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1. Introduction

1. Introduction

1.1. Background

Research on metabmplexeswith dithioleneligandshasremained continuously active since
its inceptionin the early 1960s. Initially, theesearch was focused time distinctiveredox and
structural characteristics of thesgoedination compounddue to thenoninnoceninature ofthe
dithioleneligands!*™ After this initial phasethe dithiolenes dhemistry wastudied extensively
for potential applicatiors in molecular materials withconducting magnetic and optical
properties*” These developmentssofacilitatedthe growth in the area of organic materials; in
fact, the synthetic chemistry of dithiolene complekase greatly benefited from advances in
tetrathiafulvaleng TTF) chemistryt* &% The discovery of the first molecular superconductor
containing a transition metal complex, (TTF)[Ni(dnji) (dmit: 1,3-dithiole-2-thione4,5
dithiolate), byCassoux and coworkers in Toulouseance fueled a significamffort into the
search for more of these fascinating materialshis period, research wéscussedn the metal
dithiolene complexes bearing the BC3 five-membered ring and much theoretical and
experimental effort was made to understand their unique electronic structures relative to their
conducting propertiéd? Since then, a very large variety of different-jthiolene ligands and
their complexes with numerous metal ions has been reported, and the interesdithidlighe
chemistry hasncreasd continuously.
In the 1990s, research on dithiolenes was energizethéyiscovey that virtually allMo- and
W-containing enzymegxcept nitrogenaséature dithitene moieties which are in turnan
integral part ofthe heterocyclic pyranopterifi$?? The bioligandfound at the active sites of
these enzymes iscalled pyranopterindithiolate omolybdopterin  (MPT; Figure 1.1).
Molybdopterin is a hetertricyclic system and binds the active site metal via a dithiolene
moiety, i.e. with two sulfur atoms which are bound to=CCGnoiety.
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Figure 1.1 The chemical structure of molybdopterin (MPT)he ligand in the active sites of

molybdenum and tungsten dependent oxidoreductases.

Though the dithiolene complexesontinueto appear invarious contexts parallel with the
aforementioned developments (imaterialsdriven studies and biologically driven studies
there are, however, only few examples in the literature in which sulfur functiooabgn
dithiolene ligandsare used in sensors, markers or indicators for binding the tpagétularly

the heavy metal iorfé*2% Heavy metal ionsafter all,couldinhibit molybdoenzyme activity by
binding to the dhiolene moiety of molybdopterii” So, itappears to be feasible and egjent

to mark/indicatethe heavy metal ionswith dithiolene compounds/hich could bind with the
dithiolene moietyof MPT even in the presence of various potentially competitive background
metal ions A very interesting molecule used for the detectioeati?® is in fact amodel for

MPT and aprecursor fothe respectivalitholene ligand; a type of ligand frequently used in our
groupandaswill be discussed in this thesiEherefore we decided to combine dithioletased
binding moieties, falling into our expertise, with directly attatfl@orophoreswith the aim to

detect heavy metal ions using optical methddshis thesis, the synthesié dithiolene based
moleculeswith systemécally variable substituentsis being describedtogether with their
potential applications as sensors, markers or indicators towards heavy metafsotise
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 develogiegvy 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. NoninnocentNature of Dithiolene Ligands

Dithiolenes areper senoninnocenitompounds, meaning they are redox active and their actual
and formal oxidation states or charges are not necessarily the Aazoasiderable amount of
experimental evidence over the last 50 years has pointed to the fact that dithiolenes are highly
noninrocentligandst * 2%4% Depending on the electron configuration of the coordinated metal
and the overall electronic situation of the complex, the charge of a dithichane Ican b&2, T

1 or 0 or anything in betweeithat is, they may be viewed in a valerimend description as
existing somewhere between the extremes of neutral (dithione/dithjeteadical monoanion

(LA) and dianionicdithiolate (L? ) forms Schemel.1). This allows thenoninnocentigand to
fine-tune or buffer the coordinated metal's charge and facilitate redox processes of the entire
complex.This variable formabxidation state behavior is somewhat different than that observed
for dioxolene ligand complexes, which display a wdlehaved quinonesemiquinone
catecholate series, with discrete oxidation sthtiag assigned to the ligand and mé&thlin

fact, metal dithiolenes are among a limited number of inorganic systems that display extensive
met al |l iganday,edmakiimg et pem wusef ul as key
molecules?? Note that the neutral form ahe ligand has two limiting resonance structuces

of which (dithiete (d) in Schemel.l) pointstoward the possibility of disulfide bond formation
within the ligand. Thefundamentaldifference between dianionigadical monoanioni@and
neutral dthiolene ligands is the numbesf *~ electrons in theS C=C S skeleton of the
dithiolene!*® For the neutral dithiolenes, tf®@ C = Gragient possesses folr electrons,
whereas for the radical monoanionic and dianionic form, there are five and edectrons
respectively as described by Hoffmann andwawkers*? Irrespective of the dithiolené

el ectrons <count, t tarce V@lueS froen rstductu@ally@hatacienzeéd nickels
bis(dithiolene) complexes with unambiguous dithiolene ligands also typified each of the several
ligand redox states unanimou&iy*®

Noninnocent ligands often use their extendeystems and availablé orbitals to interact with
metatbased orbitals of appropriate symmetry and energy, leading to delocalized frontier orbitals
with substanal 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, houwlieates that

this is not a relevant feature, because steric hindrance of molybdopterin movement prevents this
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ene-1,2-dithiolate radical anion 1,2-dithione 1,2-dithiete
R_ _s° _ R__S _ [rR__s R_ _S
T, = e L — L
. © +1le . < +1le R S R S
6°e 5e 4 e
(L?) (LA) (L)

C S 1.76 C S 1.714(1)i Cc s 1.688(
cC C 1.33 Cc C 1.365(9); Cc C @2 7 7

Schemel.1 Redox state$L? z LAz L )of the dithiolene ligandOneelectron oxidation of the
dianionic enel,2-dithiolate(L? ) results in the formation ofdical monoanion @) which could

be oxidized to the neutral 1,2-dithione and 1 &lithiete (L) resonance formsThe approximate

Ci'S and Ci C val ues Bondelengtha dré t@ha tfroendthestructuresefa ¢ h .
Ni(S:CoMex) " (n =27, 0L2%) dno £*), gespectivelyf® and [Ni(Mepipdt)]>* 1“2
(Megpipdt = 1,4dimethylpiperazine,3-dithione).

ligand to actoninnocery.*® *7 A prerequisite of moving electron density from the dithiolene
ligand to the metal and back is the ability to modify the orbital overlap keatawfur porbitals

with metal dorbitals. The degree of such overlap depends on the angle at which the dithiolene is
bent, the saalled folding anglé*®%? 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 obseRR%8.

