3c, 4b and 4c (1.37, 1.39, 1.48, 1.53 eV, 

respectively) is in quite good agreement with that calculated from electrochemical data (see 

Table 6.2 in page number 136). 
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8. EPR Studies 

 

 

 

 

 

8.1. Theory
[321]

 

Electron Paramagnetic Resonance (EPR) (also Electron Spin Resonance (ESR)) is the 

magnetic resonance of systems with unpaired electrons. The principles of EPR spectroscopy are 

quite analogous to those of NMR. Here, the energy differences studied in EPR spectroscopy are 

predominately due to the interaction of unpaired electrons in the sample with a magnetic field 

produced by a magnet in the laboratory. This effect is called the Zeeman Effect. The magnetic 

field (B0) produces two energy levels for the magnetic moment (ɛe = geɓms) of the unpaired 

electrons by splitting the two spin states (ms) in a paramagnetic material, where ɓ is a conversion 

constant called the Bohr magneton (9.274·10
-28

 J·G
-1

) and ge is the spectroscopic g-factor of the 

free electron and equals 2.0023192778 (å 2.00). The two energy states (E-1/2: ms is parallel with 

B0 and E1/2: ms is antiparallel with B0) for an unpaired electron in presence of a magnetic field 

thus can be expressed as follows: 

 

E-1/2 = - ½ geɓB0 and       (7.1) 

 

E1/2 = ½ geɓB0        (7.2) 

 

The resonance condition is therefore ȹE = gɓB0 = hɜ, where h is the Planck's constant ((h = 

6.626 10
-34

 J·s) and v is the frequency of the electromagnetic radiation. Since ɓ is a constant and 

the magnitude of B0 can be measured, the energy between the two spin levels (ȹE) is easily 

determined by calculating the value of g which is characteristics for the position of the sigal in 

EPR spectra. The value of g can then be calculated from ɜ (in GHz) and B0 (in Gauss) using, 

g =          (7.3) 

or, g = 0.7145
 

 
       (7.4) 
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Thus, any sample that contains unpaired electrons can, in principle, yield an EPR (ESR) 

spectrum. Spectra are commonly recorded of solutions or of powdered samples at variant 

temperature. In this chapter the synthesized bis(dithiolene) niccolate complexes (1a, 1b, 3a, 3b 

and 4b) are discussed with respect to their X band EPR spectra in their powdered state in order to 

get more detailed insight into their structural features.  

 

8.2. EPR Spectra of bis(dithiolene) Niccolate Compounds 

Nickel bis(dithiolene) complexes have attracted much attention mainly because of their ability to 

undergo facile electron transfer reactions giving rise to a stable three membered series of planar 

complexes (see Scheme 6.1) in which, the neutral and dianionic members are diamagnetic and 

the monoanion is paramagnetic with an S = 1/2 ground state. 

The bonding in the monoanionic complexes can be quantitated experimentally as it is 

paramagnetic with S=1/2 and, therefore, ideal for EPR
[322-323]

 measurements. In general, the 

monoanionic complexes are characterized by a highly covalent bonding with the spin delocalized 

over the ligand and the metal orbitals (see Scheme 1.4). The spin on the [NiS4] core is 

quantitated to be 85% with a metal contribution of approximately 25%.
[322, 324]

 This was one of 

the first direct indications of the noninnocent nature of the dithiolene ligands.  

In our work, the magnetic moment measurements of nickel monoanionic compounds 3b and 4b 

via Evanôs method indicated that the ground states of these complexes possess unpaired 

electrons. Furthermore, the non-innocent nature of the dithiolene ligands in complexes has been 

noted and studied well before.
[1, 3, 31-32]

 Therefore, to characterize our present synthesized 

bis(dithiolene) niccolate complexes (1a, 1b, 3a, 3b and 4b) as stable nickel(III) complexes or as 

nickel(II) stabilized ligand radical systems we have examined the EPR spectral features of all 

mentioned compounds (Figure 8.1). EPR spectra were recorded on a Bruker ELEXSYS E500 

spectrometer equipped with an X-band microwave source (~9.445 GHz). The experiments were 

carried out by Dr. A. Claudia Stückl at the University of Göttingen. The ESR spectra of solid 

samples for compounds 3b and 4b were recorded at 250 K and at 152 K for compounds 1a, 1b 

and 3a. 
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Figure 8.1 X-band EPR spectrum of the powder samples of compounds a) [K][Ni(dmdt)2] (1a); 

b) [Ph4P][Ni(dmdt)2] (1b); c) [K][Ni(ntdt) 2] (3a) at 152 K and d) [Ph4P][Ni(ntdt)2] (3b); e) 

[Ph4P][Ni(cmdt)2] (4b) at 250 K temperature. 
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Table 8.1 EPR parameters of monoanionic nickel bis(dithiolene) complexes. 

 

Compounds Experimental g values 

gz gy gx gav
b
 

[K][Ni(dmdt)2] (1a) 

[Ph4P][Ni(dmdt)2] (1b) 

[K][Ni(ntdt) 2] (3a) 

[Ph4P][Ni(ntdt)2] (3b) 

[Ph4P][Ni(cmdt)2] (4b) 

2.163 

2.125 

2.111 

2.124 

2.131 

2.007 

2.045 

2.042 

2.056 

2.061 

1.964 

2.003 

2.001 

2.003 

2.004 

2.045 

2.058 

2.051 

2.061 

2.065 

b
 The value of gav was calculated as 1/3(gx + gy + gz) 

 

Compounds (1a, 1b and 3a) exhibit a rhombic type of signal (gz = 2.163, gy = 2.007, gx = 1.964 

and gav = 2.045 for compound 1a; gz = 2.125, gy = 2.045, gx = 2.003 and gav = 2.058 for 

compound 1b; gz = 2.111, gy = 2.042, gx = 2.001 and gav = 2.051 for compound 3a; see Table 

8.1) indicating that they are formally Ni(III) complexes.
[137, 325-328]

 Though the rhombic character 

was not prominent at 250 K temperature for compounds 3b and 4b as evident from the EPR 

spectra in their powdered states (see Figure 8.1 d, e). Compounds 3b and 4b displayed an 

isotropic type signal centred at g = 2.056 and 2.061 respectively. The peak-to-peak width for this 

signal was 46.5 and 53.4 G for compounds 3b and 4b respectively. Further, the observed g 

values and the peak-to-peak widths for the isotropic signal at room temperature indicate the 

presence of a nickel(II) stabilized ligand radical system.
[329-330]

  

Apparently, the signal becomes more rhombic in character as the temperature was lowered to 

152 K for compounds 1a, 1b and 3a (See Figure 8.1 aïc). In the spectrum of compound 1a the 

lowest field signal was significantly broadened compared to corresponding signals observed in 

the spectrum of compounds 1b and 3a (Figure 8.1 a). Such rhombic feature is not unusual for 

square-planar Ni(III) complexes arising because of a distortion from square-planar geometry or 

weak coordination at the apical site.
[328, 330-332]

 This distortion was indeed supported in our 

studied system by crystal structure analysis of compound 3b. In addition, EPR studies were also 

consistent with electronic absorbance studies, where we have argued that this type of twist or 

distortion (with square planar geometry) might diminish the intensity of the ́Ÿ *́ NIR transition 

as described in chapter 3. The anisotropy in the ESR spectra implies some contribution of the d 
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orbital of nickel in the total spin density, which is usually, in this class of materials,
[37, 138, 333]

 

distributed with 40% on nickel and 60% on the ligands.  

It has to be mentioned here that low temperature measurement of compounds 3b and 4b was not 

done due to time constraints which would have been better for an appropriate comparison. So, 

considering all EPR features it is difficult to describe our present complexes (1a, 1b, 3a and 3b, 

4b) as a truly stable nickel(III) species or a nickel(II) stabilized ligand radical system. Thus the 

best description for compounds 3b and 4b may perhaps be that it is border-line between the two 

possible situations. However, the typical rhombic nature of compounds 1a, 1b and 3a at low 

temperature (152 K) suggests that they may be slightly biased towards the nickel(III) side,
[330]

 

when cooled. 
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9. Conclusion 

 

 

 

 

 

Because heavy metal ions prefer to bind sulfur, inspired by molybdopterin the main goal of 

this work was combining dithiolene binding moieties with optically active substituents with the 

aim to detect/capture metal ions, which could preferably bind to the dithiolene moiety of for 

instance MPT. Therefore a number of dithiolene based molecules (Figure 9.1) mimicking the 

natural immediate coordination sphere composition of Mo and W dependent oxidoreductase 

enzymes were synthesized and characterized by NMR, MS, IR, X-ray crystallography, UV-Vis, 

EPR and electrochemical methods. 

 

Figure 9.1 Chemical structures of dithiolene based fluorophore bearing molecules. 

 

In order to generate dithiolene metal complexes from 1,3-dithiol-2-ones the C=O moiety needs to 

be released from the precursor under basic conditions, which is most commonly done using an 

ethanolic alkaline metal hydroxide solution. The de-protection of fluorophore dithiolene ligands 

(L5d, L6, L7d) appeared to be very difficult due to base sensitive groups. Hence, the procedure 

was optimized. Then it was discovered that the de-protection reaction of 1,3-dithiol- 2-one ligand 

system in basic solution was actually fully reversible by addition of an equal amount of acid. 
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And the full reversibility of the ring opening reaction was confirmed with a simple and 

symmetrically substituted compound (4, 5-dimethyl-1, 3-dithiol-2-one) by 
13

C NMR, IR and 

UV-vis spectroscopy. The respective reaction mechanism (Figure 9.2) is supported by DFT 

calculations. These results indicated that apparently under neutral pH-conditions the reformation 

of the ring from the dithiolate is favorable compared to a dissociation of carbonic acid into water 

and CO2. Consequently, ene-dithiolate salts may be quite efficient traps for CO2 in aqueous 

solutions, a property that warrants further investigation. 

 

Figure 9.2 Proposed reaction mechanism for the opening and reformation of the 1, 3-dithiol-2-

one ring. 

The de-protected ligands were tested in situ for their coordination behavior towards different 

metal ions including biologically relevant ions like Cu
+
, Cu

2+
, Fe

3+
. The solubility of the initially 

developed dithiolene ligands (L5d, L6 and L7d) attached to large fluorophores obstructed them 

for in situ metallation in alkaline alcoholic solution. Hence, we decided to concentrate only on 

the dithiolene ligands (L3b and L4b) attached to smaller substituent. Both de-protected ligands 

(L3b or L4b + 2.5 equivalents KOH Ÿ L3 or L4) showed selective binding with nickel and no 

evidence of binding any other metal tried. While the naphthalene-dithiolene derivative 

functioned as an off-on colorimetric marker for Ni
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 ions, the coumarin-dithiolene combination 
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experiments revealed that L4 shows selectivity toward Ni
2+

 ions even in the presence of several 

common mono/divalent ions initially presumed to be potential competitive binders and thus can 

be considered as a potent selective luminescent probe for Ni
2+

. This observation could lead to a 

comparative study about copperôs role as dithiolene scavenger in molybdenum cofactor 

maturation. Furthermore, this easy to handle marker with very selective optical responses might 

be used for many practical nickel detection applications in chemical, environmental and 

biological systems. Most importantly, it demonstrated that the easy to make connection between 

a fluorophor and a dithiolene moiety in general has a huge potential for Ni
2+

 ion marking and 

sensing. 

 

Figure 9.3 Selective capture of Ni
2+

 ions by coumarin substituted dithiolene, mimicked the metal 

binding site of MPT. 

 

Since most of the 1,2-dithiolate groups are sensitive to oxygen and light, the oxidative and 

photoinduced decomposition of the ligands increases background interference, which affects the 

metalôs analysis. Hence, we used nickel-dithiolene complex [Ph4P][Ni(S2C2Hcumrn)2] (4b), 

possessing an absorbance in the biologically interesting NIR region (~960 nm), instead of free 

dithiolene ligands as marker/indicator to reduce the background absorbance substantially. This 

provides paramount advantages over other common analytical methods including minimal 

interfering absorbance from biological samples in the Vis-NIR region, low background scattering 

and deep penetration into tissues. The green colored coumarin bearing nickel-dithiolene complex 

exhibited high sensitivity and selectivity toward Hg
2+

 ions even in the presence of various 

competitors including biologically relevant metal ions like Cu
2+

, Zn
2+

, Fe
3+

 (See Figure 9.4). 

Hence, simple UV-vis spectroscopy can be used with this indicator complex. In addition, the 

OHς

Ni2+
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complex demonstrated a colorimetric behavior toward Hg
2+

 ions as evidenced by perceptible 

color changes of the solutions from green to colorless. This suggests a great potential for the 

development of economical and portable test kits and test strips for óónaked-eyeôô detection of 

Hg
2+

. 

 

Figure 9.4 Selectivity experiments of [Ph4P][Ni(S2C2Hcumrn)2] (4b) (50 ɛM) in acetonitrile 

toward Hg
2+

 in methanol (4 equiv.) over a mixture of environmentally relevant metal ions. 

The optically active substituents necessarily possess interesting electronic properties and they 

should be in conjugation with the coordinated metal via the noninnocent dithiolene metal binding 

moiety. This might affect the catalytic and electronic properties of the resulting complexes. The 

developed ligand systems were, hence, also utilized to develop analogous molybdenum and 

tungsten complexes (7aï10b, 13, 15) (see Figure 9.5) mimicking the corresponding enzymes 

with respect to the immediate coordination sphere.  

Since the proposed chemical structures of compounds 7a, 8a, 9a, 10a. 13 and 15 mimic the 

natural immediate coordination sphere of the DMSO reductase family of enzymes, we have 

examined their catalytic oxygen atom transfer ability in DMSO by mixing the catalysts with 

PPh3 in different ratios at room temperature. 
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Figure 9.5 Chemical structures of molybdenum and tungsten compounds for the DMSO-

reductase family and used in the oxygen atom transfer reaction. 

 

The reactions of the analogue tungsten compounds (7b, 8b, 9b, 10b) with different ratios of PPh3 

in DMSO were performed under the same conditions. The important observation from the 

obtained kinetic parameters was that the optically active coumarin substituted compounds (10a, 

10b) are better in catalysing the oxygen atom transfer reaction than the naphthalene containing 

compounds (9a, 9b) in terms of the values of KM, a property which warrants further investigation 

to determine the influence of the ligand on the redox behaviour of the central metal and also on 

the oxygen atom transfer mechanism. Another important observation was that the dioxo 

compounds (13, 15) are also better in catalyzing the OAT reaction in terms of the values of KM 

and Kcat compared to molybdenum mono-oxo compounds which supported the speculation that 

the oxidation of the catalyst by DMSO might be the rate limiting step
[284]

 in the OAT reaction 

and thus explained the higher affinity of the respective dioxo compounds for the substrate with a 

stable catalystïPPh3 intermediate. 
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10. Experimental Section 

 

 

 

 

 

10.1. General 

All reactions and manipulations were carried out using standard Schlenk and glove box 

techniques under an atmosphere of high purity nitrogen or argon. The inert gas stream was first 

passed through a copper catalyst tube (from company BASF with designation R3 / 11) at a 

reaction temperature of 200 °C followed by P4O10 and KOH columns and finally the stream of 

inert gas was dried by a molecular sieve column (3 Å and 4 Å) before entering the Schlenk line. 

The necessary vacuum was obtained with an Edwards RV Dual-Mode Vacuum pump (model 

RV12, Speed 14.2 m
3
h

-1
, Ultimate vacuum (partial pressure) 10

-4
 mbar). The solvents used for 

the synthesis were dried from the following drying agents, refluxed for 2 days and then distilled 

and stored over molecular sieve under N2 atmosphere. 