1.3. Nomenclature

There is considerable variability in the naming of dithiolenes withenliteratureThe name 1,2
dithiolene was origially introduced by McClevertyand co-workerd®*®? as a simple
nomentature to describe the metal complexes bearing bidentate sulphar ligands

connected via amnsaturated carberarbon bondand refer neither to a specific molecular

4
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charge nor to the oxidatiostate of the central metal ion. Later the name groupgdther a

number of structural types that behave in a similar mdfthedf the most commonly used

dithiolene systems® ®3, we can distinguishwo fundamental types: the phiatic enel,2-

dithiolate (RC,S;; R=H, Me,Ph, Ck, CN, COOMe,etc) type and the aromatic benzehe-

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, SIRHCOCH;, and NHCOCPH(Figure1.2). Both

types are typically represtd in their fully reduced forrbi . e. , wi th a charge o
the later group also the most likeliprm because the aromatic ring system is ebaatally

rather sturdy. On thieass of symmetry, the dithiolene systems barfurther distinguishé¥:

RS N
S
3 T
R S S
R = H; 4-Me; 3,6-Cl,; 4,5-Cl; R = H; Me; CF3; Ph; R=CH, O;S

3,5- Bu; Ry = Cly CO,Me; CN

Figure 1.2 Examples otommonlyused dithiolene ligand systenfadapted from Ref®?)

NC S~ S~ Ph Sy

@[ DO G G ¢
s~ ClI NC S- S Ph S
bdtClz edt mnt 82C2M62 82C2Ph2

Figure 1.3 Commonly employed symmetrical dithiolene ligands constituting models for MPT
with their acronyms or formulae as used throughout the literdaatapted from Ref®¥)

o e o oot

2-pedt 4-pedt ntdt
Figure 1.4 Examples for unsymmetrical dithiolene ligands constitutmgdels for MPT

moleculeswith their acronyms.

there are symmetrically substituted dithiolenes such as Hdt@k (S Cx(CN),), edt (SC:H>),
S,C.Ph, SCMe,, and so on (Figuré.3) and unsymmetrically substituted dithiolenes such as
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sdt, 2pedt, 4pedt, ntdt (Figurel..4), with the latter being, more accurate models of MPT. Also
dithiolene based fluorophore molecules belong into this catefjasyneverthelessmportant to

recognke that many different names may be present ifitdrature for the same ligand.

1.4. Dithiolenes andMetal Dithiolene Complexes in Detection

Binding molybdenumby the dithiolene groumf molybdopterin generates thmolybdenum
cofactor, which can be insertédectly into molybdoenzymed\s is very early on taught in the
very basic education of a chemist, the heavier heavy nm&lfer to bind sulfur atoms, leading
to the questiorf whether other metabns might notinhibit the activity ofmolybdoenzymesy
binding to the dithiolenemoiety of Moco So, it becomemdispensablén this respecto identify
the metal ions which coulgreferablybind with the dithiolene moietpf MPT modelligandsin
the presence of various background metal inaksiding molyodenum

Because of rich electrochemical and photophysical properties of dithiolene/raktaibdene
molecules, they can baisedas sensors, markers or indicators for heavy metal Pmsarily,
this finding was first realized in # 1930s whercolorimetric metaion identification using
toluene3,4-dithiol (tdt) was first developetf®®”, which was later advanced by 2,3
quinoxalinedithiol (qdt) a&JV-vis spectrophotometdsecame availablen the 1960s%¢74 2, 3-
quinoxalinedithiolate was first prepared in 1956 by Morrison and E¥insho observed that qdt
formed colored complexes with metals in aqueansnonium hydroxideUsing the qdt ligand
nickel was first quantitated in 1958 by Skoetgaf’® in liquid ammoniaBoth methods relied

Figure 1.5 Representative members of the heterocyclic substituted platinsenécthiolate
dual emitters, where dppe = IB[diphenyldiphosphino)ethane]; dppm = 1,1
bis[diphenyldiphosphino)methan@dapted from ref’?).
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on the inherent reactivity of I@nedithiolates (aryl,2-dithiolates) to bind metal ions and the
strong visibleabsorbance of the resulting metal complexes. Using qdt, metal ion contientra

in the 0.110 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 analysfé”

While metallel,2-enedithiolates have long been used in metal analysigsihot realizeduntil

the 1990s that they had unique photophysical propéffi&s It was an entire chss of
heterocycliesubstitutedplatinum 1,2-enedithiolategFigure 1.5) which drew the attention and

which was found to be uniqgue among inorganic lumiphores in thatvieeg room temperature

dual emitter$’®®® 8 The dual emission is from a lofiged state with considerable triplet
character (phosphorescené#)CT* and a shorlived state with considerable singlet character
(fluorescence)ILCT*. Both states are thought to arise from an intraligahargetransfer
(ILCT) transition with considerable Lghedithiolate’ to heterocycle * charactet’*%> 8% To

date, heterocyclisubstituted platinum 1;8nedithiolates have been used in analyte detections
thatrely on variations in emission intensit§®?, lifetime” 8% 89 and a uniqu@hosphorescent
Ifluorescent ratif¥. At present, these systems are underetipment as oxygen, temperature,
and pH probes as well as cheahitting luminescent tags”

Despite the huge developmers in detection strategiessing many sophisticated analytical
technique$?® 881%3 one of the most interesting and surprisfagts is that there areonly few
examples in the literature in which sulfur functional groopdree dithiolene ligandsor the
metallodithiolenecomplexesare used in sensors, markers or indicdf8fsThis is the case even
though they are predestined foinding the target particularly the heawyetalseven in tke
presence of various potentially competitive background metaliotfsNotably, Basuet al!?®
developeda very interesting miecule which is also a model for MPTor the detection oPb".
This inspired us to develop dithiolene based fluorophore bearing moleadiies could also
serve agnodek for molybdenum and tungsten oxidoreductasé® respect to the immediate
coordination spheravith the aim to detect heavy metal ions using optical metHsidse nost
of the 1,2-dithiolate groups are sensitive to oxygen and ft§htthe xidative and photoinduced
decomposition of the ligasdncreases background interferenegiich affects metal analysis.
Thus the use of bis(dithiolene) niccolates instead of the free dithiolene ligandas

markers/indicatorsshould reducethe background absorbanckastically due to low energy
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absorbanceelative to ananalysis usingfree ligands.In other words nickel bis(dithiolene)
complexes possessiag absorbance ithe NIR regionmight have a significant advantage over
other common analytical methofty the detection of heavy metal iorfBaramount, is the fact,
that the neamfrared (NIR) region of around@50 1400 nm possesses significant advantages
including minimal interfering absorption from biological samples, low scattering and deep

penetration into tissué¥: 1%

1.5. Metal Dithiolene Complexation

1,2-dithioleneligands form complexes with main group ahttansition metal ionsThe majority

of complexesare Ni basede.g., [Ni(SC:R»)2]™; n = 0, 1, 2)°°11 which exhibit square planar
geametries in all accessible charge statether common centralements are Cu, Pd, Pt, Au,
and Zn®*¥ Thereare also a few Fe and Co complegesl a small number of structures based on
Cr, Mn, Ag, Cd, and H§? Tris(1,2-dithiolene) complexes were obtained for Ti, V, Cr, Zn, Mo,
Tc, Ru, Ta, W, Re and Okleterdeptic metallo-bis(dithioleng complexes possessing axial oxo
ligandswere obtained for Mo, W, Re and @n the other hand, the coordination chemistry of
homolepticbis(dithiolenes) centered on main group elements is mabdgedon C, Si,Ge, Sb,

Tl, Pb, Bi and Té'¥ In this thesis,asymmetrically substitutedhetallobis(1,2-dithiolenes)
complexeswith andwithout axial oxo ligandsvere synthesized withhe main goalto usethem

as model complexes fomolybdenum andtungsten cofactorand assensors, markers or
indicatorsfor heavy metal ionsespectively

In order to generate dithiolene metal complexes fromdit8ol-2-ones the C=0 moiety needs
to be released from the precursar basic conditions which is most commonly done using
ethanolic alkaline metal hydroxide solution. Then thepdw#ected ring (dianionic enk2-
dithiolate) reacts with the available metal ions generating dithiolene complexes (ScBeme

R _ R R
S OH S Metal S
[ =0 [ Metal [
R S EtOH R s s

R
n

Schemel.2 Release othe C=0 moiety from 1, 3lithiol-2-ones ring in basic conditiorend

generaibn of metaldithiolene 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 starthatitiioPene
ligands or precursors, &siefly summarised in Schenie3**? Stable 1,ithiolate saltsuchas
those of mrff or arenel,2-dithiolates, directly give the corresponding homoleptic
bis(dithiolene) complexes when reaml with the appropriate metal halide¥ As already
mentioned, metal 1;8ithiolene complexes can alse lbbtaind by hydrolyzing the precursors
3-dithiol-2-oneligands in alkaline media in the presence of a suitable met&t'&ait It is also
possible to obtain a large variety of different antotmmplexegpromoted byexchange reactions
from the correspondingtransition metalcomplexes®® %11 The reaction of electrophilic
alkines, such as DMAD (dimethyl acetylenedicarboxylate), witdtal per and polysulfido
complexesexploited another fascinating synthetic roufer the synthesis ofmnetallo 1,2-
dithiolenes*'®?3 The s u | p h u r a-hydroxyketonet (adyloinspr 1,2diketones with
reagents such ass®oor L awes s &% diald 1/2>-dithigtes, nfidiimembered KC,S;
rings, which in the presence of metal salts even elemental metalsafforded homeleptic
bis(dithiolene) complexe$?>'?8 perhaps the most imgant complexes of this type are
Ni(S2C2R2)2, where R= Me and Ph, whicthave gained recent attention dithiolenetransfer

agents for the synthesis loi(dithiolene) derivatives of Mand W!**"1%3

1.6.2. General Structural features

The coordination geometryf the cental transition metal atom in theajority of homolept
bis(dithiolene) structures isquareplanar, tetrahedral or near ttedral. There are a few cases
where the coordination geometry may be drettescribed as square pyramidal as a result of
significant intermoleculanteractions Severalstructural parameters, such as the dihedral angle
( abetween the tw&MS planes, the cM ¢, angle (where cand ¢ aremidpants between the

two S atoms oeach dithiolene ligandrigure1.6) and thefolding angle( dbetween the&SMS

and SCCSplanes(Figure 1.6), have been used to better define the coordination geometry of the
centralmetalion and qualify the distortions wittespect to idealized geometridhusa-= 0 and

90° represent true squapdanarandbis(chelatedtetrahedral geomess, respectively. Although

most complexes are either square planar (@&
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Figure 1.6 Thec;-M-c; angleandfoldinga n g | e big1@-dlithialeme) complexes.

Figure 1.7 Ranges of average bond distances (A ) and angles (Bidalithiolene) transition

metal complexedapted from ref**?).
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examples that demonstrate intermediate values
the @ M , anglesare nearly 180°, and significant deviations from linearity indicate specific
intermolecular interactions such as dimer formation, -losies or distortions due to crystal
packing. The folding angle (d) repoleadigandt s t he
chelate complex along the twea®oms and the lower values point out higher plan&rity.

The nature of the central metal ion exerts an influence on metric paramebesgidfiiolene)

compl exes, especially M S bond |l engt hs. I n
Properties, and Application®iogress in InorganicChemistry Vol. 52, 2004, Chapter 2) the
range of average M S bond | engths has been
examples for each eleméht! Inbis(1,2di t hi ol ene) compl exes C S di
0.135 A (1.6421.777 A), while C=C distances fall within a 0.236 A range (1-2820 A). As

far as angles are coma n e d S M S angles have been found
and tend to be smaller for longer di st ances. Ranges for M S C
to 107.3A and 117.7 to 129.5A respectively, a
C angles (Figurd..7).

1.6.3. Redox Behavior

One of the most interestimopertiesof this classof conplexesis the abilityto carry a charge
which can vary considerably between anioard neutral or cationic statgsomotedby the
noninnocent dithiolenkgands!*®? A pictorial representation of the extreme noninnocence of the
dithiolene ligand in the [M(dithiolengf ' * eléctrontransfer series is shown in Schethd.
Here formally highvalent Ni (NF*, Ni**, and Nf*) is tacitly assumed due to the large
destabilization of the metatly orbital*® Considerable metdigand redox interplay is
anticipated in the more oxidized members of this series, though the ciystphaec and
electronic structure evidence points toward a Ni(ll) oxidation state for the dianionic complexes
[M(dithiolene)]? . A combined DFT and Xay crystallographic study of the [N{S;Me,),]° ' *

* 2electrontransfer series by Holm and-eerkers deuced a correlation between the geometric
and electronic structures of all members of this eleditamsfer series at parity of the dithiolene
ligand!*® This study provided the first theoretical interpretation of botttedbchemical and

spectroscopic features of igithiolene complexes.