 

Acetone Calciumchloride; stored over 3 Å molecular sieve 

Acetonitrile Calciumhydride; stored over 3 Å molecular sieve 

Carbon tetrachloride Phosphorus pentoxide; stored over 4 Å molecular sieve 

Chloroform Phosphorus pentoxide; stored over 4 Å molecular sieve 

Dichloromethane Phosphorus pentoxide; stored over 4 Å molecular sieve 

Diethylether Na wire/benzophenone; stored over 4 Å molecular sieve 

DMF 4 Å Molecular sieve followed by vacuum distillation  

DMSO 4 Å Molecular sieve followed by vacuum distillation 

Ethanol Mg metal (activated by iodine); stored over 3 Å molecular sieve 

Hexane Na wire/benzophenone; stored over 4 Å mmolecular sieve 

Methanol Mg metal (activated by iodine); stored over 3 Å molecular sieve  

Pyridine Calciumhydride; stored over 4 Å molecular sieve 

THF Na wire/benzophenone; stored over 4 Å molecular sieve 

Toluene Na wire/benzophenone; stored over 4 Å molecular sieve 

 

10.2. Elemental Analysis 

Elemental analyses (C, H, N and S) were carried out with an Elementar Vario micro elemental 

analyzer. Calculation of the theoretical molar mass was done having relative atomic masses 

obtained from IUPAC tables. 
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10.3. Spectroscopic Methods 

10.3.1. Nuclear Magnetic Resonance 

NMR measurements were recorded either on a Bruker Avance II-300 MHz instrument or a 

Bruker AV400 spectrometer operating at 400.23 MHz. All samples were dissolved in deuterated 

solvents and chemical shifts (ŭ) are given in parts per million (ppm) using solvent signals as the 

reference (CDCl3
1
H: ŭ = 7.24 ppm; 

13
C: ŭ = 77.0 ppm; d6-DMSO 

1
H: ŭ = 2.49 ppm; 

13
C: ŭ = 39.5 

ppm; CD3CN 
1
H: ŭ = 1.94 ppm; 

13
C: ŭ = 1.3 ppm) related to external tetramethylsilane (ŭ = 0 

ppm). 
1
H decoupled 

13
C NMR spectra were recorded. Coupling constants (J) are reported in 

Hertz (Hz) and splitting patterns are designated as s (singlet), d (doublet), t (triplet), q 

(quadruplet), quint (quintuplet), spt (septet), m (multiplet), dd (doublet of doublet). 

 

10.3.2. Infrared  

All  infrared spectra were recorded on a Perkin-Elmer Fourier-Transform Infrared (FTIR) 

spectrophotometer in the range of 4000ï400 cm
-1

 using KBr pellets. Alternatively, Nujol mulls 

between KBr plates were used. The assignment of the bands was done with subjective 

appreciation: w = weak, m = medium, s = strong, vs = very strong, br = broad. 

 

10.3.3. UV-Vis (Ultraviolet -visible) 

UV-Vis spectra were recorded on a Shimadzu 3600 UV-vis spectrometer operating between 200 

and 1200 nm. Solutions with concentrations ranging from 10 to 1ɛM were prepared for the 

measurements. All measurements were made at room temperature (25 °C) in quartz cuvettes 

(path length = 1 cm). The optical energy gaps were calculated with the equation Eg(opt) (eV)= 

1239.95/ɚonset (nm).
[299]

  

 

10.3.4. Mass Spectrometry 

High resolution mass spectrometry (HRMS) analyses were carried out on a Water-Micromass Q-

TOF hybrid mass spectrometer equipped with an orthogonal electrospray source (z-sprey) at 

Trinity College in Dublin. This was operated in an electrospray positive ion mode (ESI
+
) or 

electrospray negative ion mode (ESI
-
). For compounds with higher molecular weight, mass 

spectra were measured on a Brucker microflex. matrix assisted laser desorption/ionization-

(MALDI -TOF) spectrometer. 

 

10.3.5. Photoluminescence measurement 

Fluorescence data were recorded with a Jasco FP-6500 spectrofluorometer equipped with a 

Peltier element and a magnetic stirrer. All measurements were made at room temperature in 

quartz cuvettes (path length = 1 cm). 

 

10.3.6. Electrochemistry 

Electrochemical measurements were carried out with an AUTOLAB PGSTAT12 

potentiostat/galvanostat using glassy carbon or platinum disc electrodes with a reaction surface 
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of 1 mm
2
 as working electrode. A platinum rod electrode (together with internal referencing 

versus ferrocene/ferrocenium) was used as reference electrode and a platinum knob electrode as 

auxiliary electrode. All measurements were carried out inside a glove box under argon 

atmosphere. Tetrabutylammonium hexafluorophosphate (0.1 M; electrochemical grade from 

Fluka) was used as electrolyte. The concentration of each sample was 0.01 mM to 0.10 mM in 5 

ml respective anhydrous solvent. Before recording the voltammograms, the sample was stirred 

for at least 15 min. The electrochemical methods used were cyclic voltammetry with a scan rate 

of typically 100 mVs
-1

 and differential pulsed voltammetry (DPV). HOMO and LUMO energy 

levels, referred to ferrocene were calculated, for reversible processes, from the reduction and 

oxidation onsets (Ὁ  and Ὁ  respectively) for the one-electron processes with the 

equations 6.4 and 6.5. 

 

10.3.7. EPR measurements 

Electron Paramagnetic Resonance (EPR) spectra were recorded on a Bruker ELEXSYS E500 

spectrometer equipped with a ER 049 X microwave bridge, an ER 083 CS magnet, and a digital 

temperature control system ER 4131 VT using liquid nitrogen as coolant. The microwave 

frequency of 9.4 GHz was modulated with 5ī9 G field modulation amplitude, 100 kHz field 

modulation frequency, and around 10 mW microwave power. The experiments were carried out 

by Dr. A. Claudia Stückl at the University of Göttingen. Spectra of compounds 3b and 4b were 

recorded at 250 K and at 152 K for compounds 1a, 1b and 3a. 

 

10.3.8. Single-crystal X-ray diffraction  

Suitable single crystals of compounds were mounted on a thin glass fibre coated with paraffin 

oil. X-ray single-crystal structural data were collected  at low temperature (170 k) using a STOE-

IPDS 2T diffractometer equipped with a normal-focus, 2.4 kW, sealed-tube X-ray source with 

graphite-monochromated MoKŬ radiation (ɚ =0.71073 ¡). The program XArea was used for 

integration of diffraction profiles; numerical absorbance correction was made with the programs 

X-shape and X-red32; all from STOE © 2010. The structures were solved by SIR92
[334]

 and 

refined by full-matrix least-squares methods using SHELXL-2013
[335]

.The non-hydrogen atoms 

were refined anisotropically. The hydrogen atoms were refined isotropically on calculated 

positions using a riding model with their Uiso values constrained to 1.5 Ueq of their pivot atoms 

for terminal sp
3
 carbon atoms and 1.2 times for all other carbon atoms. All crystallographic and 

structure-refinement data for all crystals in this thesis are summarized in in the Crystallographic 

Annex part. All calculations were carried out using SHELXL-2013
[335]

  and the WinGX system, 

Ver1.70.01.
[336] 

 

10.4. Sample preparation for spectroscopic measurements 

The nitrate salts of Ag
+
, Al

3+
, Ca

2+
, Cd

2+
, Co

2+
,Cu

2+
, Fe

3+
, Hg

2+
, Li

+
, Mg

2+
, Mn

2+
, Na

+
, Pb

2+
, Sn

2+
 

and Zn
2+

 were dissolved in deionized water to prepare stock solutions with the concentration of 

1.0×10
ī2

 M. Synthetic ligands were dissolved in methanol (except: L4b in THF) to prepare the 
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stock solutions with a concentration range 5 to 50 µM. The stock solution of KOH was prepared 

in methanol with a concentration of 2.0×10
ī2

 M. The prepared stock solution of the protected 

dithiolene ligands, KOH and metal ions were directly used in the spectroscopic measurement. 2 

mL of the ligandôs stock solution (50 ÕM concentration) and 12.5 ÕL KOH (concentration: 

2.0×10
ī2

 M) was transferred to a UV cuvette and the resulting solution was shaken well before 

recording the absorbance and emission spectra for the respective experiment. Then the metal 

stock solution was added to the above cuvette solution with varying ratios to investigate the 

probable binding of active ligand with the metal ion. 

 

10.5. Starting Materials 

3-bromobutane-2-one, 2-bromo-2ᾳ-acetonaphthone, 3-(Bromoacetyl) coumarin, 2-Bromo-4ᾳ 

cyanoacetophenone, aminofluorescein, 1-pyrenemethylamine hydrochloride, 1,8-naphthalic 

anhydride, 4-aminoacetophenone, 6-Amino-3,4-dihydro-1(2H)-naphthalenone, 9-

ethynylphenanthrene, 2-bromo-1-(p-azidophenyl) ethanone, dimethyl acetylenedicarboxylate, 

ethylene trithiocarbonate, mercuric acetate, perchloric acid, bromine, NiCl2Ā6H2O, AgNO3, 

Al(NO3)3, Ca(NO3)2, Cd(NO3)2, Co(NO3)2, Cu(NO3)2, Fe(NO3)2, HgCl2, LiCl, Mg(NO3)2, 

Mn(NO3)2, NaNO3, Ni(NO3)2, Pb(NO3)2, Sn(NO3)2, Zn(NO3)2 were purchased from Sigma 

Aldrich, Acros Organics, abcr and instituteôs chemical store and were used without further 

purification, unless otherwise stated. O-isopropylxanthate,
[137]

 K3Na[MoO2(CN)4]Ā6H2O,
[195]

 

K3Na[WO2(CN)4]Ā6H2O
[337]

 were prepared according to literature procedures. 

 

10.6. Ligand Synthesis 

 

10.6.1. dmdt-Ligand (L1) 

10.6.1a   Xanthate-Step  

Synthesis of O-isopropyl S-3-oxobutan-2-yl dithiocarbonate (L1a)
[179]

: O-

isopropylxanthate (3,48 g, 20 mmol) dissolved in 100 mL dry acetone was 

slowly added to a solution of 3-bromobutane-2-one (2 mL, 2.88 g, 19.1 mmol) 

in 40 mL dry acetone. The mixture was stirred for 1 h at r.t. and the solvent was removed in 

vacuum. The residue was dissolved in water and was extracted two times with Et2O. The organic 

phases were combined, dried over Na2SO4 and the solvent was evaporated on a rotary evaporator 

at 40°C yielding a yellow liquid consisting of O-isopropyl S-3-oxobutan-2-yl carbonodithioate. 

Yield: 3.86g (94%). 
1
H NMR (300 MHz, CDCl3) ŭ (ppm): 1.4 (d, J=6.2 Hz, 6H), 1.47 (d, J=7.2 

Hz, 3H), 2.31 (s, 3H), 4.38 (q, J=7.2 Hz, 1H), 5.73 (spt, J=6.2 Hz, 1H). 

 

10.6.1b   Ring closure  

Synthesis of 4, 5-dimethyl-1,3-dithiol -2-ones (L1b)
[116, 338]

: Compound L1a 

(3.86 g, 18.7 mmol) was slowly added to a solution of conc. H2SO4 (100 mL) 

that had been pre-cooled in an iceïsalt bath. The resulting solution was stirred 

for 30 min, the iceïsalt bath was removed, and the solution was stirred for a further 90 min. This 



10. Experimental Section 

163 

 

 

solution was cooled again in an ice bath and slowly poured into ice-cooled H2O (400 mL). After 

stirring for 15 min, the solution was extracted with CH2Cl2 (3 × 50 mL), dried over Na2SO4 and 

concentrated on a rotary evaporator to produce a crude, dark red oil that is purified by short-path 

vacuum distillation at 65-70 °C and 0,56 mbar pressure to afford 2.32 g (85%) of 4, 5-dimethyl-

1,3-dithiol-2-one as very pale yellow oil. The freshly prepared pale yellow oil was dissolved in 

warm hexane followed be cooling at -20 °C to obtain white colored single crystals and the 

structure was confirmed by single crystal X-ray crystallography according to literature
[116]

. 
1
H 

NMR (300 MHz, CDCl3) ŭ (ppm): 2.15 (s, 6H). 
13

C NMR (300 MHz, CDCl3) ŭ (ppm): 13.60, 

122.71, 191.91 ppm. IR (KBr pellet): (ɡ/cm
-1

) = 3447, 3245, 2945, 2911, 2847, 1754, 1657, 

1602, 1446, 1391, 1187, 1098, 948, 883, 753. HRMS (EI): m/z calculated for C5H6OS2: 

145.9860, Found: 145.9858. Elemental analysis for C5H6OS2: C, 41.07; H, 4.14; S, 43.86. 

Found: C, 40.46; H, 4.03; S, 44.41. Crystal data: C5H6OS2; Mr = 146.22; monoclinic, space 

group P21/c; a = 3.9263(8), b = 12.196(2), c = 13.424(3) Å; Ŭ = 90, ɓ = 92.61(3), ɔ = 90 °; V = 

642.2(2) Å
3
; Z = 4; T = 170(2) K; ɚ(MokŬ) = 0.71073 Å; Dcalcd = 1.512 gcm

-3
; ɛ = 0.721 mm

-1
. A 

total of 6845 reflections were collected, of which 1735 were unique (Rint = 0.1031); R1 = 0.0480, 

wR2 = 0.1278 for I>2ů(I). 

 

10.6.1c   Ring opening-de-protection  

Synthesis of 2, 3-dimethyl-1,4 dithiolate (L1): 0.0584 g (0.4 mmol) of 4, 5-

dimethyl-1,3-dithiol-2-one and 0.056 g (2.5 equivalents, 1 mmol) of potassium 

hydroxide were taken to a Schlenk flask under nitrogen atmosphere. 3 mL 

deuterated methanol was added to the flask and the mixture was stirred for 2h. The solution was 

turned to light yellow color indicating the de-protection of the ring. Then 1 mL of the above 

solution was used for spectroscopic measurement. 
1
H NMR (300 MHz, CDCl3) ŭ (ppm): 2.17(s, 

4H).
13

C NMR (300 MHz, CDCl3) ŭ (ppm): 161.3, 158.0, 132.9, 124.3 and 13.6. IR (KBr): 3404, 

3228, 2965, 2922, 2866, 1649, 1463, 1375, 1310, 1191, 1085, 913, 833 cm
ï1

. 

 

10.6.1d   Regenerating ring closure precursor ring opening and closing reversibility  

Synthesis of 4, 5-dimethyl-1,3-dithiol -2-one (L1b') : To the remaining 2mL 

solution of potassium dithiolate salt (L1) conc. HCl (56 ɛL, 2.5 equ., 1mmol ) 

was added and the mixture was stirred for another 1h. Then the mixture was 

filtered to remove the white precipitate of KCl and the filtrate was concentrated and 

characterized. 
1
H NMR (300 MHz, CDCl3) ŭ (ppm): 2.15(s, 6H).

13
C NMR (300 MHz, CDCl3) ŭ 

(ppm): 192.1, 122.8 and 13.7. IR (KBr): 3440, 3255, 2978, 2915, 2856, 1750, 1653, 1603, 1438, 

1369, 1191, 1097, 885, 750 cm
ï1

. 

 

10.6.2. mdt-Ligand (L2) 

 

10.6.2a   Bromination  

Synthesis of 1-bromopropan-2-one (L2a)
[339-340]

: A mixture of water (70mL) and acetone (20 

ml, 0.272 mol) was added to a three-necked round bottom flask (one of the necks was capped) 
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and started to reflux at 75 °C. Then 11.88 mL (0.198 mol) of glacial acetic acid 

was added to the above solvent mixture at approximate temperature of 50°C (the 

acid was added later to avoid possible condensation). Once reaching the reflux 

temperature bromine (7.64 mL, 0.15 mol) was added dropwise to the above reaction mixture 

maintaining the reflux till the red color of bromine disappeared. The reaction was cooled down to 

ice-bath temperature and neutralized with Na2CO3; during this step the product, which is not 

soluble in water, started to separate from the solution giving a colorless bottom layer. The 

reaction mixture was transferred to a separator funnel, the bottom (organic) layer was collected 

and the upper layer was extracted three times with dichloromethane, the combined solution 

(bottom layer and extracts with DCM) was dried over Na2SO4. The crude bromoacetone was 

purified by fractional distillation. Distillation was performed at 75 ºC under a vacuum of 13 

mmHg (b.p. 36 ºC). The final product is a clear oil that is a SEVERE LACHRYMA TOR. The 

product bromoacetone was stored under nitrogen at - 80 °C. Exposed to air it started to become 

brown in color slowly. Yield 6.14 g (60%). 
1
H NMR (300 MHz, CD3OD) ŭ (ppm): 4.12 (s, 2H), 

2.32 (s, 3H). 

 

10.6.2b   Xanthate-Step  

Synthesis of O-isopropyl S-2-oxo-2-methyl-ethylcarbonodithioate (L2b): 

O-isopropylxanthate (3.8 g, 22 mmol) dissolved in 50 mL EtOH was slowly 

added to a solution of 1-bromopropan-2-one (3 g, 22 mmol) dissolved in 25 

mL EtOH. The mixture was refluxed at 60° for 1 hr and then, after cooling down to room 

temperature, the white KBr precipitated was filtered off. The yellow solution was concentrated in 

a rotary evaporator and the yellow oil was dissolved in dichloromethane. The organic phases 

were washed three times with water, combined, dried over Na2SO4 and the solvent was 

evaporated on a rotary evaporator at 40°C yielding a yellow liquid consisting of the 

isopropylxanthate acetone product. Yield: 3.8g (90%). 
1
H NMR (300 MHz, CDCl3) ŭ (ppm): 

5.76-5.64 (spt, J=6.2 Hz, 1H), 3.95 (s, 2H); 2.28 (s; 3H); 1.39-1.37 (d, J=6.4 Hz, 6H). 