11



1. Introduction

N

/

R R
r’S\ /S\\
1\.\ /M\ ‘./,
RS S 'R

Vo

\ VLS J

Schemel.4 Redox processes involvirms(1, 2dithiolene) complexesdapted from ref*?).
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Figure 1.8 The three oxidation levebf dithiolene ligand (L, L*&nd 12 ) and metal oxidatio

levels for neutral nickebis(dithiolend complexes(adapted from ref*3%)

Theoretical calculations were alappliedto elucidatethe intensely debated question of whether

1,2-dithiolene ligands can exist as neutta?-dithione(L), radical monoaniorﬁLA) or dianionic
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1,2-dithiolate (L? ) forms (Schemel.1 and Figure 1.8). In this context, neutral nickddis(1,2-
dithiolene) complexes have been particularly studied in the past, and two principal models for
the electrort structure oflhese complexa®sulting in an oxidation state of 1l for the metal, were
thefirst to bediscussed in the literatuf&? Stiefelet al proposed a diradicalpen shelkinglet
ground state(Figure 1.80: M" with 2L*) whereasSchrauzer and Bywed™? and Bach and
Holm!**2 proposed a singlet closed shell ground s¢até with L° and 1? ) based on either a

fully delocalised structuréFigure 1.8c, form I) or ontwo resonance hybrid structuréSigure

1.8c, form I). The noninnocentnature of the 1;2lithiolene ligand insuch systems isalso
strongly dependent on the nature of the transition metal ion presé¢ineé compleX®® As a
consequenceptassign the speaifioxidation state of the metal ion or the redox states for these

dithiolene complexes wtill a problem an@ most challenging task for theoreticalculdions.

1.6.4. Optical Properties

One of the most striking properties of Hhiolenecomplexesin particularwith d® metal ions,

is their intense moleculabsorbancén the VisibleNear Infrared (VisNIR) region!®” 43 5%

115 125126 1331371 Thejr absorbancén solution range$rom 700 to 1756%%'39 nm depenéhg on

the substituenfanature, central metal ion, coordination geomegtgbal charge of theamplex
(electrochromism), anthe solvent (solvatochromisrithelow energyabsorbancearegenerally
assigned tal-d transition§'?3, whereasin contrastVis-NIR absorbancés well known to be due
to a* "electroni c frantemmoletularoorbitalsAs yust Imentianed, the
nature of substituents on the Hhiolene ligands plays an important role in determining the
position of the VisNIR absorbancén these system#ccording to the qualitative interpretation
proposed by MuelleWesterhoff*?® 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 H@®MO more than that of theUMO, thus
reducing the HOMG.UMO energy gap, and therefore causing thd shift observed for the
correspondingabsorbanceAs a consequencehe acceptor substituentstabilize the bis(1,2-
dithiolene) anionic formdy lowering the LUMO energy, while donor substituents tend to
stabilise neutral or, in some cases, cationic fdmngaising the HOMO enerdj?>*24

Due to the low energy absorbance of dithiolene complémesarticular with 8 metal iors, they

could beusdul for metal iondetectionpurpose sincethis optical propertyrovides paramount
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advantage over other common analytical methooheluding minimal interferingabsorbance

from biological samples, lowackgroundscattering and deep penetration into tissndbe Vis-

NIR region. So, keepng in mind the applicative interesh low energyabsorbancg one of
researchersodé main goal s has babsmandabk much asf | ow
possibé by systematically varying the substituents on theditiiolene ligands.Since our
research group isorking onsynthetic strategie®or model compounds fomolybdenum and
tungsten cofactorand their biological studies with biotechnologically proddceolybdenum
cofactor dependent enzymese have developed a series of [NICSR'R?);] complexesby
systematically varying the substituentéth the aim to usehesefor transnetalatioh™® *°3
reactions in order tgenerate molybdenum and tungsteadel complexes Interestingly, sme

of thesenickel bis(dithiolene) complexe&3 a , 4ca , 5ca ) dmhowlow energy absorbange the
Vis-NIR regiondue toboth extensiveé  “efectron delocalization within the dithiolene ring
system, and the interaction of this delocalized system with availabibitdls on the central
metal*?. This observation inspired us use these complexésr the detectionof heavy metal

ions exploiting theVis-NIR region where other common analytical prodesnot responf” 4%

The asymmetrically substitutdcee dithiolene ligands havealso been tested faheir probabk

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 ¢awlytic 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 catalyiatential.

1.7. Heterdeptic Metallo-bis(dithiolene) ComplexesPossessing Axial Oxo LigandsMoCo

and WCo models
1.7.1. Molybdenum and TungstenOxidoreductases: Current state of the art
The researctusing dithiolene ligands talevelopand understandunctional and/or structural
modelsof molybdenum anduingstenoxidoreductaseaddressinglistinct aspects of the enzymes
is undergoing rapidlevelopmentstimulatedby a number of synthetic analogués the recent

literaturel> 30 5154 64.142153 A g mentioned beforehe dithiolene group modulates properties of
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the metal centerespecially its redox potential by ligating with My W. Molybdenum and
tungsten are uniqu&ith respect to biological functiobecausgin contrast to othebiologically
relevant transition metalswhich are typically 3d metalsthey are 4d and 5d elements
respectivelyMolybdenum and tungsten arher tan, for instance, iron and copper, capable of
catalyzingtwo electron redox reactions with only one metal center present and witloout a
oxidant or cereductant at the active site. This ability is crucial for the transformatiatasyzed

by the molybdeam and tungsterdependent oxidoreductasasd 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 thegeitr, sulfur, and
carbon cyclesThe reactions catalyzed lfieseoxidoreductases 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 atbmtourse 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 tw@onsecutive proton coupled electron transfer reactions (PEET).

OAT: enzM"'=0 + subD enzM" + sub=0 (1.1)
1.PCET:  enzM" + H,0 +é D enzM¥ + OH + H* (12)
2.PCET: enzMY+OH +€ D enzM"'=0 + H' (1.3)

By spectroscopic studies 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 centerthe molybdeam and tungsten oxidoreductases
and the metal center cycles between the oxidation states M(VI) and NMEV The
intermediate M(V) oxidation state is generated by aaleetron reduction of the M(VI) state in

the reductases, or by a eekectron 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 catalyticcycle and the catalytically active state isestablished by a second ene

electron reduction, or oxidation respectivefy!
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The term 66mol ybden 't refers foathe tnetal 6cénter(adts inndto ¢ o)
coordnation sphere.e. molybdopterin plus coordinated small merto triatomic ligands (the

latter being water) and/or a coordinated amino acid resMaeo is not a sigle, uniqguemoiety;

rather it is adiverse collection of protetbound sites that have rtain common features.
Mononuclear tungsten enzymes are in many ways strikingly analogous to the
molybdoenzymé&? and there is only this specific class of tungsten enzymes known today.
Together they are referred to as the molybdenum and tungsten dependereductases.