 

10.6.2c   Ring closure
[180]

  

Synthesis of 4-methyl-1,3-dithiol -2-one (L2c): 1 mL of sulfuric acid was 

slowly added to a solution of compound L2b (1.0 g, 5.2 mmol) in 1:1 ether-

dichloromethane solvent mixture (total 10 mL) and was stirred for 10 h. After 

that this solution was cooled in an ice bath and slowly poured into ice-cooled H2O (50 mL). 

After stirring for 15 min, the solution was extracted with CH2Cl2 (3 × 50 mL), dried over Na2SO4 

and concentrated on a rotary evaporator to produce a crude, dark red oil that is purified by short-

path vacuum distillation at 65-70 °C and 0.56 mbar pressure to afford 0.58 g (84 %) of 4-methyl-

1,3-dithiol-2-ones as clear white oil. 
1
H NMR (300 MHz, CDCl3) ŭ (ppm): 6.31-6.30 (q, J=1.5 

Hz, 1H), 2.27 (d, J=1.5 Hz, 3H). 
13
C NMR (300 MHz, CDCl3) ŭ (ppm): 194.0, 130.7, 111.8, 

17.9 ppm.  
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10.6.3. ntdt-Ligand (L 3)
[189, 192, 232]

 

 

10.6.3a   Xanthate-Step  

Synthesis of O-isopropyl-S-2-oxo-2- naphthyl-ethylcarbonodithioate 

(L3a): A solution of O-isopropylxanthate (2.38 g, 9.55mmol) in 

anhydrous acetone (50 mL) was added slowly to a solution of 2-Bromo-

2ǋ-acetonapthone (1.74g, 10 mmol) in anhydrous acetone (20 mL). The 

resulting solution was stirred for 2h and then it was filtered to remove KBr and the solvent was 

removed with a rotatory evaporator. The residue was suspended in 100 mL water and extracted 

with CHCl3. The organic portions were combined, dried over MgSO4 and concentrated on a 

rotary evaporator to obtain a pale white colored product. Crystallization of the crude product by 

slow evaporation from chloroform yielded the white colored needle shaped crystals. Yield: 91 % 

(2.65 g) 
1
H NMR (300 MHz, CDCl3) ŭ (ppm): 1.39 (d, 6H), 4.78 (s, 2H), 5.74 (m, 1H), 7.62 (m, 

2H), 7.95 (m, 4H), 8.57 (s, 1H). IR (KBr pellet): (ɡ/cm
-1

) = 3446 (br), 2980 (m), 2921 (w), 1692 

(vs), 1625 (s), 1591 (m), 1469 (m), 1384 (m), 1371 (m), 1358 (m), 1348 (s), 1299 (m), 1271 (w), 

1251 (m), 1224 (vs), 1170 (s), 1161 (s), 1146 (s), 1129 (s), 1094 (vs), 1051 (vs), 1026 (s), 941 

(m), 903 (w), 858 (m), 823 (s), 751 (m), 734 (m), 572 (m), 480 (m). Crystal data: C16H16O2S2; 

Mr = 304.41; monoclinic, space group P21/c; a = 6.5493(13), b = 10.338(2), c = 22.162(4) Å; Ŭ = 

90, ɓ = 96.33(3), ɔ = 90 °; V = 1491.4(5) Å
3
; Z = 4; T = 170(2) K; ɚ(MokŬ) = 0.71073 Å; Dcalcd = 

1.356 gcm
-3

; ɛ = 0.355 mm
-1

. A total of 14871 reflections were collected, of which 4012 were 

unique (Rint = 0.0501); R1 = 0.0415, wR2 = 0.1021 for I>2ů(I). 

 

10.6.3b   Ring closure
[180]

 

Synthesis of 4-naphthyl 1,3-dithio-2-one (L3b): O-isopropyl S-2-

(naphthalen-2-yl)-2-oxoethyl carbonodithioate (2.27 g, 7.5 mmol) was 

suspended in 56 ml Et2O:CHCl3 (1:3). Perchlroic acid (70 %, 4.5 ml, 75 

mmol ) was added and the mixture was heated up to 65 °C. During the 

heating period all of the starting compound went into solution. The mixture was stirred at RT for 

overnight. After that solvent was removed in a rotatory evaporator and the residue was 

suspended in 100 mL water and extracted with CHCl3 (3 × 50 mL). The organic portions were 

combined, dried over MgSO4 and concentrated on a rotary evaporator to obtain a light yellowish 

white colored product. Crystallization of the crude product by slow evaporation from chloroform 

yielded light yellow colored needle shaped crystals. Yield: 98 % (1.8 g). 
1
H NMR (300 MHz, 

CDCl3) ŭ (ppm): 6.96 (s, 1H), 7.54 (m, 3H), 7.85 (m, 4H). 
13

C-NMR (300 MHz, CDCl3) ŭ 

(ppm): 192.3, 135.0, 133.3, 133.2, 129.9, 129.1, 128.3, 127.8, 127.1, 127.1, 126.2, 123.1, 112.0 

ppm. Elemental analysis: calcd. For C13H8OS2: C, 63.90; H, 3.30; S, 26.25; Found: C, 63.70; H, 

3.95; S, 26.02. IR (KBr pellet): (ɡ/cm
-1

) = 3445 (br), 3089 (m), 3051 (w), 2919 (m), 2849 (w), 

1740 (w), 1708 (m), 1635 (vs), 1534 (w), 1504 (m), 1206 (m), 1127 (m), 888 (s), 860 (s), 818 

(s), 793 (m), 776 (s), 755 (s), 540 (m), 481 (s), 469 (w), 434 (m). HRMS (EI): m/z calculated for 

C13H8OS2: 244.0017, Found: 244.0013. Crystal data: C13H8OS2; Mr = 244.31; Orthorhombic, 
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space group Pbca; a = 11.994(2), b = 7.5124(15), c = 24.209(5) Å; Ŭ = ɓ = ɔ = 90°; V = 

2181.2(8) Å
3
; Z = 8; T = 170(2) K; ɚ(MokŬ) = 0.71073 Å; Dcalcd = 1.488 gcm

-3
; ɛ = 0.459 mm

-1
. 

A total of 21482 reflections were collected, of which 2953 were unique (Rint = 0.1757); R1 = 

0.0561, wR2 = 0.1176 for I>2ů(I). 

 

10.6.4. cmdt-Ligand (L4) 

 

10.6.4a   Xanthate-Step  

O-isopropyl-S-2-oxo-2-coumarine-ethylcarbonodithioate (L4a): A 

solution of O-isopropylxanthate (0.366 g, 2.1mmol) in anhydrous acetone 

(20 mL) was added slowly to a solution of 3-(Bromoacetyl) coumarin 

(0.53g, 2mmol) in anhydrous acetone (5 mL). The resulting solution was 

stirred for 2h and then filtered to remove KBr; the solvent was removed 

on a rotatory evaporator. The residue was suspended in 100 mL water and extracted with CHCl3. 

The organic portions were combined, dried over MgSO4 and concentrated on a rotary evaporator 

to afford 0.4932 g (76.5 %) of O-isopropyl S-2-oxo-2-coumarine-ethylcarbonodithioate as off 

white colored product. Crystallization of the crude product by slow evaporation from chloroform 

yielded the off-white colored needle shaped crystals. Yield: 76.5 % (0.4932 g). 
1
H NMR (300 

MHz, CDCl3) ŭ (ppm): 1.39 (d, J = 6.04 Hz, 6H), 4.69 (s, 2H), 5.69 (m, J = 6.42 Hz, 1H), 7.40 

(dd, J = 7.93 Hz, 2H), 7.69 (d, J = 7.55 Hz, 2H), 8.55 (s, 1H). IR (KBr pellet): (ɡ/cm
-1

) = 3442 

(br), 3049 (m), 2984 (m), 2964 (w), 2920 (m), 2870 (w), 1747 (s), 1725 (vs), 1688 (vs), 1604 

(vs), 1556 (vs), 1489 (w), 1454 (m), 1379 (m), 1367 (m), 1340 (m), 1308 (m), 1271 (m), 1243 

(vs), 1175 (vs), 1142 (s), 1091 (s), 1045 (vs), 996 (w), 968 (s), 924 (w), 899 (w), 872 (m), 863 

(m), 788 (m), 771 (m), 763 (s), 714 (m), 637 (w), 570 (m), 447 (m). Crystal data: C15H14O4S2; 

Mr = 322.38; triclinic, space group P-1; a = 8.2023(16), b = 10.177(2), c = 10.298(2) Å; Ŭ = 

118.32(3), ɓ = 94.42(3), ɔ = 99.51(3) °; V = 734.3(3) Å
3
; Z = 2; T = 170(2) K; ɚ(MokŬ) = 0.71073 

Å; Dcalcd = 1.458 gcm
-3

; ɛ = 0.375 mm
-1

. A total of 8808 reflections were collected, of which 

3927 were unique (Rint = 0.0386); R1 = 0.0483, wR2 = 0.1163 for I>2ů(I). 

 

10.6.4b   Ring closure 
[180]

 

Synthesis of 4-coumarine-1,3-dithio-2-one (L4b): O-isopropyl-S-2-oxo-2-

coumarine-ethylcarbonodithioate (0.49g, 1.53mmol) was suspended in 16 

ml Et2O:CHCl3 1:3. Perchloric acid (70 %, 0.92 ml, 15.3 mmol ) was added 

and the mixture was heated up to 65 °C. During the heating period all 

starting material was dissolved. The mixture was kept at 65 °C for additional 6 h and a pale 

yellow solid precipitated during stirring. Then the precipitate was filtered off, washed with Et2O 

(5 ml) and dried under vacuum. The title compound could be obtained as cream-coloured 

powder. Crystallization of the crude product by slow evaporation from chloroform yielded light 

yellow colored needle shaped crystals. Yield: 84.7 % (0.34 g). 
1
H NMR (300 MHz, CDCl3) ŭ 

(ppm): 8.07 (s, 1H), 7.66 (s, 1H), 7.58 (m, J = 6.80 Hz, 2H), 7.38 (m, J = 6.80 Hz, 2H). 
13

C-
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NMR (300 MHz, CDCl3) ŭ (ppm): 190.54, 158.21, 152.64, 139.78, 132.61, 128.32, 127.35, 

125.12, 120.93, 119.28, 118.58, 116.59. IR (KBr pellet): (ɡ/cm
-1

) = 3434 (br), 3099 (m), 3023 

(m), 1709 (vs), 1643 (vs), 1602 (s), 1560 (w), 1486 (m), 1449 (m), 1371 (m), 1292 (m), 1261 

(m), 1215 (w), 1124 (m), 1096 (s), 957 (m), 930 (m), 884 (m), 850 (w), 795 (m), 762 (s), 736 

(m), 652 (m), 623 (m), 561 (w), 525 (m), 452 (w), 433 (m). Elemental analysis: calcd. For 

C12H6O3S2: C, 54.95; H, 2.31; S, 24.45; Found: C, 53.83; H, 2.42; S, 24.13. Crystal data: 

C12H6O3S2; Mr = 262.29; triclinic, space group P-1; a = 6.7063(13), b = 7.2111(14), c = 

12.227(2) Å; Ŭ = 104.07(3), ɓ = 93.64(3), ɔ = 112.61(3) °; V = 521.28(18) Å
3
; Z = 2; T = 170(2) 

K; ɚ(MokŬ) = 0.71073 Å; Dcalcd = 1.671 gcm
-3

; ɛ = 0.500 mm
-1

. A total of 5715 reflections were 

collected, of which 2789 were unique (Rint = 0.0892); R1 = 0.0792, wR2 = 0.2196 for I>2ů(I). 

 

10.6.5. AFⱷphⱷdt Ligand (L5) 

 

10.6.5a   Hydrolysis of Nitriles 
[341-343]

 

Synthesis of 4-(2-bromoacetyl) benzoic acid (L5a): 2-Bromo-

4ôcyanoacetophenone (2.0 g, 8.93 mmol) was suspended in a mixture of 10 

ml acetic acid and 15 ml conc. HCl. The mixture was heated on an oil bath 

to 100 °C. During the heating period all of the starting material went into 

solution. After 30 min a colourless precipitate appeared. The mixture was kept for additional 3 h 

at 100 °C then it was poured into 100 ml ice water and the precipitate was collected. It was 

washed with water (150 ml) and cold diethyl ether (50 ml) and dried under high vacuum.  The 

title compound could be obtained as colourless powder.  Yield: 1.40 g, 5.76 mmol (64 %). 
1
H 

NMR (400 MHz, d6-DMSO) ŭ (ppm): 13.42 (bs, 1H), 8.10-8.01 (m, 4 H), 5.26 (s, 2 H). 
13

C 

NMR (400 MHz, d6-DMSO) ŭ (ppm): 191.44, 166.93, 138.62, 136.23, 129.61, 128.53, 128.29, 

127.83, 47.96. 

 

10.6.5b   Xanthate Step 

Synthesis of O-ethyl S-2-oxo-2-(benzoic acid)-ethylcarbonodithioate 

(L5b): 4-(2-bromoacetyl) benzoic acid (1.00 g, 4.11 mmol) was 

suspended in 70 ml acetonitrile. Potassium O-ethyl carbonodithioate 

(0.99 g, 6.18 mmol) was added and the solution was refluxed for 2.5 h. 

Then the solvent was removed under reduced pressure. The residue was 

suspended in 100 ml diluted HCl and extracted with diethyl ether (3 x 100 ml). The combined 

organic phases were washed with brine and dried over MgSO4. The solvent was removed under 

reduced pressure and the residue was dried under high vacuum. Recrystallization from diethyl 

ether afforded the title compound as colourless powder. Yield: 0.82 g, 3.02 mmol (73 %). 
1
H 

NMR (400 MHz, d6-DMSO) ŭ (ppm): 13.41 (bs, 1 H), 8.15 (d, J = 8.4 Hz, 2H), 8.10 (d, J = 8.4, 

2H), 4.90 (s, 2 H), 4.56 (q, J = 7.0 Hz, 2), 1.26 (t, J = 7.0 Hz, 3 H). 
13

C NMR (400 MHz, d6-

DMSO) ŭ (ppm): 213.02, 192.29, 166.55, 138.85, 134.91, 129.65, 128.49, 70.71, 42.88 and 

13.41. ESI-MS: [M+Na]: found 307.0056 calc. 307.0075. 
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10.6.5c   Ring closure 

Synthesis of 4-(benzoic acid)-1,3-dithio-2-one (L5c)
[180]

: O-ethyl S-2-

oxo-2-(benzoic acid)-ethylcarbonodithioate (L5b) (300 mg, 1.06 mmol) 

was suspended in 8 ml Et2O:CHCl3 1:3. Perchlroic acid (70 %, 0.90 ml, 

10.4 mmol ) was added and the mixture was heated up to 65 °C. During the 

heating period all of the starting compound went into solution. After 1 h a 

cream-coloured precipitate started to form. The mixture was kept at 65 °C for additional 7 h. 

Then the precipitate was filtered out, washed with Et2O (5 ml) and dried under vacuum. The title 

compound could be obtained as cream-coloured powder. Yield:  162 mg, 0.680 mmol (64 %). 
1
H-NMR (400 MHz, d6-DMSO) ŭ (ppm): 13.06 (bs, 1 H), 8.01 (d, J = 8.2 Hz, 2H), 7.85 (s, 1 H), 

7.68 (d, J = 8.2, 2 H). 
13

C-NMR (400 MHz, d6-DMSO) ŭ (ppm): 191.99, 166.64, 135.70, 132.17, 

130.93, 130.21, 126.20, 116.81. ESI-MS: [M-H]: found 236.9688 calc. 236.9680. 