Based on the geometrical and chemical structures of the oxidized active sitesgaletice
homologies, Hille hashown that the mononueeMo MPT enzymes of molybdenum can be

classified into three familig@igure1.9).1*>4 58

0 O o O-ser(or S-cys

: / | s, | \ : or Se-cys)
-\ "Mo—S 1 “Mo=—=0 \\/\0 ''''''' "
/",IS/ \ ~ S/ » S / \ S 3

OH2 “ S'CyS ’///gl/s S\%\;

w

The Xanthine Oxidase The Sulfite Oxidase The DMSO Reductase Family
Family Family
) 0] H S ~
= T
YW = -
S HZN)\N H 0~ “CH,0P0z*
mpt

Figure 1.9 The active sites of representatives of molybdeni@mendent oxidoreductase families

as derived from crystal structures of individual enzymigs Mo in oxidation state +VI

f Members of theDMSO reductasgDMSOR) family beara L,Mo"'(O)R core in the
oxidized state and a,Mo'" (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 saspeytic acidr

Se of selenocysteine).
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1 Members of the Sulfite Oxiga (SO) family involve one MPT bound to a-Me0O, center
with an additional coordination site occupied by a cysteinyl residue to form the
LMoV'Oy( S cys) active site.

1 Members of the Xanthine Oxidase (XO) family bear the ¥} (H,0) (Y = O or S)

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

All of the W MPT enzymes so far identified involve the metal bound toM&AT's, that is, they

can becategorzedasmembers of the DMSOR family although there ishoonology

1.7.2. Immediate coordination sphere oMolybdenum and Tungsten Oxidoreductass
Bioinorganic chemists have developed a plethora of functional and/or structural models for
molybdenum and tungsten oxidoreductases addressing distinct aspects of the eAzymes.
conequencethe scrutinzed coordination chemistry of these two mefi$®*1? hasprovided
valuable calibrations of th@formation content and accuracy of the spectroscopicstindtural
techniquesused to investigate the nature of the metal centers in the biological syateths.
nature of the metal centers in the MPT enzymes has become better defieetsts have
directed their efforts to synthesim@odelcompounds that areffectivestructuralwith respetto

the immediate coordinatiorpkereand, in some cases, functional analogues of the catalytic
centersof the natural systemdviany of them have been structurally characterized and screened
for their catalytic oxetranser propertiesAn all-embracing model, however, which addresses all
structural aspects of the molybdenum and tungsten cofactors includingPRhdigand still
remains one of the big challenges in the bioinorganic chemistry area.

The higher oxidation statesf molybdenum and tungstaareinevitablefor the oxidoreductase
modelcomplexef these metalsince they facilitatéwo electron redox reactioréthe catalytic
centers of the MPT enzym[é%” Thus, one or two=0O (-ox0) ligands are ubiquitous in
complexes of these metals in their high®i\{) oxidaion statesThese complexes withigher
oxidation states can also fordimeric or oligomeric assembliaga €-oxo groups which are
catalytically deadThe reaction of the reduced and oxidized forms\(\d@Mo'" O) of the OAT
reactive molybdenum core wittach othergee equatiod .4) by comproportionation commonly

generates a dimerichemically inertMo",0; moiety!*®*'®3 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"vO +Mo"'0,f Mo",05 (1.4)

In an attempt to prevent this formation of the W@; core by dimerization, the groups of
(predominantly) Holm and Cervilla designed several model complexes such’&3,(UeNS,),
[NH.]J[MoY'0,(0,CC(S)Ph),]-2H,0 and Md'Ox(‘BuL-NS), (Figures1.10ai c) using sterically

bulky ligands'*®**®? The aim was to minimize or prohibit a direct contact between the two metal
centers appearing at both endsia# tatalytic turnover. The Mo=0O bonds in all complexes are
sterically shielded by bulky Ph/Rk'Bu groups in the direction of a potentMbi Oi Mo bond

in order to prevent dimerizatiorAll these complexes efficiently catalyzed the oxygen atom
transfer fran DMSO onto the welknown proxy substrate PPforming DMS and PPJO. 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 H6fhin contrast to

the naturaprocesses 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. Forratdsssuch as sulfite
additional mediators would be required. Consequently, most model studies regarding reactivity

or catalytic potential use nematural substrates for the oxidation reactions.

'‘Bu-p-Ph  Ph-p-'Bu

€) Ph (b) (© (d)
Ph Ph Ph AN =
OR)QS = 1 s W
— S o Vs AN i 0
\ N_M6/< O\MO// N N/Mi)\\o / \M///S\
(0]
7 so o | Np | S No X/ N\ TPh
_— ~ N o}
S _ -N
@) N7\
Ph  Ph Ph Ph ‘Bu-p-Ph’  Ph-p-Bu =
Mov'0,(L-NS,) [MoV'0,(0,CC(S)Ph,),]* Mo"'0,(‘BuL-NS), LMo"'0,(SPh)

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. Synthesisand Characterization of bis-Dithiolene Complexes of Molybdenum and
Tungsten(DMSOR)

The synthesis ofunctional molybdenum and tungsteamplexes mimicking the corresponding

enzymes with respect to the immediate coordinasiphere, and the demadretion that such

complexes canndergaofacile QAT reactions, are significant achievemefitd4 142144 151152169

The dithiocarbonatedithiocarbamate methodology has been used to prepare a number of

molybdenurniidithiolene complexesAs an initial step toward theynthesis of dithiolene

complexes oimolybdenum andungstena general strategy for theynthesis of asymmetrically

substituteddithiolenes has beeemployed®**"% This step has been used to generate a series of

0
le\

R2
Br,
O
B
+ - 4< R J\/ ' ﬁ - |
KS (o] 2 as N
R ~
hig hig
S S
(6] (o) |
S (e} S N
lek( 4< 1J\/ ~
T R T
RZ2 S RZ S
conc conc.
H,SO, H,SO,
R2 R

2.5 equiv. K\ RZ_ sk %5 equiv. KOH
I
K

Rl é
[Mooz(CNV [MOO,(SCN)4J%
o} 2-
\\ //
R2 SI(,.”I.‘\\S R2 STTRANAAN \S 1
M R (M = Mo, W) \g‘ M R

’ N
\g\_sl \S‘/z/ ) S\/F
R1 R2 R! R2

Scheme 1.5 A general strategy for the synthesis of asymmetrically substitdiiiblene
complexes ofmolybdenum andungstenwith axial oxo ligand(s). Only thérans isomer is

shown even thougtis andtransisomers might be formed.
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Scheme 1.6 Scheme showing synthetic routes to monagbisgdithiolene) molybdenum(IV)

complexes starting from nickbls(dithiolene) complexes.