 

10.6.5d   Amide Bond Formation
[187]

 

Synthesis of aminofluorescein 4-(2-oxo-1,3-dithiol -4-yl) benzoate 

(L5d): 0.14 g (0.6 mmol) of 4-(benzoic acid)-1,3-dithio-2-one and 

0.2 g (0.6 mmol) of aminofluorescein was taken in a Schlenk flask 

fitted with a condenser under N2 atmosphere. Then 15 mL of 

anhydrous pyridine was added to the flask under N2 atmosphere and 

0.7 equivalents of SiCl4 were added to the above reaction mixture. The reaction mixture was 

refluxed at 115 °C for 3 h and then it was poured into crushed ice and stirred for 10 mins. The 

yellow precipitate was filtered and recrystallized with hot EtOH. Then the precipitate was 

filtered out, washed with Et2O and dried under vacuum. The title compound could be obtained as 

yellow-coloured powder. Yield: 0.34 mmol (57 %). Elemental analysis: calcd. For C30H17NO7S2: 

C, 63.48; H, 3.02; N, 2.47; S, 11.30. Found: C, 61.89; H, 3.08; N, 2.68; S, 10.95. 
1
H-NMR (300 

MHz, d6-DMSO) ŭ (ppm): 10.85 (s, 1H), 10.14 (bs, 1H, NH), 8.89 (d, J = 4.9 Hz, 1H), 8.5 (d, J = 

1.9 Hz, 1H), 8.11 (d, J = 8.7 Hz, 3H), 7.87 (s, 1H), 7.77 (d, J = 8.7 Hz, 2H), 7.28 (d, J = 8.7 Hz, 

1H), 6.69 (d, J = 2.3 Hz, 2H), 6.58 (m, 4H). 
13

C-NMR (300 MHz, d6-DMSO) ŭ (ppm): 191.98, 

168.58, 165.09, 159.75, 151.98, 146.34, 141.73, 140.71, 134.92, 134.49, 132.18, 129.11, 128.86, 

127.45, 127.29, 126.91, 126.10, 124.43, 116.60, 114.88, 112.75, 109.73 and 102.22. HRMS 

(ESI): m/z calculated for C30H17NO7S2 [M+H]
+
: 568.0446, Found: 568.0523.  

 

10.6.6. PYRⱷphⱷdt Ligand (L 6)
[187]

  

0.07 g (0.3 mmol) of 4-(benzoic acid)-1,3-dithio-2-one and 0.08 g 

(0.3 mmol) of 1-pyrenemethylamine hydrochloride was taken in a 

Schlenk flask fitted with a condenser under N2 atmosphere. Then 

10 mL of anhydrous pyridine was added to the flask under N2 

atmosphere and 0.7 equivalents of SiCl4 were added to the above reaction mixture. The reaction 

mixture was refluxed at 115 °C for 3h and then it was poured into crushed ice and stirred for 10 

mins. The pale yellow precipitate was filtered and triturated with hot EtOH. Then the precipitate 
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was filtered out, washed with Et2O and dried under vacuum. The title compound could be 

obtained as yellow-coloured powder. Yield: 0.168 mmol (56 %). 
1
H-NMR (400 MHz, d6-

DMSO) ŭ (ppm): 9.98 (s, 1NH), 8.53-7.66 (m, 13H), 7.81 (s, 1H), 5.26 (d, 2H). HRMS (ESI): 

m/z calculated for C27H17NO2S2 [M+Na]
+
: 474.0701, Found: 474.0614.  

 

10.6.7. NIⱷphⱷdt Ligand (L7)
[231]

 

 

10.6.7a   Formation of imide bond (L7a) 

Synthesis of 1-(phenyl-4-napthalene-imide) ethanone (L7a): 1,8-

naphthalic anhydride (0.396 g, 2 mmol) and 4-aminoacetophenone 

(0.297 g, 2.2 mmol) were heated at reflux under nitrogen in dry DMF 

(10 mL) for 24 h. The solution was cooled to room temperature and the 

product precipitated with the addition of 10 mL diethylether. The precipitate was collected by 

filtr ation and dried under a reduced pressure to produce a pale cream colored crystalline solid. 

Yield: 0.53 g (84 %). 
1
H NMR (300 MHz, CDCl3) ŭ (ppm): 8.66 (dd, J = 7.2 Hz, 2H), 8.3 (dd, J 

= 8.3 Hz, 2H), 8.15 (m, 2H), 7.82 (dd, J = 8.1 Hz, 2H), 7.46 (m, 2H), 2.67 (s, 3H). 
13

C-NMR 

(300 MHz, CDCl3) ŭ (ppm): 197.2, 164.1, 139.8, 137.1, 134.6, 131.8, 129.4, 129.2, 127.1, 122.5, 

26.8 ppm. IR (KBr pellet): (ɡ/cm
-1

) = 3435 (br), 3061 (m), 3004 (w), 2919 (w), 2596 (w), 1702 

(vs), 1680 (vs), 1663 (vs), 1623 (s), 1598 (s), 1585 (vs), 1512 (m), 1435 (s), 1411 (s), 1372 (vs), 

1358 (vs), 1350 (vs), 1304 (m), 1294 (m), 1261 (s), 1235 (vs), 1202 (s), 1186 (vs), 1140 (m), 

1110 (m), 1024 (s), 1017 (m), 960 (m), 900 (s), 849 (s), 832 (vs), 850 (m), 784 (vs), 740 (m), 

719(s), 689 (s), 597 (s), 578 (m), 546 (m), 498 (w), 478 (m). MS (EI): m/z calculated for 

C20H13NO3: 315.3, Found: 315.9. Crystal data: C20H13NO3; Mr = 315.31; monoclinic, space 

group P21; a = 5.2549(11), b = 14.469(3), c = 9.7212(19) Å; Ŭ = 90, ɓ = 99.57(3), ɔ = 90 °; V = 

728.8(3) Å
3
; Z = 2; T = 170(2) K; ɚ(MokŬ) = 0.71073 Å; Dcalcd = 1.437 gcm

-3
; ɛ = 0.097 mm

-1
. A 

total of 7124 reflections were collected, of which 3609 were unique (Rint = 0.0394); R1 = 0.0438, 

wR2 = 0.1106 for I>2ů(I). 

 

10.6.7b   Bromination
[231, 340]

 

Synthesis of 2-bromo-1-(phenyl-4-napthalene-imide) ethanone 

(L7b):  The imide compound (7a) (0.315 g, 1.0 mmol) and 26 ɛL 

bromine (0.5 mmol) were stirred together for 3 h at 60 °C in 40 mL 

acetic acid. After this time further bromine (26 ɛL, 0.5 mmol) was 

added, and the mixture was stirred for further 3 h at 60 °C. The mixture was cooled to room 

temperature, and the precipitate that formed was collected by filtration. Deionized water (20 mL) 

was added to the filtrate causing further precipitation, and the solid was collected by filtration. 

The product was separated by column chromatography using a mixture of solvents as an eluant 

(95 mL CH2Cl2, 5 mL ethyl acetate, 10 drops of methanol) over a silca gel support leaving a pale 

cream solid: Yield: 0.045 g, (11%). Elemental analysis: calcd. For C20H12BrNO3: C, 60.93; H, 

3.07; N, 3.55; Found: C, 61.33; H, 3.54; N, 3.32. 
1
H NMR (300 MHz, CDCl3) ŭ (ppm): 8.66 (d, J 
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= 6.8 Hz, 2H), 8.31 (d, J = 7.9 Hz, 2H), 8.19 (d, J = 8.3 Hz, 2H), 7.82 (t, J = 7.7 Hz, 2H), 7.49 (d, 

J = 8.3 Hz, 2H), 4.51 (s, 2H). 
13

C-NMR (300 MHz, CDCl3) ŭ (ppm): 190.4, 164.0, 140.5, 134.6, 

133.9, 131.8, 131.7, 130.0, 129.6, 127.1, 122.5, 30.8 ppm. MS (EI): m/z calculated for 

C20H12BrNO3 [M]
-
: 393.2, Found: 393.8. 

 

10.6.7c   Xanthate-Step (L7c) 

2-bromo-1-(phenyl-4-napthalene-imide) ethanone (0.045 g, 0.12 

mmol) and potassium O-isopropylxanthate (0.026 g, 0.15 

mmol) were stirred together in anhydrous acetone (20 mL) 

overnight. After that the white precipitate of KBr was filtered 

off and the filtrate was concentrated in a rotary evaporator and then dissolved in 

dichloromethane. The organic solvent was washed three times with deionized water (50 mL), 

combined, dried over Na2SO4 and the solvent was evaporated on a rotary evaporator at 40°C 

yielding a pale yellow solid. Yield: 0.03 g (60 %). Elemental analysis: calcd. For C24H19NO4S2: 

C, 64.12; H, 4.26; N, 3.12; S, 14.27; Found: C, 65.10; H, 4.93; N, 2.93; S, 13.64. 
1
H NMR (300 

MHz, CDCl3) ŭ (ppm): 8.67 (dd, J = 7.6 Hz, 2H), 8.31 (dd, J = 8.3 Hz, 2H), 8.22 (m, 2H), 7.82 

(dd, J = 8.1 Hz, 2H), 7.49 (m, 2H), 5.74 (spt, J= 6.2 Hz, 1H), 4.69 (s, 2H), 1.39 (d, J = 6.0 Hz, 

6H). 
13

C-NMR (300 MHz, CDCl3) ŭ (ppm): 212.3, 191.6, 164.0, 140.3, 135.8, 134.6, 131.8, 

131.7, 129.6, 129.5, 128.5, 127.1, 122.5, 78.9, 43.3, 21.3 ppm. 

 

10.6.7d   Ring closure (L7d)
[116, 338]

 

Compound L7c (0.03 g, 0.07 mmol) was slowly added to a solution of 

conc. H2SO4 (20 mL) that had been pre-cooled in an iceïsalt bath. The 

resulting solution was stirred for 30 min, the iceïsalt bath was removed, 

and the solution was stirred for a further 90 min. This solution was 

cooled in an ice bath and slowly poured into ice-cooled H2O (250 mL) and neutralized with 

NaHCO3. After stirring for 15 min, the solution was extracted with CH2Cl2 (3 × 50 mL), dried 

over Na2SO4 and concentrated on a rotary evaporator to produce a cream yellow colored product. 

Yield: 0.023 g (84 %). Elemental analysis: calcd. For C21H11NO3S2: C, 64.76; H, 2.85; N, 3.60; 

S, 16.47; Found: C, 63.94; H, 2.49; N, 3.89; S, 16.35. 
1
H NMR (300 MHz, CDCl3) ŭ (ppm): 8.67 

(dd, J = 7.2 Hz, 2H), 8.30 (dd, J = 8.3 Hz, 2H), 7.82 (dd, J = 8.3 Hz, 2H), 7.62 (m, 2H), 7.40 (m, 

2H), 6.93 (s, 1H). MS (EI): m/z calculated for C21H11NO3S2: 389.4, Found: 389.9. 

 

10.6.8. tldt-Ligand (L8) 

 

10.6.8a   Bromination  

Synthesis of 6-Amino-2-bromo-3,4-dihydro-1(2H)-naphthalenone (L8a): 

6-Amino-3,4-dihydro-1(2H)-naphthalenone (0.08 g, 0.5 mmol) and K2CO3 

(0.083 g, 0.6 mmol) were stirred in 10 ml CCl4 to which liquid bromine (0.25 

ɛL, 0.5 mmol) was added slowly at room temperature. The reddish brown 

solution was allowed to stir for an hour, then it turned pale yellow. It was then filtered to remove 
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the precipitated KBr and the solution was concentrated in a rotary evaporator. The pale yellow 

oil was then dissolved in 50 ml chloroform and washed three times with distilled water to 

remove the inorganic salts. Further concentration to dryness affords a brown colored liquid 

which was then recrystallized from ethanol. Yield 0.09 g (0.375 mmol, 75 %). HRMS (EI): m/z 

calculated for C10H10NOBr: 238.9946, Found: 238.9942. 

 

10.6.8b   Xanthate-Step (L8b) 

To a solution of 6-Amino-2-bromo-3,4-dihydro-1(2H)-naphthalenone 

(0.72 g, 3 mmol) in 25 ml EtOH, was added a solution of potassium O-

isopropylxanthate (0.52 g, 3 mmol) in 25 ml EtOH. The mixture was 

heated at 60 °C for one hour and the precipitated KBr was filtered off. 

The collected yellow solution was concentrated in a rotary evaporator and the yellow oil 

obtained was dissolved in dichloromethane. The solution was washed three times with water and 

50 mL brine solution, dried over MgSO4. Dichloromethane was evaporated under reduced 

pressure and the residue was dried under high vacuum to obtain the pale yellow solid. Yield 0.62 

g (2.09 mmol, 70 %). HRMS (ESI): m/z calculated for C14H17NO2S2 [M+H]
+
: 296.4203, Found: 

296.4210.  

 

10.6.8c   Ring closure (L8c) 

35% HBr in acetic acid solution (30 ml) was added to the compound (L8b) 

(0.62 g, 2.09 mmol) and stirred for 15 h at room temperature. The resultant 

brownish solution was slowly added to excess of ice water while vigorously 

stirred, which affords a highly hydrophobic and soft pale brown solid. It was 

then filtered through a Buchner funnel and the solid was washed with distilled water and diethyl 

ether. The product was air dried for 1 hr and then in extreme vacuum for another 15 h. Yield 0.41 

g (1.74 mmol, 83 %). 
1
H NMR (300 MHz, CDCl3) ŭ (ppm): 2. 46 (t, 3H), 3.11 (t, 3H), 7.35-8.12 

(m, 3H). HRMS (ESI): m/z calculated for C11H9NOS2 [M+H]
+
: 236.3253, Found: 236.3250. 

 

10.6.9. 4-PhenTⱷphⱷdt Ligand (L9) 

 

10.6.9a   Click Reaction 

Synthesis of 1-(p-bromoacetyl benzene) 4-phenanthrene 

triazole (L9a): 9-ethynylphenanthrene (0,02 g, 0,1 mmol) in 

10 ml dry acetonitrile was almost dissolved when 2-bromo-1-

(p-azidophenyl) ethanone (0,024 g, 0,1 mmol) was added 

without much exposure to light. After everything was 

dissolved, a mixture of Cu(OAc)2 (0,4 M in water, 0,004 mmol, 10 ɛl) and NaAsc (1 M in water, 

0,05 mmol, 50 ɛl) was added. The mixture was stirred overnight before solvent removal. The 

residue was then dissolved in EDTA solution (0.1 M, pH 10) and chloroform. The extraction 

with chloroform gave, after drying over Na2SO4 and solvent evaporation, some unclear NMR, 
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which includes at least the starting materials. In ESI HRMS the mass peak is visible at 442,05. 
1
H NMR (600 MHz, DMSO-D6) ŭ (ppm): 5.30 (s, 2H), 8.23-8.31 (m, 13H), 9.53 (s, 1H). 

 

10.6.9b   Xanthate-Step (L9b) 

Compound L9a (0.026 g, 0.06 mmol) and potassium O-

isopropylxanthate (0.012 g, 0.07 mmol) were stirred 

together in 10 mL anhydrous acetone overnight. After that 

the white precipitate of KBr was filtered off and the filtrate 

was concentrated in a rotary evaporator and then dissolved 

in dichloromethane. The organic solvent was washed three times with deionized water (50 mL), 

combined, dried over Na2SO4 and the solvent was evaporated on a rotary evaporator at 40°C 

yielding a pale yellow solid. Yield: 0.019 g (63 %). 
1
H NMR (600 MHz, DMSO-D6) ŭ (ppm): 

1.38 (d, J=6.2 Hz, 6H), 4.67 (s, 2H), 5.74 (spt, J=6.2 Hz, 1H), 8.23-8.80 (m, 13H), 9.38 (s, 1H).  

 

10.6.9c   Ring Closure (L9c) 

1 mL of sulfuric acid was slowly added to a solution of 

compound L9b (0.019 g, 0.038 mmol) in a 1:1 ether-

dichloromethane solvent mixture (total 10 mL) and was stirred 

for 10 h. After that this solution was cooled in an ice bath and 

slowly poured into ice-cooled H2O (20 mL). After stirring for 15 min, the solution was extracted 

with CH2Cl2 (3 × 30 mL), dried over Na2SO4 and concentrated on a rotary evaporator to produce 

a crude product which was impossible to isolate from the reaction mixture due to the presence of 

the acid sensitive triazole ring in the compound. 

 

10.6.10. Ligand L10 

 

10.6.10a Condensation 

Synthesis of 4,5-dimethylcarboxylate 1,3-Dithiole-2-thione (L10a):
[344]

 

Dimethyl acetylenedicarboxylate (1.23 mL, 10 mmol) and ethylene 

trithiocarbonate (1.36 g, 10 mmol) were heated to reflux for 7h under N2 

atmosphere in 6 mL anhydrous toluene. After refluxing for a minimum of 7 h the 

solution was chilled and the first crop was collected, successive concentration of 

the liquors gave additional crops of material which was less pure, but adequate for subsequent 

hydrolysis. Combined total yields amounted to 2.12 g (85 %). 
1
H NMR (300 MHz, DMSO-D6) ŭ 

(ppm): 3.84. 
13

C-NMR (300 MHz, DMSO-D6) ŭ (ppm): 208.6, 157.6, 138.2, 54.0. Crystal data: 

C7H6O4S3; Mr = 250.30; monoclinic, space group P21/c; a = 13.159(3), b = 9.3935(19), c = 

8.0062(16) Å; Ŭ = 90, ɓ = 102.92(3), ɔ = 90 °; V = 964.6(3) Å
3
; Z = 4; T = 170(2) K; ɚ(MokŬ) = 

0.71073 Å; Dcalcd = 1.724 gcm
-3

; ɛ = 0.751 mm
-1

. A total of 10547 reflections were collected, of 

which 2591 were unique (Rint = 0.0546); R1 = 0.0700, wR2 = 0.2508 for I>2ů(I). 
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10.6.10b Ester Hydrolysis 

Synthesis of 4,5-bis(hydroxymethyl)-1,3-dithiole-2-thione (L10b):
[345]

 A 

solution of 4,5-dimethylcarboxylate 1,3-Dithiole-2-thione (L10a) (2.12 g, 8.47 

mmol) in THF (10 mL) was added dropwise to a solution of NaBH4 (2.17 g, 

57.34 mmol) and LiCl (0.21 g, 5mmol) in 15 mL of MeOH and 5 mL of THF. 

The solution was maintained at ca. -10 °C by external cooling while the diester was added. A 

substantial evolution of gas accompanied the addition. The reaction mixture was stirred 

vigorously at 0-10 °C for 3 h after the addition was complete; chilled water (60 mL, 5 °C) was 

then added. The resulting mixture was extracted with chilled ethyl acetate (-10 °C, 50 mL). The 

combined organic extracts were washed with brine (50 mL), dried over MgSO4, and 

concentrated. The yellow crude product was recrystallized from dry acetone and hexane to give 

yellow needle shaped microcrystalline product. Yield: 1.19g (72 %). 
1
H NMR (300 MHz, 

DMSO-D6) ŭ (ppm): 4.45 (d, J = 6 Hz, 4H), 5.89 (t, J = 6 Hz, 2H). 
13

C-NMR (300 MHz, 

DMSO-D6) ŭ (ppm): 57.9, 143.6 and 213.6. MS (EI): m/z calculated for C5H6O2S3: 194.29, 

Found: 193.9. 

 

4-methylcarboxylate-5-hydroxymethyl 1,3-Dithiole-2-one (L10c):
[346-348]

 A 

solution of 1g mercuric acetate and 12 ml of glacial acetic acid was added to the 

4, 5-bis(hydroxymethyl)-1,3-dithiole-2-thione (L10b) dissolved in 10 mL of 

CHC13. The suspension was stirred for 2.5 h and filtered out through celite. The 

organic part was washed with saturated Na2CO3 and water and dried over Na2SO4 to obtain a 

pale-yellow oil as product after removing the solvent in a rotatory evaporator. Then 2 mL of 

hexane was added to the crude product and stirred for 5 mins to obtain a light yellowish white 

colored solid as pure product. 
1
H NMR (300 MHz, DMSO-D6) ŭ (ppm): 3.87 (s, 3H), 4.93 (d, J 

= 6 Hz, 2H), 5.82 (t, J = 6 Hz, 1H). Crystal data: C6H6O4S2; Mr = 206.23; monoclinic, space 

group P21/n; a = 3.8936(8), b = 9.1518(18), c = 22.568(5) Å; Ŭ = 90, ɓ = 93.07(3), ɔ=90 °; V = 

803.0(3) Å
3
; Z = 4; T = 170(2) K; ɚ(MokŬ) = 0.71073 Å; Dcalcd = 1.706 gcm

-3
; ɛ = 0.631 mm

-1
. A 

total of 7550 reflections were collected, of which 2142 were unique (Rint = 0.0488); R1 = 0.0336, 

wR2 = 0.0730 for I>2ů(I). 

 

10.6.11. Ligand L11 

 

10.6.11a 4, 5-bis(bromomethyl)-1,3-dithiol -2-one (L11a)
[349-350]

 

Redish brown crystalline compound 4,5-dimethyl-1,3-dithiol-2-one (L1b) (1.1 g, 

7.5 mmol) was dissolved in 30 ml of dry CCl4 together with NBS (2.0 g, 11.28 

mmol) and the mixture was refluxed over white light for 1 h. After the reaction was 

complete, it was cooled down to room temperature and deionized water was added 

to complete the reaction. The product was extracted with CH2Cl2 and the organic 

phase was dried over Na2SO4. The solvent was evaporated on a rotary evaporator to yield brown 

crystals. Further purification was done using column chromatography (silica gel, EtOAc/pet-

ether 1:5) and the first fraction was recrystallized with hexane to obtain snowflake shaped 
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crystals suitable for single crystal X-ray diffraction. 
1
H NMR (300 MHz, CDCl3) ŭ (ppm): 4.35 

(s, 4H). Crystal data: C5H4Br2OS2; Mr = 304.02; monolinic, space group C2/c; a = 14.901(5), b 

= 7.8584(16), c = 7.4649(15) Å; Ŭ = 90, ɓ = 104.88(4), ɔ = 90 °; V = 844.8(4) Å
3
; Z = 4; T = 

170(2) K; ɚ(MokŬ) = 0.71073 Å; Dcalcd = 2.390 gcm
-3

; ɛ = 10.017 mm
-1

. A total of 4511 

reflections were collected, of which 1142 were unique (Rint = 0.1112); R1 = 0.0614, wR2 = 0.1455 

for I>2ů(I). 

 

10.6.11b 4, 5-bis(dibromomethyl)-1,3-dithiol -2-one (L11b)
[350]

 

4,5-dimethyl-1,3-dithiol-2-one (0.24 g, 1.64 mmol) was dissolved in 15 ml dry 

CCl4 together with NBS (0.876 g, 4.92 mmol) and was refluxed over white light 

for 3.5 h. The mixture was cooled down to room temperature and deionized 

water was added to quench the reaction and the mixture was extracted with 30 

mL of CH2Cl2. The organic phase was separated, dried over Na2SO4 and the 

solvent was evaporated on a rotary evaporator. The product was purified by column 

chromatography with silica gel and DCM and obtained as white solid. 
1
H NMR (300 MHz, 

CDCl3) ŭ 6,80 (s, 2H). Crystal data: C5 H2 Br4OS2; Mr = 461.83; triclinic, space group P-1; a = 

8.5452(17), b = 11.985(2), c = 12.179(2) Å; Ŭ = 104.82(3), ɓ = 105.80(3), ɔ = 103.43(3) °; V = 

1097.5(4) Å
3
; Z = 4; T = 173(2) K; ɚ(MokŬ) = 0.71073 Å; Dcalcd = 2.795 gcm

-3
; ɛ = 15.000 mm

-1
. 

A total of 11953 reflections were collected, of which 5877 were unique (Rint = 0.1042); R1 = 

0.0624, wR2 = 0.1632 for I>2ů(I). 

 

10.7. Synthesis of Ni-bis(dithiolene) Complexes
[137, 177, 190]

 

 

10.7.1. Synthesis of [K][Ni(dmdt)2] (1a) 

0.146 g (1.0 mmol) of 4, 5-dimethyl-1,3-dithiol-2-one (L1b) was suspended with 2.5 equivalents 

of KOH (0.14 g, 2.5 mmol) in 15 ml of degassed methanol and stirred under nitrogen for 1 h at 

50 °C, affording an orange solution. 3 mL solution of NiCl2Ā6H2O (0.12 g, 0.5 mmol) in 

methanol was added, and the resulting reaction mixture was stirred for another 0.5 h. Then it was 

concentrated to about 5 mL, affording the dark brown colored precipitate. The target product was 

obtained by filtration and recrystallization from chloroform. The single crystals were obtained 

from a solvent mixture of THF-acetonitrile by slow diffusion but the crystal quality was not good 

enough for single crystal X-ray diffraction. Yield: 0.15g (46 %). Elemental analysis: calcd. For 

C8H12KNiS4: C, 28.75; H, 3.62; S, 38.37; Found: C, 29.55; H, 3.18; S, 36.98. Mass spectrum: 

calcd. For C8H12NiS4 [M]
-
 293.92, Found: 293.86. UV-Vis (CH3CN): ɚmax, nm (Ů, M

-1
cm

-1
) = 

918 (3960). 

 

10.7.2. Synthesis of [Ph4P][Ni(dmdt)2] (1b) 

0.146 g (1.0 mmol) of 4, 5-dimethyl-1,3-dithiol-2-one (L1b) was suspended with 2.5 equivalents 

of KOH (0.14 g, 2.5 mmol) in 15 ml degassed methanol and stirred under nitrogen for 1 h at 50 

°C, affording an orange solution. Then a 3 mL solution of NiCl2Ā6H2O (0.12 g, 0.5 mmol) in 
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methanol was added, and the resulting reaction mixture was stirred for another 0.5 h. The 

solution turned dark brown. Then 3 ml solution of Ph4PCl (0.37 g, 1.0 mmol) in methanol was 

added to the reaction mixture under nitrogen atmosphere and the reaction mixture was 

continuously stirred for an additional 0.5 h. Then it was concentrated to about 5 ml, affording a 

dark brown precipitate. The target product was obtained by filtration and washed with water and 

methanol. The single crystals were obtained from a solvent mixture of acetonitrile-Et2O by the 

slow diffusion method but the crystal was not suitable for XRD. Yield: 0.23 g (37 %). Elemental 

analysis: calcd. For C32H32NiPS4: C, 60.57; H, 5.08; S, 20.21; Found: C, 61.55; H, 4.92; S, 

19.98. Mass spectrum: calcd. For C8H12NiS4 [M]
-
 293.92, Found: 293.90. CV (in CH3CN, 25°C, 

Bu4NPF6, vs Fc/Fc
+
): ὉȾ= ï1.06 V; Ὁȟ = ï0.41 V, Ὁȟ = ï0.61 V. 

 

10.7.3. Synthesis of [Ni(dmdt)2] (1c): 

0.146 g (1 mmol) of 4, 5-dimethyl-1,3-dithiol-2-one (L1b) was suspended with 2.5 equivalents 

of KOH (0.14 g, 2.5 mmol) in 15 ml degassed methanol and stirred under nitrogen for 1 h at 50 

°C, affording an orange solution. Then, 3 ml solution of NiCl2Ā6H2O (0.12 g, 0.5 mmol) in 

methanol was added, and the resulting reaction mixture was stirred for another 0.5 h and the 

solution turned dark brown. 3 ml solution of I2 (0.253 g, 1 mmol) in acetonitrile was added and 

the reaction mixture was continuously stirred for 0.5 h resulting in the formation of a black 

coloured precipitate. The target product was obtained by filtration and washed with MeOH, 

Et2O. Yield: 0.11 g (38 %). 
1
H NMR (300 MHz, CDCl3) ŭ (ppm): 2.72 (S, 12H). 

13
C-NMR (300 

MHz, CDCl3) ŭ (ppm): 181.0 (C=C(CH3)ïS), 22.12 (CH3). CV (in THF, 25°C, Bu4NPF6, vs 

Fc/Fc
+
): ὉȾ= ï1.15 V; Ὁȟ = ï0.35 V, Ὁȟ = ï0.52 V. 

 

10.7.4. Synthesis of [K][Ni(mdt)2] (2a) 

4-methyl-1,3-dithiol-2-one (L2c) (1.19 g, 9 mmol) was suspended with 2.0 equivalents of KOH 

(1.01 g, 18 mmol) in 15 ml of degassed methanol and the solution was stirred under nitrogen for 

1 h at 50 °C, affording an orange solution. A 3 ml solution of NiCl2Ā6H2O (1.07 g, 4.5 mmol) in 

methanol was added, and the resulting reaction mixture was stirred for 0.5 h. The solution turned 

dark brown. Then it was concentrated to about 5 mL, affording the dark brown colored 

precipitate. The target product was obtained by filtration and recrystallized from chloroform. 

Yield: 1.01g (37 %). Elemental analysis: calcd. For C6H8KNiS4: C, 23.54; H, 2.63; S, 41.89; 

Found: C, 22.25; H, 3.08; S, 39.78. Mass spectrum: calcd. For C8H12NiS4 [M]
-
 265.89, Found: 

267.86. CV (in CH3CN, 25°C, Bu4NPF6, vs Fc/Fc
+
): ὉȾ= ï1.02 V; Ὁȟ = ï0.39 V, Ὁȟ = ï0.57 

V. 

 

10.7.5. Synthesis of [Ph4P][Ni(mdt)2] (2b) 

4-methyl-1,3-dithiol-2-one (L2c) (1.19 g, 9 mmol) was suspended with 2.0 equivalents of KOH 

(1.01 g, 18 mmol) in 15 ml of degassed methanol and the solution was stirred under nitrogen for 

1 h at 50 °C, affording an orange solution. A 3 ml solution of NiCl2Ā6H2O (1.07 g, 4.5 mmol) in 

methanol was added, and the resulting reaction mixture was stirred for 0.5 h. The solution turned 
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dark brown. Then 3 ml solution of Ph4PCl (3.37 g, 9 mmol) in methanol was added to the 

reaction mixture under nitrogen atmosphere and the reaction mixture was continuously stirred for 

an additional 0.5 h. Then it was concentrated to about 5 ml, affording the dark brown precipitate. 

The target product was obtained by filtration and washed with water and methanol. Yield: 2.36 g 

(43 %). Elemental analysis: calcd. For C30H28NiPS4: C, 59.41; H, 4.65; S, 21.15; Found: C, 

60.29; H, 3.98; S, 20.27. Mass spectrum: calcd. For C8H12NiS4 [M]
-
 265.89, Found: 265.80. CV 

(in CH3CN, 25°C, Bu4NPF6, vs Fc/Fc
+
): ὉȾ= ï1.05 V; Ὁȟ = ï0.21 V, Ὁȟ = ï0.49 V. 

 

10.7.6. Synthesis of [Ni(mdt)2] (2c) 

4-methyl-1,3-dithiol-2-one (L2c) (1.19 g, 9 mmol) was suspended with 2.0 equivalents of KOH 

(1.01 g, 18 mmol) in 15 ml degassed methanol and the solution was stirred under nitrogen for 1 h 

at 50 °C, affording an orange solution. A 3 ml solution of NiCl2Ā6H2O (1.07 g, 4.5 mmol) in 

methanol was added, and the resulting reaction mixture was stirred for 0.5 h. The solution turned 

dark brown and then 3 ml solution of I2 (2.28 g, 9 mmol) in acetonitrile was added and the 

reaction mixture was stirred continuously for 0.5 h, resulting in the formation of a dark green 

precipitate. The target product was obtained by filtration and washed with MeOH, Et2O. Yield: 

0.985g (41%). 
1
H NMR (300 MHz, CDCl3) ŭ (ppm): 9.08 (s, 2H), 2.72 (S, 6H). 

13
C-NMR (300 

MHz, CDCl3) ŭ (ppm): 186.0 (C=C(CH3)ïS), 166.5 (CHïS), 24.32 (CH3). UV-vis (CH3CN): 

ɚmax, nm (Ů, M
-1

cm
-1

) = 250 (31560), 914 (6597). CV (in THF, 25°C, Bu4NPF6, vs Fc/Fc
+
): ὉȾ= 

ï1.13 V; Ὁȟ = ï0.29 V, Ὁȟ = ï0.55 V. 

 

10.7.7. Synthesis of [K][Ni(ntdt)2] (3a) 

At room temperature, 4-naphthyl-1,3-dithiol-2-one (L3b) (0.24 g, 1.0 mmol) and KOH (0.14 g, 

2.5 mmol) were suspended in 15 ml degassed methanol and stirred under nitrogen for 1 h, 

affording an orange solution. A 3 ml solution of NiCl2Ā6H2O (0.12 g, 0.5 mmol) in methanol was 

added and the resulting reaction mixture was stirred for another 0.5 h. The solution turned dark 

brown. Then it was concentrated to about 5 ml, affording the dark red precipitate. The target 

product was obtained by filtration and washed with water and methanol. The single crystals 

suitable for X-ray analysis were obtained from a solvent mixture of acetonitrile-Et2O by slow 

diffusion. Yield 0.048 mmol (48 %). Elemental analysis: calcd. For C24H16NiKS4: C, 54.34; H, 

3.04; S, 24.18; Found: C, 54.55; H, 3.18; S, 23.98 IR (KBr pellet): (ɡ/cm
-1

) = 3444 (br), 3053 

(m), 2921 (w), 2850 (w), 1623 (vs), 1595 (vs), 1503 (m), 1467 (m), 1434 (m), 1378 (vs), 1354 

(vs), 1275 (m), 1223 (vs), 1173 (vs), 1155 (s), 1124 (vs), 1017 (s), 936 (w), 898 (m), 857 (m), 

812 (s), 747 (vs), 624 (m), 474 (s), 419 (w), 402 (m). UV-Vis (CH3CN): ɚmax, nm (Ů, MĖ
1
cmĖ

1
) = 

225 (70220), 315 (18560), 936 (2960). 