[MO,(dithiolene}]®> (M = Mo or W: x = 1 and2 for monaoxo and dioxo) complexes $cheme
1.5), havng a squargpyramidalanddistortedoctahedrafyjeometryrespectivelywith the oxygen
atom at the apex and tineolybdenum atom raised slighthbove the basal &) plane.Detailed
spectroscopic studies of thememplexesave been carried oby M.L. Kirk andco-workerst*”?

in order to improve our understanding of thelectronic structure and to relate this to the
electron tragfer and OAT reactionsf the molybdenum and tungsten eixansferase enzymes
Apart from thedithiocarbonate/ dithiocarbamaggntheticstrategiemasmentionedabove another
synthetic routéehas been employed this thesis tayive monooxabis(dithiolene)complexesof
molybdenum and tungstewhich wasactually developed bjolm and ceworkers!t?® 172173
The compounds [M(CQ[S;C;R2);] (M = Mo or W; R = Me or Ph) have been shownh®e
valuable starting materials for these syntheses and thesdegesgan be prepared by reacting
[M(CO)3(MeCN)s] with [Ni(S2C2R>),] (see Schemg.6). Then, reactions of [M(CQIS,CzR>),]
with NELOH produce the squamyramidal complexes, [MoO§S,:R,);]* which serve as

valuable catalysts for OAT reactions.

1.7.4. OxygenAtom Transfer Reaction

As stated previously, molybdenum and tungsten enzymes (except nitrogenase) usually catalyze
reactions of the type given in equatidnl| leading to the net transfer of an oxygen atom to or
from substrateThis type of reaction is gerally called oxygen atom transfer reaction (OAT)
without carrying a mechanistic implication and it is associated with a proton coupled electron
transfer (PCET) proces€oncomitant change in the oxidation state of, alsdthe number of

0xo groups boundo a Mo or W centeiin oxidoreductasés supportecby dithioleneligands.

Oxygen atom transfer reactions relevant for the molybdenum enzymegonversionhave

been extensively reviewed by Holm in 1990, prior toghgidationof the active site structures
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of the MPT bearing enzym&S? One of the most extensively studied redox couples is
Mo"YO/Mo"'0, as a natural choice due tioe high frequency of occurrence of these groups in
conventional molybdenum chemistd? The bis(dithiolene) model compounds having
MoV O/Mo"'0O, moieties are originally proposed or considered as relevant for the DMSO
reductase family of enzymedo" O(dithiolene) type complexes can be oxidised to the
correspondindvio"'O(dithiolene) upon reaction with oxidising agergschas MeNO or even
DMSO (equation15).*¥ And as shown in equatiorl.6) the backward reaction follows the
transfer of @ from Mo"'O,(dithiolene) to the oxo acceptasubstrates such assPt PHELP,
PhEtP andPhsP to regenerate thi@lo' O moiety.

[Mo"O(dithiolene)}® + MesN O Mo"'Oy(dithiolene}]* + MesN  (1.5)
[Mo"'O,(dithiolene}]® + RsP Y [Mo'VO(dithiolene)]* + RsPO (16)

However it is well known that the formation of dimericopo Mo’ species from a
comproportionatiomeactionof oxidised andeduced speciesften prevers Mo'" O(dithiolene)
complexes from being effective @T catalystd'®*1%3 Successfully preventing this kind of
deactivationby steric control of the ligands has already been discudéskbmuraand ce
workers also studied this properiy detail and put forward the idea of prevention of
dimerization by an electronic control of the ligafids-"+*"3

In this thesis the synthesized model compoundsM™O andL,MY'O,; M = Mo, W) are
investigatedcatalytically and kineticalljbased on OAT reactionghe transfer of & from
DMSO to PR (R = alkyl or aryl)is considered ashé model reaction for oxo transfer
catalysis*®® The bis-(dithiolene)moneoxo MdY complexes can be converted to the
corresponding doxo Mo”' complexes through controlled oxidation by #M© to receive model
compounds for both the reduced and the oxidedation state of the enzyméshe progress of
the reaction can easily be followed B§P NMR spectroscopy (though integration of the
phosphorous signals is tricky and other substrdtdszer more reliable data). When using
varying substrate concentrat® kinetic information as thdg,,s dependency on substrate
concentration, the maximum velocity % and Michaelis Menton constarfKy) can be

extracted. Furthermore, when both substrate concentrations are varied it is posk#biegoish
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concertedfrom consecutive reaction mechanistig. In order to understand the catalytic
reaction in even more detail the forwardatean and catalyst recovery have bésvestigatedy
UV-Vis spectrophotometryEmploying different temperatures is nesary 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 thennocence of dithiolene ligands.
There are, however, only few examples in the literature in which sulfur functional gnoiupe
dithiolene ligands or the metaltitithiolene complexeare used in sensors, markers or indicators
for binding the targeparticularly the heavy metal ioff$2% 193, 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, avery interesting molecule used for the detection of!f8ad

in fact a precursor for a ditholene ligand; a type of ligand frequently used in our gienge,

we decided to@mbine dithiolenébased binding moieties, falling into our expertise, with directly
attached fluorophoresith the aim to detect heavy metal ions using optical methods.

Since most of the 1;@ithiolate groups are sensitive to oxygen and it the oxidativeard
photoinduced decomposition of the ligands increases baukd interferencewhich affecs the

metab analysis. Thus the use bis (dithiolene)niccolates instead of free dithiolene ligand as
markers/indicators reduces the background absorbance didhstadue to low energy
absorbance relative to an analysis using free ligakslg consequencéhey could be useful for
metal ion detection purposesince this provides paramount advantages over other common
analytical methods including minimal interfeg absorbancerom biological samples, low
background scattering and deep penetration into tissues iNIRigegion®” 1% This thesis
presentghe synthesisnd applications oflithiolene basefluorophorebearingmoleculedor the
determination of heavy metal ionsingoptical methods

In ongoing work, it had become important for us to work at the lowest possible excess of base
due to potentially base sensgéisubstituents and reaction partners whlidve us to optimize the
procedures most frequently used in our group for thprdeection of the ligand precursors and

thein situ complexation reaction® second task in the course of this thesis was to figats
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this important reaction in detail and to optimizeénerally.This study eventuallyed to anin

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
becauseat 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 rétectro
properties of the resulting complexes. Hence, from the initial aim of developing heavy metal ion
sensors and markeranother focus of the thesis was to utilthe developed ligand systertes
synthesizeanalogous molybdenum and tungsten complexes eking the corresponding
enzymes with respect to the immadiaoordination sphereThe model compoundsvere
screened for their catalytic activity in the model oxotransfer reaction between DMSO and PPh
The progress of the reactiovasfollowed by 3P NMR spectroscopy (though integration of the
phosphorous signals is tricky and other substrates deliver more reliableaddtd)V-Vis
spectrophotometry Varying the substrate concentrations, kinetic information as thg k
dependency on substrate concentration, the maximum velagify @nd Michaelis Menton

constantKy) have beemxtractedas part of thishesis
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2. Synthetic Methodology

2. Synthetic Methodology

The 1,3dithiol-2-onescomprise 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 itrehavio
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 literatuf®’? This chapter discusses thgnthesis ofl,3-dithiol-2-onesbased
molecules withsystematically variable substituer(tsigure 2.1) and their corresponding metal
complexeswith nickel, molybdenum and tungsteA powerful route to dithiolene complexes
employsalkenedithiolate dianiongenerated by tha situ basehydrolysis of cyclicl,3-dithiol-
2-ones
This chapter is divided into two main parts. The first part focusethemeneral synthetic
strategiesfor asymmetrically substituted,3-dithiol-2-ones ligand systemdhis includes the
synthesis of dithiolene based fluorophore bearing molecules \reedghiolene part (generally
called receptor) is attached to ttsgnalling moiety (fluorophore)oy various kinds of
connectios (peptide diimide and triazole ringia click reaction) In the second parthe general
methodfor metal dithiolene complexationis being discussedhich explores theurprising fact
that the ring openingreactionof the 1,3dithiol-2-one systemis fully reversibleand can be
controlled simply by adjusting the pthlue ofthe solution.

2.1. Synthesis of Dithiolene Systems

For the total synthesis of 18lithiol-2-one based fluorophore bearing moleculasgeneral
strategy for the synthesis of unsymmetrically substitdt&dlithiol-2-onesligandswas applied.
The required 18lithiol-2-one systemscan be prepared in several ways. Commoundgd

precursors arérhaloketmes, which are often commercially availablecan be prepared by
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halogenation of the ketonE4™*’? The overall procedurievolves a series of efficient steps with
well-defined intermediatesA key step is the acidatalyzed cyclization of raU-ketoxanthate
ester [RC(O)CHSC(S)OR] in neat bSO, to give the dhiocarbonaté'®?

v oS oo Bo¢r

(85%) (84%) (98%) (85%) (84%)
L1 (dmdt) L2 (mdt) L3 (ntdt) L4 (cmdt) L7 (N| -Ph- dt)
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>—<>—</\\f

NH S
H

4 (57%) H (56%)
L5 (AF-ph-dt) L6 (PYR-Ph-dt)
o)
J o~
S
n‘ SOy
H,oN N=N :
(83%) (47%)
L8 (tidt) L9 (4-PhenT-ph-dt)

Figure 2.1 Protected formgas 1,3-dithiol-2-one of asymmetricallysubstitutedl,2-dithiolene
ligand systems(Note:abbreviation®f each ligand stand for the active ligand-dn2dithiolate
i.e. the deprotected fopm

S
Se_0— o
O Br, © Ré)koj\ 0y’ H* s~
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Scheme2.1 A general synthetic scheme for the synthesisnsfymmetricalf substituted 1,3
dithiol-2-oneligands
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The correspondingeaction usingl-keto dithiocarbamate ester [RC(0)§3C(S)NR] generates
the iminium analgues of the cyclic dithiocarbonat®d, although the xanthate approach still
appears preferable and is discussed throughout the thesis (see 2chemé Experimental
Section). For ligand&5 ( Ap h ) dndL6 (P Y R p)hanatiditional step, condensation of
the acid functionalized 1;8ithiol-2-one with 6-aminofluoresceinand 1-pyrenemethylamine
respectivelywas employedo attachthemvia peptide bond Whereasfor L7 (NI  p hand t
L9 (4-PhenT )pghe ketone precursovas synthesised first by condensation and click
reaction respectively (see Experimental Sectiofr).the following part of this sectigorthe
complications andhow the reaction conditions were optimized|l be discussedfor each

individual reaction step

2.1.1. Condensationof the anhydride with 4-aminoacetophenone

The condensation reactionf 1,8naphthalic anhydridewith 4-aminoacetophenonavas
performedunder nitrogeratmospherén anhydrousDMF. Use of super anhydrous DMF is the
key to this reactionwhich was optimizedonly after numeroudrials. The reaction mixture was
refluxed for 24 h and then cooled down to rooemperaturewhen theproduct started to
precigtate Addition of anhydrousdiethyletherwas neededto precipitate moreream colored
crystalline solid which was crystalized latean the surface odin NMR tubefrom chloroform.
The produc(L7a) was characterized by several spectroscopic methodsHiNMR, **C NMR,
IR, MS and single crystal Xay diffraction.The product is stable in air amgisused forthe next

reaction without further purification.

2.1.2. Click Reaction

For the synthesis ofhe protected formof ligand L9 (4-P h e n T ,pahcopder tatalysed
cycloadditionreaction was appliedsdirst step (.e. thestep before xanthasditior) to connect

the 9-ethynylphenanthrene andb2omo1-(p-azidopheny) ethanonevia a triazole ring(see
Scheme 22 and Experimental Sectipn In general the Cu-catalyzed Azide Alkyne
Cycloaddition, CUAAC, is a catalyzeariantof the Huisgen reactiomg. a [3+2] cycloaddition
between an azide and a terminal alkyne. The reaction is catalyzed by copper(l), which
coordinates to the alkyne displacing the hydrogen and sumultaneously binds the azide, therefore

bringing the two reaction centers close to eaclerdtf? The terminal coordination of Cu(l) to
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alkynes is not so common and st&bilized by the participation of alkyrieelectrons in the
bond!*®3 The mostsignificantadvantage of this CUAAC reaction is the regioselectivity which
resultsin the formationof pure1,4-subsituted triazolproducs instead of a mixture dfoth 1,4-

and 1,5substitutecbnes!*®4

Table 2.1 Testedreaction conditioafor theclick reaction between-8thynylphenanthrene and
2-bromao1-(p-azidopheny) ethanone.

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

1 MeOH Cu(OAc) 5 25 r.t overnight
2 MeOH Cu(OAc) 5 25 r.t 20 h
3 DMF Cul 22,4 0 70 overnight
4 MeCN CusQ 100 500 r.t overnight
5 MeCN CuSQ 200 1000 r.t 75h
6 MeCN CuSQ 200 1000 r.t. 48 h
7 MeCN CusQ 50 250 r.t overnight
8 MeCN Cu(OAc) 4 50 r.t overnight

/
‘ ~ O _Cu(lyNaAsc_
+ N3 O
O ::: < Br "Click reaction O _ NM

L9a (63%)

Scheme2.2 Copper catalyze{B+2] cycloaddition reaction betweéhrethynylphenanthrene and

2-bromao 1-(p-azidopheny) ethanone.

After several attempts to optimize the reaction conditions as described in2Thbie found the

optimal conditions, where only 4 mol% of Cu(OAayere used together with 50 mol% of NaAsc
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atroom temperature and in acetonitrile as solvent (Entry 8). The product was charactettzed by
NMR and mass spectroscopy. Since the obtained compound was not pure as evidented from
NMR, the xanthate step had to be optimized by changing the solventatmdof starting

materials.