 

10.7.8. Synthesis of [Ph4P][Ni (ntdt)2] (3b) 

4-naphthyl-1,3-dithiol-2-one (L3b) (0.2 g, 0.82 mmol) and KOH (0.115 g, 2.05 mmol) were 

suspended in 15 ml degassed methanol and stirred under nitrogen for 1 h at 50 ºC, affording an 

orange solution. A 3 ml solution of NiCl2Ā6H2O (0.097 g, 0.41 mmol) in methanol was added, 
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and the resulting reaction mixture was stirred for 0.5 h. The solution turned dark brown. Then a 3 

ml solution of Ph4PCl (0.307 g, 0.82 mmol) in methanol was added under nitrogen atmosphere, 

and the reaction mixture was stirred continuously for another 0.5 h. Then it was concentrated to 

about 5 ml, affording the dark red precipitate. The target product was obtained by filtration and 

washed with water and methanol. The single crystals suitable for X-ray analysis were obtained 

from a solvent mixture of acetonitrile-Et2O by slow diffusion. Yield: 0.38 gm (56 %). Elemental 

analysis: calcd. For C48H36NiPS4: C, 69.40; H, 4.37; S, 15.44; Found: C, 68.89; H, 4.50; S, 

14.71. IR (KBr pellet): (ɡ/cm
-1

) = 3389 (br), 3056 (s), 1672 (m), 1624 (s), 1593 (m), 1485 (m), 

1437 (s), 1227 (m), 1103 (vs), 1025 (m), 997 (m), 858 (w), 818 (m), 753 (s), 723 (vs), 689 (s), 

625 (m), 527 (vs), 477 (m), 448 (w). UV-Vis (CH3CN): ɚmax, nm (Ů, MĖ
1
cmĖ

1
) = 240 (49760), 

318 (28140), 936 (7460). CV (in CH3CN, 25°C, Bu4NPF6, vs Fc/Fc
+
): ὉȾ= ï1.2 V; Ὁȟ = ï

0.31 V, Ὁȟ = ï0.52 V. Crystal data (with coordinated CH3CN): C50H39NNiPS4; Mr = 871.74; 

triclinic, space group P-1; a = 13.1065(7), b = 13.3733(8), c = 13.5327(8) Å; Ŭ = 88.978(5), ɓ = 

74.052(4), ɔ = 68.540(4) °; V = 2113.5(2) Å
3
; Z = 2; T = 170(2) K; ɚ(MokŬ) = 0.71073 Å; Dcalcd = 

1.370 gcm
-3

; ɛ = 0.731 mm
-1

. A total of 18682 reflections were collected, of which 8909 were 

unique (Rint = 0.0957); R1 = 0.0521, wR2 = 0.0609 for I>2ů(I). 

 

10.7.9. Synthesis of [Ni(ntdt)2] (3c) 

4-naphthyl-1,3-dithiol-2-one (L3b) (0.2 g, 0.82 mmol) and KOH (0.115 g, 2.05 mmol) were 

suspended in 15 ml degassed methanol and stirred under nitrogen for 1 h at 50 ºC, affording an 

orange solution. A 3 ml solution of NiCl2Ā6H2O (0.097 g, 0.41 mmol) in methanol was added, 

and the resulting reaction mixture was stirred for 0.5 h. The solution turned dark brown. Then a 3 

ml solution of I2 (0.21 g, 0.82 mmol) in acetonitrile was added and the reaction mixture was 

stirred continuously for 0.5 h resulting in the formation of a dark green precipitate. The target 

product was obtained by filtration and recrystallized from chloroform. The single crystals 

suitable for X-ray analysis were obtained from a solvent mixture of THF-acetonitrile by slow 

diffusion. Yield: 0.32 mmol (39 %). Elemental analysis: calcd. For C24H16NiS4: C, 58.67; H; 

3.28; S; 26.10; Found: C, 58.16; H; 3.27; S; 25.83. IR (KBr pellet): (ɡ/cm
-1

) = 3435 (br), 3051 

(w), 3025 (w), 2162 (w), 1622 (w), 1592 (w), 1467 (s), 1434 (m), 1390 (vs), 1344 (vs), 1279 (m), 

1227 (vs), 1198 (s), 1172 (vs), 1158 (s), 934 (s), 898 (s), 881 (s), 849 (m), 807 (m), 784 (s), 770 

(s), 735 (s), 676 (w), 551 (w), 460 (s). UV-Vis (CH3CN): ɚmax, nm (Ů, MĖ
1
cmĖ

1
) = 237 (57980), 

306 (48120), 862 (23920). CV (in DMF, 25°C, Bu4NPF6, vs Fc/Fc
+
): ὉȾ= ï1.21 V; Ὁȟ = ï

0.25 V, Ὁȟ = ï0.32 V. Crystal data: C24H16NiS4; Mr = 491.32; monoclinic, space group P21/c; 

a = 20.335(4), b = 6.0510(12), c = 8.0039(16) Å; Ŭ = 90, ɓ = 96.13(3), ɔ = 90 °; V = 979.2(3) Å
3
; 

Z = 2; T = 170(2) K; ɚ(MokŬ) = 0.71073 Å; Dcalcd = 1.666 gcm
-3

; ɛ = 1.426 mm
-1

. A total of 9931 

reflections were collected, of which 2516 were unique (Rint = 0.0746); R1 = 0.0437, wR2 = 0.1022 

for I>2ů(I). 
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10.7.10. Synthesis of [K][Ni(cmdt)2] (4a) 

4-coumarin-1,3-dithiol-2-one (L4b) (0.053 g, 0.2 mmol) and KOH (0.028 g, 0.5 mmol) were 

suspended in 10 ml dry methanol and stirred under nitrogen at 50 ºC for 1 h, affording a red 

brown colored solution. A 3 mL solution of NiCl2Ā6H2O (0.024 g, 0.1 mmol) in methanol was 

added and the resulting reaction mixture was stirred for 0.5 h. The solution turned dark brown 

and then it was concentrated to about 5 ml, affording a dark red precipitate. The target product 

was obtained by filtration and washed with methanol. Yield: 0.09 mmol (45.0 %). Elemental 

analysis: calcd. For C22H12KNiO4S4: C, 46.65; H, 2.14; S, 22.65; Found: C, 46.97; H, 2.56; S, 

21.43. MALDI-TOF MS: calcd. For C22H12NiO4S4 [M]
-
 525.9, Found: 525.83. UV-vis (CH3CN): 

ɚmax, nm (Ů, M
-1

cm
-1

) = 275 (18183), 308 (15885), 410 (11050), 951 (5865). CV (in CH3CN, 

25°C, Bu4NPF6, vs Fc/Fc
+
): ὉȾ= ï1.02 V; Ὁȟ = ï0.17 V, Ὁȟ = ï0.31 V. 

 

10.7.11. Synthesis of [Ph4P][Ni (cmdt)2] (4b) 

4-coumarin-1,3-dithiol-2-one (L4b) (0.053 g, 0.2 mmol) and KOH (0.028 g, 0.5 mmol) were 

suspended in 10 ml dry methanol and stirred under nitrogen at 50 ºC for 1 h, affording a red 

brown colored solution. A 3 mL solution of NiCl2Ā6H2O (0.024 g, 0.1 mmol) in methanol was 

added and the resulting reaction mixture was stirred for 0.5 h. The solution turned to dark brown 

and then a 3 ml solution of Ph4PCl (0.075 g, 0.2 mmol) in methanol was added under nitrogen 

atmosphere, and the reaction mixture was continuously stirred for 0.5 h. Then it was 

concentrated to about 5 ml, affording a dark red-brown colored precipitate. The product was 

obtained by filtration under nitrogen and washed with dry methanol. Yield: 47.3 % (0.082 g). IR 

(KBr pellet): (ɡ/cm
-1

) = 3423 (br), 3058 (m), 2357 (w), 2205 (w), 1714 (vs), 1648 (s), 1607 (vs), 

1554 (m), 1483 (s), 1457 (m), 1437 (s), 1285 (m), 1256 (w), 1229 (m), 1186 (m), 1151 (m), 1108 

(vs), 1071 (vs), 996 (m), 946 (w), 926 (w), 870 (w), 811 (w), 755 (vs), 723 (vs), 689 (s), 621 (w), 

571 (w), 527 (vs), 448 (m). Elemental analysis: calcd. For C46H32NiO4PS4: C, 63.75; H, 3.72; S, 

14.80; Found: C, 62.97; H, 3.56; S, 14.43. MALDI -TOF MS: calcd. For C22H12NiO4S4 [M]
-
 

525.9, Found: 525.703. UV-vis (CH3CN): ɚmax, nm (Ů, M
-1

cm
-1

) = 269 (19380), 309 (17240), 411 

(11540), 950 (5680). CV (in CH3CN, 25°C, Bu4NPF6, vs Fc/Fc
+
): ὉȾ= ï0.99 V; Ὁȟ = ï0.14 

V, Ὁȟ = ï0.28 V. 

 

10.7.12. Synthesis of [Ni(cmdt)2] (4c) 

4-coumarin-1,3-dithiol-2-one (L4b) (0.053 g, 0.2 mmol) and KOH (0.028 g, 0.5 mmol) were 

suspended in 10 ml dry methanol and stirred under nitrogen at 50 ºC for 1 h, affording a red 

brown colored solution. A 3 ml solution of NiCl2Ā6H2O (0.024 g, 0.1 mmol) in methanol was 

added and the resulting reaction mixture was stirred for another 0.5 h. The solution turned to 

dark brown and then a 3 ml solution of I2 (0.05 g, 0.2 mmol) in acetonitrile was added and the 

reaction mixture was kept stirring for 0.5 h, resulting in the formation of a dark green precipitate. 

The target product was obtained by filtration and recrystallization from chloroform. Yield: 0.23 

mmol (46 %). Elemental analysis: calcd. For C22H12NiO4S4: C, 50.11; H, 2.29; S, 24.32; Found: 

C, 49.25; H, 2.40; S, 23.72. IR (KBr pellet): (ɡ/cm
-1

) = 3435 (br), 3056 (w), 2357 (w), 2342 (w), 
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1714 (vs), 1598 (vs), 1552 (vs), 1450 (vs), 1370 (vs), 1278 (vs), 1257 (s), 1210 (vs), 1177 (s), 

1148 (s), 1119 (m), 1062 (vs), 912 (s), 877 (m), 817 (m), 750 (vs), 663 (m), 625 (m), 570 (m), 

552 (m), 535 (m), 447 (m). UV-vis (CH3CN): ɚmax, nm (Ů, M
-1
cm

-1
) = 298 (10880), 360 (9000), 

855 (5960). CV (in DMF, 25°C, Bu4NPF6, vs Fc/Fc
+
): ὉȾ= ï1.05 V; Ὁȟ = ï0.16 V, Ὁȟ = ï

0.25 V. 

 

10.7.13. Synthesis of [Bu4N][Ni(S2C2H(AF ph dt))2] (5a) 

Compound L5d (0.0567 g, 0.1 mmol) and CsOHĀH2O (0.042 g, 0.25mmol) were suspended in 15 

mL of degassed methanol and stirred under nitrogen for 1 h at 50 °C, affording an orange 

solution. A 3 mL solution of NiCl2Ā6H2O (0.012 g, 0.05mmol) in methanol was added, and the 

resulting reaction mixture was stirred for another 0.5 h. The solution turned brown with some 

brown precipitate. Then a 3 ml methanol solution of 
n
Bu4NCl (0.0278 g, 0.1mmol) was added 

under nitrogen atmosphere, and the reaction mixture was kept stirring for 0.5 h. The solvent was 

removed by vacuum and degassed water was added to the precipitate and it was filtered, washed 

with degassed water and dried under extreme vacuum overnight. Elemental analysis: calcd. For 

C74H70N3NiO12S4: C, 64.39; H, 5.11; N, 3.04; S, 9.29; Found: C, 70.27; H, 5.14; N, 2.18; S, 7.08. 

Due to the ambiguous elemental analysis result and poor solubility of the resulting compound in 

most of the organic solvent, further characterization was not possible. 

 

10.7.14. Synthesis of [Ni(S2C2H(AF ph dt))2] (5b) 

Compound L5d (0.0567 g, 0.1 mmol) and CsOHĀH2O (0.042 g, 0.25mmol) were suspended in 15 

ml of degassed methanol and stirred under nitrogen for 1 h at 50 °C, affording an orange 

solution. A 3 ml solution of NiCl2Ā6H2O (0.012 g, 0.05mmol) in methanol was added, and the 

resulting reaction mixture was stirred for another 0.5 h. The solution turned to dark brown and 

then a 3 ml solution of I2 (0.05 g, 0.2 mmol) in acetonitrile was added and the reaction mixture 

was kept stirring for 0.5 h, resulting in the formation of a dark green precipitate. The precipitate 

was filtered, washed with degassed water and dried under extreme vacuum overnight. Elemental 

analysis: calcd. For C58H34CsN2NiO12S4: C, 54.82; H, 2.70; N, 2.20; S, 10.09; Found: C, 56.27; 

H, 5.14; N, 2.18; S, 12.08. Due to the ambiguous elemental analysis result and very poor 

solubility of the resulting compound, further characterization was not possible. 

 

10.8. Synthesis mono oxo-bis(dithiolene) Complexes of Molybdenum and Tungsten 
[169-170]

 

 

10.8.1. Preparation of K3Na[MoO2(CN)4]·6H2O (6a) 

This complex was prepared by following the reported procedure.
[195]

 Na2MoO4·2H2O (7g, 0.03 

mol), KBH4 (3.0g, 0.063 mol) and KCN (5.0g, 0.077 mol) were dissolved in water and cooled to 

5 °C, followed by the dropwise addition of acetic acid (5 ml, 0.08 mol) over 10 min. More KCN 

(5g, 0.077 mol) was then added, followed by the dropwise addition of another aliquot of acetic 

acid (5 ml, 0.08 mol) over 10 min. A mixture of NaOH (10 g, 0.25 mol) and KOH (14 g, 0.25 

mol) was added slowly to the Mo(IV) solution followed by slow addition of ethanol (30 ml). The 
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pink crystals were washed successively, in small portions with an ethanol/water (9:1, 600 ml) 

mixture. Recrystallization was performed by dissolving the crystals in a minimum of water, 

addition of NaOH and KOH (1g of each) and precipitation of K3Na[MoO2(CN)4]·6H2O by the 

slow addition of ethanol. Typical yield: 14.5ï16 mmol (49ï53 %). Elemental analysis: calcd. For 

C4H12K3MoN4NaO8: C, 10.00; H, 2.52; N, 11.66; Found: C, 10.78; H, 2.38; N, 12.20. 

 

10.8.2. Preparation of K3Na[WO2(CN)4]·6H2O (6b) 

This complex was prepared by following the similar procedure adopted for compound (6a). 

Na2WO4·2H2O (9.54g, 0.03 mol) , KBH4 (3.0g, 0.063 mol) and KCN (5.0g, 0.077 mol) were 

dissolved in water and cooled to 5 ºC, followed by the dropwise addition of acetic acid (5 ml, 

0.08 mol) over 10 min. More KCN (5g, 0.077 mol) was then added, followed by the dropwise 

addition of another aliquot of acetic acid (5 ml, 0.08 mol) over 10 min. A mixture of NaOH (10 

g, 0.25 mol) and KOH (14 g, 0.25 mol) was added slowly to the W(IV) solution followed by 

slow addition of ethanol (30 ml). The yellowish brown crystals were washed successively, in 

small portions with an ethanol/water (9:1, 600 ml) mixture. Recrystallization was performed by 

dissolving the crystals in a minimum of water, addition of NaOH and KOH (1g of each) and 

precipitation of K3Na[WO2(CN)4]·6H2O by the slow addition of ethanol. Typical yield: 14ï15 

mmol (46.0ï51 %). Elemental analysis: calcd. For C4H12K3N4NaO8W: C, 8.45; H, 2.13; N, 9.86; 

Found: C, 8.73; H, 2.17; N, 10.03. 

 

10.8.3. Synthesis of [Ph4P]2[MoO(dmdt)2] (7a) 

0.03 g (0.2 mmol) of 4,5-dimethyl-1,3-dithiol-2-one (L1b) was taken in a Schlenk flask and to 

this 4 mL of 0.125 M (2.5 equivalents) KOH solution in methanol was added under N2 

atmosphere and stirred for 1 h. The solution turned light yellow and to this a blue solution of 

K3Na[MoO2(CN)4]Ā6H2O (0.048 g, 0.1 mmol) dissolved in degassed water (3 ml) was added 

under nitrogen atmosphere. The reaction mixture was stirred for 3 h at 50 °C. Then the reaction 

mixture was cooled down to room temperature and concentrated in vacuum to dryness. It was 

then dissolved in 10 ml of degassed water and washed three times with degassed chloroform to 

remove the unreacted organic compounds. The aqueous layer was separated in another Schlenk 

flask and dried over vacuum to remove any trace of CHCl3 from the mixture. Now, a solution of 

Ph4PCl (0.07 g, 0.2 mmol) dissolved in degassed water (10 ml) was added drop-wise to the 

mixture while stirring. The orange brown precipitate was filtered, washed with degassed water 

and dried under extreme vacuum overnight. Several attempts for crystallization were made using 

solvent mixtures (DMF-Et2O, CH3CN- Et2O) by slow diffusion method, but there was no 

suitable crystal for X-ray diffraction. Yield: 0.138 mmol (69 %). 
1
H NMR (300 MHz, CDCl3) ŭ 

(ppm): 2.71 (S, 12H), 7.89-8.81 (m, Ph4P). Elemental analysis: calcd. For C56H52MoOP2S4: C, 

65.48; H, 5.10; S, 12.49; Found: C, 64.58; H, 4.72; S, 12.23. IR (KBr pellet): (ɡ/cm
-1

) = 3445 

(br), 2360 (w), 2054 (w), 1634 (w), 1483 (w), 1437 (m), 1232 (w), 1109 (m), 1023 (w), 997 (w), 

935 (w), 910 (w), 755 (w), 724 (m), 690 (m), 530 (vs). UV-vis (CH3CN): ɚmax, nm (Ů, M
-1

cm
-1

) = 

266 (16560), 347 (6940). CV (in CH3CN, 25°C, Bu4NPF6 vs Fc/Fc
+
): E1/2 = 0.84 V. 
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10.8.4. Synthesis of [Ph4P]2[WO(dmdt)2] (7b) 

Compound 7b was synthesized by the similar procedure described for 7a using 0.2 mmol of 4,5-

dimethyl-1,3-dithiol-2-one (L1b). Yield: 0.127 g (57 %). 
1
H NMR (300 MHz, CDCl3) ŭ (ppm): 

2.69 (S, 12H), 7.68-8.87 (m, Ph4P) Elemental analysis: calcd. For C56H52WOP2S4: C, 60.32; H, 

4.70; S, 11.50; Found: C, 61.58; H, 5.12; S, 10.98. CV (in CH3CN, 25°C, Bu4NPF6 vs Fc/Fc
+
): 

E1/2 = 0.86 V. 

 

10.8.5. Synthesis of [Ph4P]2[MoO(mdt)2] (8a) 

0.24 g (1.8 mmol) of 4-methyl-1,3-dithiol-2-one (L2c) was taken in a Schlenk flask and to this 

2.5 equivalents of KOH (0.25 g) dissolved in 10 mL dry methanol was added under N2 

atmosphere and stirred for 1 h. The solution turned light yellow and to this a blue solution of 

K3Na[MoO2(CN)4]Ā6H2O (0.43 g, 0.9 mmol) dissolved in degassed water (5 ml) was added 

under nitrogen atmosphere. The reaction mixture was refluxed for 4 h at 50°C.Then the reaction 

mixture was cooled down to room temperature and concentrated in vacuum to dryness. It was 

then dissolved in 10 ml of degassed water and washed three times with degassed chloroform to 

remove the unreacted organic compounds. The aqueous layer was separated in another Schlenk 

flask and dried over vacuum to remove any trace of CHCl3 from the mixture. Now, a solution of 

Ph4PCl (0.67 g, 1.8 mmol) dissolved in degassed water (10 ml) was added drop-wise to the 

mixture while stirring. The orange brown precipitate was filtered, washed with degassed water 

and dried under extreme vacuum overnight. Several attempts for crystallization were made using 

solvent mixtures (DMF-Et2O, CH3CN- Et2O) by slow diffusion, but there was precipitation for 

each trial. Yield: 0.84 g (47 %). Elemental analysis: calcd. For C54H48MoOP2S4: C, 64.92; H, 

4.84; S, 12.84; Found: C, 64.31; H, 4.80; S, 12.75. 
1
H NMR (300 MHz, DMSO-D6) ŭ (ppm): 

8.34 (s, 2H), 7.70-7.99 (m, Ph4P), 2.14 (S, 6H). IR (KBr pellet): (ɡ/cm
-1

) = 3439 (br), 3057 (w), 

2054 (w), 1637 (m), 1482 (w), 1437 (s), 1109 (vs), 1024 (w), 998 (w), 922 (w), 757 (m), 724 

(vs), 690 (s), 550 (vs). UV-vis (CH3CN): ɚmax, nm (Ů, M
-1

cm
-1

) = 265 (14760), 357 (6148). CV 

(in CH3CN, 25°C, Bu4NPF6 vs Fc/Fc
+
): E1/2 = 1.08 V. 

 

10.8.6. Synthesis of [Ph4P]2[WO(mdt)2] (8b) 

Compound 8b was synthesized by the similar procedure described for 8a using 1.8 mmol (24 g) 

of 4-methyl-1,3-dithiol-2-one (L2c). Yield: 0.92 g (47 %). Elemental analysis: calcd. For 

C54H48WOP2S4: C, 59.67; H, 4.45; S, 11.80; Found: C, 61.11; H, 5.04; S, 9.95. 
1
H NMR (300 

MHz, DMSO-D6) ŭ (ppm): 8.33 (s, 2H), 7.71-7.95 (m, Ph4P), 2.15 (S, 6H). 

 

10.8.7. Synthesis of [Ph4P]2[MoO(ntdt)2] (9a) 

0.096 g (0.393 mmol) of 4-naphthyl-1,3-dithiol-2-one (L3b) was taken in a Schlenk flask and to 

this 2.5 equivalents of KOH (0.055 g) dissolved in 10 mL dry methanol was added under N2 

atmosphere and stirred for 1h. The solution turned light yellow and to this a blue solution of 

K3Na[MoO2(CN)4]Ā6H2O (0.094 g, 0.2 mmol) dissolved in degassed water (5 ml) was added 

under nitrogen atmosphere. The reaction mixture was stirred for 3 h at 50 °C. Then the reaction 
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mixture was cooled to room temperature and concentrated in vacuum to dryness. It was then 

dissolved in 10 ml of degassed water and washed three times with oxygen free chloroform to 

remove the unreacted organic compounds. The aqueous layer was separated in another Schlenk 

flask and dried over vacuum to remove any trace of CHCl3 from the mixture. Now, a solution of 

Ph4PCl (0.1473 g, 0.393 mmol) dissolved in degassed water (10 ml) was added drop-wise to the 

mixture while stirring. The precipitated orange brown solid compound was filtered, washed with 

degassed water and dried under extreme vacuum overnight. Several attempts for crystallization 

were made using solvent mixtures (DMF-Et2O, CH3CN- Et2O and THF- Et2O) by slow diffusion 

but there was no suitable crystal for X-ray diffraction. Yield: 0.19 g (39 %). Elemental analysis: 

calcd. For C72H56MoOP2S4: C, 70.69; H, 4.61; S, 10.48; Found: C, 69.85; H, 4.34; S, 10.42. 
1
H 

NMR (300 MHz, CDCl3) ŭ (ppm): 6.99 (s, 2 H), 7.32 (d, 
3
J=6.9 Hz, 2 H), 7.41-7.44 (m, 4 H), 

7.71-7.81 (m, 2 H), 7.99 (tt, 3J=8.4 Hz, 2 H) 8.35 (m, 4 H). IR (KBr pellet): (ɡ/cm
-1

) = 503 (w), 

546 (w), 651 (w), 679 (w), 699 (w), 744 (m), 787 (m), 813 (m), 856 (w), 891 (s), 959 (w), 985 

(w), 1018 (w); 1063 (w), 1106 (w), 1123 (m), 1154 (m), 1204 (w), 1244 (s), 1309 (w), 1382 (w), 

1428 (w), 1466 (m), 1478 (m), 1507 (m), 1570 (m), 1592 (m), 1622 (m), 1654 (w), 1701 (w), 

1718 (w), 1734 (w), 2054 (w), 2340 (m), 2343 (m), 2361 (m), 2872 (m), 2930 (m), 2959 (m), 

3051 (w), 3186 (w), 3232 (w), 3366 (w), 3398 (w), 3426 (w), 3429 (w). MS (EI): m/z calculated 

for C24H16MoOS4 [M+H]
-
 546.91, Found: 546.90. UV-vis (CH3CN): ɚmax, nm (Ů, M

-1
cm

-1
) = 278 

(20930), 337 (8110), 394 (7530). CV (in CH3CN, 25°C, Bu4NPF6 vs Fc/Fc
+
): E1/2 = 0.89 V 

(Fc/Fc
+
). 

 

10.8.8. Synthesis of [Ph4P]2[WO(ntdt)2] (9b) 

0.096 g (0.393 mmol) of 4-naphthyl-1,3-dithiol-2-one (L3b) was taken in a Schlenk flask and to 

this 2.5 equivalents of KOH (0.055 g) dissolved in 10 mL dry methanol was added under N2 

atmosphere and stirred for 1h. The solution turned light yellow and to this a blue solution of 

K3Na[WO2(CN)4]Ā6H2O (0.11 g, 0.2 mmol) dissolved in degassed water (5 ml) was added under 

nitrogen atmosphere. The reaction mixture was refluxed for 5 h at 50°C. Then the reaction 

mixture was cooled to room temperature and concentrated in vacuum to dryness. It was then 

dissolved in 10 ml of degassed water and washed three times with oxygen free chloroform to 

remove the unreacted organic compounds. The aqueous layer was separated in another Schlenk 

flask and dried over vacuum to remove any trace of CHCl3 from the mixture. Now, a solution of 

Ph4PCl (0.1473 g, 0.393mmol) in degassed water (5 ml) was added drop-wise to the mixture 

while stirring. The precipitated orange brown solid compound was filtered, washed with 

degassed water and dried under extreme vacuum overnight. Yield: 0.21 g (41 %). 
1
H NMR (300 

MHz, CDCl3) ŭ (ppm): 6.62 (s, 2 H), 7.26 (d, 
3
J=2.6 Hz, 2 H), 7.30-7.45 (m, 4 H), 7.69-7.81 (m, 

2 H), 8.02 (tt, 
3
J=8.7 Hz, 2 H), 8.38 (m, 4 H). Elemental analysis: calcd. For C72H56WOP2S4: C, 

65.95; H, 4.30; S, 9.78; Found: C, 67.35; H, 4.09; S, 8.97. IR (KBr pellet): (ɡ/cm
-1

) = 474 (m), 

547 (w), 624 (w), 669 (w), 745 (s), 787 (s), 814 (s), 840 (m), 895 (vs), 943 (w), 983 (w), 1028 

(w), 1065 (w), 1108 (w), 1123 (w), 1152 (w), 1168 (m), 1207 (w), 1243 (m), 1311 (w), 1345 (w), 

1381 (s), 1471 (vs), 1501 (m), 1570 (w), 1593 (m), 1622 (m), 1671 (w), 1734 (w), 1923 (w), 
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2054 (m), 2340 (m), 2342 (m), 2361 (m), 2736 (w), 2873 (s), 2936 (s), 2960 (vs), 3051 (w), 3429 

(w). MS (EI): m/z calculated for C24H16WOS4 [M+H]
-
 632.96, Found: 632.89. UV-vis (CH3CN): 

ɚmax, nm (Ů, M
-1

cm
-1
) = 384 (46540), 502 (8120). CV (in CH3CN, 25°C, Bu4NPF6): E1/2 = 0.99 

V (Fc/Fc
+
). 

 

10.8.9. Synthesis of [Ph4P]2[MoO(cmdt)2] (10a) 

4-coumarin-1,3-dithiol-2-one (L4b) (0.026 g, 0.1 mmol) and KOH (0.014 g, 0.25 mmol) were 

suspended in 10 ml dry methanol and stirred under nitrogen for 1 h at 40 °C, affording a red 

brown colored solution. To this a blue solution of K3Na[MoO2(CN)4]Ā6H2O (0.024 g, 0.05 

mmol) dissolved in degassed water (3 ml) was added under nitrogen atmosphere. The reaction 

mixture was stirred for 3 h at 50°C. Then the reaction mixture was cooled to room temperature 

and a solution of Ph4PCl (0.037 g, 0.1 mmol) in degassed water (5 ml) was added drop-wise to 

the mixture while stirring. Then the solvent was removed under reduced pressure and the 

precipitate was extracted with acetonitrile. The solid product was collected after drying the 

solvent on a rotary evaporator. Yield: 0.065 g (52 %). Elemental analysis: calcd. For 

C70H52MoO5P2S4: C, 66.76; H, 4.16; S, 10.18; Found: C, 67.15; H, 4.57; S, 10.97. IR (KBr 

pellet): (ɡ/cm
-1

) = 540 (w), 626 (w), 688 (w), 755 (s), 790 (s), 821 (s), 865 (m), 905 (vs), 943 

(w), 971 (w), 1080 (w), 1126 (w), 1151 (w), 1179 (m), 1214 (w), 1243 (m), 1309 (w), 1352 (w), 

1381 (s), 1475 (vs), 1498 (s), 1545 (m), 1590 (m), 1620 (m), 1691 (w), 1754 (w), 1920 (w), 2057 

(m), 2342 (m), 2388 (m), 2736 (w), 2871 (s), 2933 (s), 2959 (vs), 3049 (w), 3433 (br). MS (EI): 

m/z calculated for C22H12MoO5S4 [M+H]
-
 582.86, Found: 582.80. CV (in CH3CN, 25°C, 

Bu4NPF6 vs Fc/Fc
+
): E1/2 = 0.95 V. 

 

10.8.10. Synthesis of [Ph4P]2[WO(cmdt)2] (10b) 

Compound 10b was synthesized by the similar procedure described for 10a using 0.1 mmol 

(0.026 g) of compound 4-coumarin-1,3-dithiol-2-one (L4b). Yield: 0.06 g (48 %). Elemental 

analysis: calcd. For C70H52WO5P2S4: C, 62.41; H, 3.89; S, 9.52; Found: C, 65.15; H, 4.10; S, 

8.98. IR (KBr pellet): (ɡ/cm
-1

) = 541 (w), 624 (w), 690 (w), 759 (s), 787 (s), 820 (s), 864 (m), 

910 (s), 939 (w), 995 (w), 1082 (w), 1128 (w), 1150 (w), 1169 (m), 1216 (w), 1245 (m), 1310 

(w), 1355 (w), 1380 (s), 1474 (vs), 1495 (s), 1542 (m), 1591 (m), 1646 (m), 1725 (w), 1754 (w), 

1918 (w), 2067 (m), 2341 (m), 2385 (m), 2731 (w), 2870 (s), 2930 (s), 2955 (vs), 3049 (w), 3432 

(br). CV (in CH3CN, 25°C, Bu4NPF6 vs Fc/Fc
+
): E1/2 = 1.04 V.  

 

10.8.11. Synthesis of [Ph4P]2[MoO(dt ph AF)2] (11a) 

0.113 g (0.2 mmol) of ligand L5d was taken in a Schlenk flask and to this 2.5 equivalents of 

KOH (0.028 g) dissolved in 10 mL dry methanol was added under N2 atmosphere and stirred for 

1 h. The solution turned yellowish-green and to this a blue solution of K3Na[MoO2(CN)4]Ā6H2O 

(0.048 g, 0.1 mmol) dissolved in degassed water (3 ml) was added under nitrogen atmosphere. 

The reaction mixture was stirred for 3 h at 50°C.Then the reaction mixture was cooled to room 

temperature and concentrated in vacuum to dryness. It was then dissolved in 10 ml of degassed 
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water and washed three times with degassed chloroform to remove the unreacted organic 

compounds. The aqueous layer was separated in a Schlenk flask and dried over vacuum to 

remove any trace of CHCl3 from the mixture. Now, a solution of Ph4PCl (0.07 g, 0.2 mmol) 

dissolved in degassed water (10 ml) was added drop-wise to the mixture while stirring. No 

precipitation was observed and evaporation of solvent at high vacuum led to a brown solid which 

was dried further at high vacuum for overnight. An attempt for crystallization was made using a 

solvent mixture (DMF-Et2O) by slow diffusion, but there was no suitable crystal for X-ray 

diffraction. Elemental analysis: calcd. For C106H74MoN2O13P2S4: C, 68.09; H, 3.99; N, 1.50; S, 

6.86; Found: C, 61.20; H, 4.85; N, 3.08; S, 6.18. MALDI -TOF MS: calcd. For 

C58H34MoN2O13S4 [M+H]
-
 1193.00, Found: 1192.89. 

 

10.8.12. Synthesis of [Ph4P]2[WO(dt ph AF)2] (11b) 

Compound 11b was synthesized by the similar procedure described for 11a using 0.2 mmol of 

compound L5d. Elemental analysis: calcd. For C106H74WN2O13P2S4: C, 65.03; H, 3.81; N, 1.43; 

S, 6.55; Found: C, 54.74; H, 6.15; N, 2.98; S, 10.32. Due to the anonymous elemental analysis 

result and poor solubility of the resulting compound in most of the organic solvent except DMF, 

further characterization was not possible. 

 

10.9. Synthesis of Molybdenum and Tungsten dioxo-bis(dithiolene) Complexes 

 

10.9.1. Preparation of [PPh4]2[MoO 2(NCS)4].CH2Cl2 (12a) 

This complex was prepared by following the reported procedure.
[202]

 To a 40 mL aqueous 

solution of Na2MoO4 (1.21 g, 5 mmol) and KSCN (2.1 g, 22 mmol) 20 mL of 1 N HCl was 

slowly added with stirring. The deep yellow mixture was stirred for 1 h and then was mixed with 

20 mL CH2Cl2 solution containing PPh4Cl ( 4.0 g, 10.6 mmol). Vigorous mixing for 5 min 

resulted in an orange organic phase which was isolated, dried over anhydrous MgSO4, 

concentrated to 20 mL, and allowed to stand overnight at -20 ºC. The orange-red crystalline 

precipitate was filtered off and recrystallized from CH2Cl2 to give 9.5 g orange-red colored 

crystalline product. Typical yield was 60%. m.p. 230-232 
º
C. Elemental analysis: calcd. For 

C54H42N4O2P2S4Cl2Mo: C, 56.64; H, 3.77; N, 4.98; S, 11.41; Found C, 55.41; H, 3.48; N, 5.43; 

S, 11.29. 

 

10.9.2. Preparation of [PPh4]2[WO2(NCS)4].CH2Cl2 (12b) 

This complex was prepared by following the similar procedure adopted for compound (12a). To 

a 40 mL aqueous solution of Na2WO4 (1.65 g, 5 mmol) and KSCN (2.1 g, 22 mmol) 20 mL of 1 

N HCl was added slowly with stirring. The deep yellow mixture was stirred for 1 h and then 

mixed with 20 mL CH2Cl2 solution containing PPh4Cl( 4.0 g, 10.6 mmol). Vigorous mixing for 5 

min resulted in an orange organic phase which was isolated, dried over anhydrous MgSO4, 

concentrated to 20 mL, and allowed to stand overnight at -20 
º
C. The orange-red crystalline 

precipitate was filtered off and recrystallized from CH2Cl2 to give 52% orange-red colored 
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crystalline product. Elemental analysis: calcd. For C52H40N4O2P2S4W: C, 55.42; H, 3.58; N, 

4.97; S, 11.38; Found: C, 55.16; H, 3.87; N, 5.07; S, 11.17. Crystal data:C52H40N4O2P2S4W; Mr 

= 1126.91; triclinic, space group P-1; a = 11.686(2), b = 13.430(3), c = 18.845(4) Å; Ŭ = 

87.80(3), ɓ = 82.95(3), ɔ = 67.07(3) °; V = 2703.1(11) Å
3
; Z = 2; T = 293(2) K; ɚ(MokŬ) = 

0.71073 Å; Dcalcd = 1.385 gcm
-3

; ɛ =2.391 mm
-1

. A total of 15864 reflections were collected, of 

which 7977 were unique (Rint = 0.0667); R1 = 0.0574, wR2 = 0.1452 for I>2ů(I). 

 

10.9.3. Synthesis of [Ph4P]2[MoO 2(dmdt)2] (13) 

0.146 g (1.0 mmol) of 4, 5-dimethyl-1,3-dithiol-2-one (L1b) and 0.14 g (2.5 mmol) of KOH 

were dissolved in 10 mL of dry methanol under nitrogen and stirred for 1h at 40 °C. The solution 

turned light yellow and to this a orange solution of [PPh4]2[MoO2(SCN)4] (0.52 g, 0.5 mmol) 

dissolved in dry DCM (20 ml) was added under nitrogen atmosphere.The reaction mixture was 

stirred for 10 h at room temperature and then concentrated to dryness by vacuum. After that 10 

ml of dry acetonitrile was added (the complex is soluble in acetonitrile but the starting materials 

are not) and was stirred for 30 min. under N2. Then it was filtrated to another schlenk flask and 

was concentrated to dryness by vacuum to obtain a light brown coloured solid product. Yield: 

0.43 g (41 %). Elemental analysis: calcd. For C56H52MoO2P2S4: C, 64.48; H, 5.02; S, 12.30; 

Found: C, 65.16; H, 4.87; S, 12.07. 
1
H NMR (300 MHz, CDCl3) ŭ (ppm): 2.69 (S, 12H), 7.52-

8.75 (m, Ph4P). IR (KBr pellet): (ɡ/cm
-1

) = 3445 (br), 3048 (w), 2360 (w), 2054 (w), 1634 (w), 

1483 (w), 1432 (m), 1302 (w), 1109 (m), 1023 (w), 997 (w), 935 (w), 910 (w), 898 (w), 755 (w), 

724 (m), 690 (m), 545 (vs). 

 

10.9.4. Synthesis of [Ph4P]2[MoO 2(mdt)2] (14) 

0.264 g (2.0 mmol) of 4-methyl-1,3-dithiol-2-one (L2c) was taken in a Schlenk flask under N2 

and suspended with 5 mL of dry MeOH. 2.5 equivalents (0.28 g, 5 mmol) of KOH dissolved in 5 

mL dry methanol in another Schlenk was added slowly to the reaction mixture and stirred for 1h 

at 40 °C. The solution turned light yellow and to this a orange solution of [PPh4]2[MoO2(SCN)4] 

(0.52 g, 0.5 mmol) dissolved in dry DCM (40 ml) was added under nitrogen atmosphere. The 

reaction mixture was stirred for 10 h at room temperature and then concentrated to dryness by 

vacuum. 10 ml of dry acetonitrile was added (the complex is soluble in acetonitrile but the 

starting materials are not) and was stirred for 30 min. under N2 atmosphere. Then the solution 

was filtrated to a schlenk flask and was concentrated to dryness by vacuum to afford light brown 

colour solid product. Ambiguous characterization results were observed possibly due to the 

instability of the product in aerobic conditions. And analysis at inert gas conditions also did not 

provide proper characterization results. 

 

10.9.5. Synthesis of [Ph4P]2[MoO 2(ntdt)2] (15) 

0.122 g (0.5 mmol) of 4-naphthyl-1,3-dithiol-2-one (L3b) and 0.07 g (1.25 mmol) of KOH were 

dissolved in 10 mL dry methanol under nitrogen and stirred for 1h. The solution turned light 

yellow and to this a orange solution of [PPh4]2[MoO2(SCN)4] (0.26 g, 0.25 mmol) dissolved in 
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dry DCM (20 ml) was added under nitrogen atmosphere.The reaction mixture was stirred for 10 

h at room temperature and concentrated to dryness by vacuum. The product was extracted with 

10 mL of dry acetonitrile and evaporation of solvent by vacuum pump gave the product as light 

brown coloured solid. Yield: 0.24 g (38 %). Elemental analysis: calcd. For C72H56MoO2P2S4: C, 

69.78; H, 4.55; S, 10.35; Found: C, 69.16; H, 3.87; S, 10.37. IR (KBr pellet): (ɡ/cm
-1

) = 3447 

(br), 3053 (w), 1626 (w), 1584 (w), 1481 (m), 1435 (vs), 1108 (vs), 995 (m), 751 (s), 723 (vs), 

689 (vs), 526 (s), 475 (m). 
1
H NMR (300 MHz, CDCl3) ŭ (ppm): 7.01 (s, 2 H), 7.28 (d, 3J=6.9 

Hz, 2 H), 7.39-7.44 (m, 4 H), 7.69-7.80 (m, 2 H), 7.89 (tt, 3J=8.4 Hz, 2 H) 8.33 (m, 4 H). CV (in 

CH3CN, 25°C, Bu4NPF6 vs Fc/Fc
+
): ï2.33 V (Ὁȟ), ï0.40 V (Ὁȟ), 0.14 V (Ὁȟ). 

 

10.9.6. Synthesis of [Ph4P]2[MoO 2(cmdt)2] (16) 

Compound 16 was prepared by the similar procedure described for compound 15. But 

ambiguous characterization results were observed possibly due to the instability of the product in 

aerobic conditions during characterization. 

 

10.10. Waste Disposal 

The solvents were removed by distillation or condensed in cold traps. Non-recyclable solvents 

were thrown away to the halogenated and non-halogenated solvent waste container accordingly 

provided by the central disposal. Acetone, which was used for cleaning glass devices was 

collected and recycled by distillation. Sodium, used for solvents drying purpose, was 

decomposed with iso-propanol or ethanol, and reused for the alkaline cleaning bath. Other dry 

residues such as KOH and P4O10 were transferred to the base or acid waste accordingly. Acid 

baths were neutralized with Na2CO3 and collected in the central disposal container. The ethanolic 

potassium hydroxide bath used to clean glassware was reduced by evaporation and then added to 

the central repository. 
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11.1. NBO Analysis of the Frontier Molecular Orbitals of Compounds [Ni(ntdt)2] (3c), 

[Ni(ntdt) 2]
ï
 (3b), [Ni(cmdt)2] (4c) and [Ni(cmdt)2]

ï
 (4b). 

 

Table 11.1 Isocontour plots and energies of frontier molecular orbitals for [Ni(ntdt)2] (3c) in 

DMF calculated with the Gaussian NBO Version 3.1. 

MO # 

number 

Energy (eV) 

MOs (0.02 isocontour value) NBO Analysis  

Occupancy     

Energy (Hartree) 

LUMO 

122 

-4,314 
 

LP*(   1) C  17                  

1.03085 

-0.15855 

HOMO 

121 

-6,706 
 

LP (   2) S  15                  

1.51882 

-0.24643 

HOMO-1 

120 

-6,706 
 

LP (   2) S  29                  

1.51882 

-0.24643 

HOMO-2 

119 

-6,741  

BD (   2) C   5 - C  10 

1.52663 

-0.24771 

HOMO-3 

118 

-6,741  

BD (   2) C  20 - C  25 

1.52663 

-0.24771 
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HOMO-4 

117 

-7,089 
 

BD (   2)Ni  13 - S  14 

1.55475 

-0.26052 

HOMO-5 

116 

-7,151 
 

LP (   4)Ni  13                  

1.70651 

-0.26281 

HOMO-6 

115 

-7,177  

BD (   2) C   8 - C   9 

1.72499 

-0.26376 

HOMO-7 

114 

-7,177 
 

BD (   2) C  23 - C  24 

1.72499 

-0.26376 

HOMO-8 

113 

-7,197 
 

BD (   2) C   6 - C   7 

1.73450 

-0.26447 

HOMO-9 

112 

-7,197 
 

BD (   2) C  21 - C  22 

1.73450 

-0.26447 

HOMO-10 

111 

-7,293 
 

BD (   2) C  11 - C  12 

1.74747 

-0.26801 

HOMO-11 

110 

-7,293 
 

BD (   2) C  26 - C  27 

1.74747 

-0.26801 

HOMO-12 

109 

-7,305 
 

BD (   2) C   3 - C   4 

1.68795 

-0.26847 

HOMO-13 

108 

-7,305  

BD (   2) C  18 - C  19 

1.68795 

-0.26847 
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HOMO-14 

107 

-7,906 
 

LP (   1)Ni  13 

1.99650 

-0.29052 

HOMO-15 

106 

-8,178 
 

BD (   2) C   1 - C   2 

1.68134 

-0.30053 

 

Table 11.2 Isocontour plots and energies of frontier molecular orbitals for [Ni(ntdt)2]
ï
 (3b) in 

CH3CN calculated with the Gaussian NBO Version 3.1.

MO # 

number 

Energy (eV) 

MOs (0.02 isocontour value) NBO Analysis  

Occupancy 

Energy (Hartree) 

alpha-LUMO 

123 

-2,826  

LP*(   1) C   5                  

0.50015 

-0,10384 

alpha-HOMO 

122 

-2.857  

LP (   1) C  10                  

0.50574 

-0,10498 

alpha-HOMO-1 

121 

-2.857  

LP (   1) C  25                  

0.50574 

-0,10498 

alpha-HOMO-2 

120 

-6.419  

LP (   2) S  29                  

0.91361 

-0,23589 

alpha-HOMO-3 

119 

-6.419  

LP (   2) S  15                  

0.91361 

-0,23589 

alpha-HOMO-4 

118 

-6.468  

LP (   2) S  28                  

0.89983 

-0,23768 

beta-LUMO 

122 

-5.832  

BD*(   1) S  14 - S  28 

0.60643 

-0.21432 
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beta-HOMO 

121 

4.757  

LP (   4)Ni  13                  

0.51369 

0.17481 

beta-HOMO-1 

120 

-2.842  

LP (   1) C   5                  

0.50286 

-0.10444 

beta-HOMO-2 

119 

-2.842  

LP (   1) C  20                  

0.50286 

-0.10444 

beta-HOMO-3 

118 

-5.673  

BD (   2)Ni  13 - S  15 

0.80511 

-0.20848 

beta-HOMO-4 

117 

-5.673 
 

BD (   2)Ni  13 - S  29 

0.80511 

-0.20848 

 

Table 11.3 Isocontour plots and energies of frontier molecular orbitals for [Ni(cmdt)2] (4c) in 

DMF calculated with the Gaussian NBO Version 3.1. 

MO # 

number 

Energy (eV) 

MOs (0.02 isocontour value) NBO Analysis 

Occupancy     

Energy (Hartree) 

LUMO 

130 

-0,702 
 

BD*(   2) C   1 - C   2 

0.36623 

-0.02581 

HOMO 

129 

-6,655 

 

BD (   2)Ni  12 - S  27 

1.56509 

-0.24455 

HOMO-1 

128 

-6,655 

 

BD (   2)Ni  12 - S  14 

1.56509 

-0.24455 
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HOMO-2 

127 

-6,793 

 

LP (   2) S  13                 

1.45751 

-0.24964 

HOMO-3 

126 

-6,793 
 

LP (   2) S  26 

1.45751 

-0.24964 

HOMO-4 

125 

-7,321 
 

BD (   2) C   6 - C   7 

1.68943 

-0.26903 

HOMO-6 

123 

-7,345 
 

BD (   2) C   8 - C   9 

1.66987 

-0.26990 

HOMO-8 

121 

-7,604 

 

LP (   2) O  42 

1.83630 

-0.27945 

 

Table 11.4 Isocontour plots and energies of frontier molecular orbitals for [Ni(cmdt)2]
ï
 (4b) in 

CH3CN calculated with the Gaussian NBO Version 3.1. 

MO # 

number 

Energy (eV) 

MOs (0.02 isocontour value) NBO Analysis 

Occupancy     

Energy (Hartree) 
alpha-LUMO 

131 

-0,045 
 

BD*(   2) C  25 - O  42           

0.14610 

-0.00166 

alpha-HOMO 

130 

-6,450  

LP (   2) S  27                  

0.91260     

-0.23703 

alpha-HOMO-1 

129 

-6,450  

LP (   2) S  14                  

0.91260     

-0.23703 
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alpha-HOMO-2 

128 

-6,485  

LP (   2) S  13                  

0.89871     

-0.23832 

alpha-HOMO-3 

127 

-6,485  

LP (   2) S  26                  

0.89871     

-0.23832 

alpha-HOMO-4 

126 

-7,016  

(   2) C   7 - C   8          

0.80966     

-0.25785 

alpha-HOMO-5 

125 

-7,016  

BD (   2) C  21 - C  22           

0.80966     

-0.25785 

alpha-HOMO-6 

124 

-7,103  

BD (   2) C   5 - C   6          

0.80254    

-0.26103 

beta-LUMO 

130 

-5,517  

   BD*(   1) S  13 - S  27           

0.59412     

-0.20273 

beta-HOMO 

129 

1,698  

LP (   5)Ni  12                  

0.10985      

0.06241 

beta-HOMO-1 

128 

-6,068  

BD (   1) S  14 - S  26           

0.87165     

-0.22300 

beta-HOMO-2 

127 

-6,068  

BD (   1) S  13 - S  27           

0.87165     

-0.22300 

beta-HOMO-3 

126 

-6,479  

LP (   4)Ni  12                  

0.85171     

-0.23811 

beta-HOMO-4 

125 

-7,012  

BD (   2) C   7 - C   8          

0.80879     

-0.25767 














