2.1.3. Bromination of Ketones
For the total synthesis df3-dithiol-2-oneligand systems oneapproactis the U-halogenation of
ketone(see in Schem.1) which can beperformedin bothbase and acid catalyzed conditions

2.1.3a Basecatalyzedbromination
The reaction oketones with molecular bromine ithe presence of the base potassium carbonate
results in the formation dihaloketons. Thesuggesteanechanism is depicted Bcheme2.3.

(@) e}
(@] @) - (0]
R()LQ/H/\ KOs RB\/\‘:»Br—Br R)&Br + Br

formation of
the enolate ion

)
(O /\ o] I o)
ool tacos Rﬁ\/\g, e e
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R
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r .
the enolate ion

(c) o
(@] (@] (@]
%H/KZ\CQ Msr—@ P
R —_— R R ‘<
Br
Br

(b)

Br

I;Br formation of
the enolate ion

Scheme2.3 Mechanism otheb a s e ¢ a-braninatorea ketone

The first step is supposed to be the base catalyzed enolization to give the enolate ion. The enolate
ion then attacks the bromine molectiegive the bromide (Schen®3a). One disadvantage of

the base catalyzeéed hasluadéryatwiomrdti sttolpatat t he
atom at the U position. Uphetfoinr satn ds tipdoensir & mtah e
between the carbonyl group and the bromine atom in the productasesacidic than those in
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the original ketone because of the electnothdrawing bromine atom. So, the bromoacetone

forms an enolate faster than the b gi n a l ket one does -bramrditounder g
(Scheme2.3b). 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 foration of the tribromo ketongscheme2.39. So, it is difficult to stop the

reaction after the introduction of one bromine atom.

2.1.3b Acid-catalyzed bromination:

Acid catalyzed brominatianworked better thathe base catalyzed brominat®obecausehe
reaction stopsafter the introduction of one bromine atomtfs U-position (Scheme2.48. The
secondhalogenation is slowethan the first. This idoecause most of the intermediates are
positively charge&nd hence destabilized by the presence of a hal@Egescheme2.4b). The
bromoketone is less basic than acetone so less oedotive protonated form is present. This
slows down anyfurther electrophilic attackSo, in generalthe halogenation of carbonyl
compounds should be carried out in a&cisblution. Atempts in basic solution lead to multiple

substitutions andltimatecleavageof Ci C bong.[*®3

@) H

©
0 o) f\e 0 o)
HBI/ACOH C Q )

(b) H\O®
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O eracoH (0 ¥ Coac S Br

RJKKH —_— R/\?H > R/R/ r m R)S/Br + r
bBr-Br

Br Br Br

presence of Br makes
proton removal slower

Scheme2.4 Mechanism otheacid ¢ at a tbyomimation &f ketore

The brominatoof corresponding ketones for the total
were performed in HBr/AcOH solution and the optimized procedures are reported in the

experimental sectiolhe corresponding bromination for the synthesis of ligandmédtdone in
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K>COs/CCly, since acid catalyzed bromination was difficult due to the presendbedcid
sensitive amine group in the starting compouhltl brominationswere donein the darksince
exposlire to light can cause radidakrmation (B?), which reats strongly with the reactant$he
yields of the reaction amounted to an average of aboutei&¥pt for compount7b (yield 15
%) where the product had toe separaté by column chromatographyThe successfulU -
brominatiors of all compounds arelearly discerniblef r om t he downfi-el d sh
hydrogens othe bromoketone at 4.69.48 ppm depending on the nature of the substitu€hts.
brominatedoroducs arenot stable enough for many days lauequite durable for at least three
days in a closedditle at 30 °C. The brominatedporoduct 1-bromopropar-one (L2a: see
Experimental SectionWwhich is also SEVERE LACHRYMATOR started to decompose &
brown colored oil at room temperatureair and needto be stored under nitrogen at 80 °C
Because of thisnstability, the produst were converted tothe corresponding xanthate form

within a few hoursaftertheir preparation.

2.1.4. Xanthate Step

The second reaction &simple nucleophilic substitution replacing Bvith thexanthate anion at
a satirated carboiisp’) atom(seeScheme2.1), called xanthate stefhis resultsn the formation
of an U-ketoxanthate ester [RC(O)GBIC(S)OR]with a -bbnd between carbon and sulflihe
byproduct(KBr) in this reactions easily separated by filtration atiten extraction with water.
The xanthate saltssed herewere obtained from the corresponding alcohol by reaction with
KOH and C$.*%" 188 The xanthate reactiocould occurvia an Sy2 mechanismdemandinga
back side attack, which in generahist favored by either thehigher degreearbonatoms orthe
cyclic ring systems because of the steric strain. On the other har&lltheechanism demands
the formation of a carbocation liye elimination othebromide ion,which could bedestabilized
to someextend by the carbonyl group U position Further investigatins would be required to
decidewhich is the actual mechanism involved in thasthatereactionstep The product after
the reaction withpotassiumxanthateare yellow powdes in most casesnd are quite stéle to
keep fora long time undemormal conditionsThe U-ketoxanthate estemre also quite clearly
identified by '"H NMR wherethe single proton ofhe O-isopropylgroupappears aseptet(spt.)
at 5. 64 due to &wo mgthyl group<Lrystallization of the crude products by slow

evaporation from chloroform yielded needle shapedmbiite coloredcrystals ofO-isopropyl S
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2-0x0-2- naphthylethylcarbonodithioate LBa) and O-isopropyl S-2-oxo-2-coumarine
ethylcarbonodithioateL@a) intermediatesX-ray singlecrystal structural characterizati@iso

provides a detailedunderstandingf theseintermediats.

2.1.5. Ring Closing Step

The final step, which leads th3-dithiol-2-one systens, is the acidcatalyzed cyclization athe
Uketoxanthate ester [RC(O)GSIC(S)OR](Scheme2.1).*®? This ring closing reactions the

most difficult step in the wholsynthesis starting frorthe ketoneprecursorsThe acid sensitive
groups onthe ligandd $ackbone could be destroyed by the addition of strong acid such as
HCIO,, HBr andH,SQ,. The rirg closing product, for instander the ligands tldt(8) and 4
PhenT p9), wastdiffiqult to isolate fronthe reaction mixture due to the presencelwd

acid sensitive amine group and triazole ring respectively.spleetroscois characterizatiorof

these two final compounds wamt very clear andthese two werenot used for any further
reaction sincehe following metallatiordemands high purity of its precursors. St aamount

and type of acid usedfor eachindividual ligands synthesisis very crucial ad the found
optimum isreported in the procedwgsee Experimental Sectiolhe possiblemechanism of

the ring closing reaction @epicted in Schem2.5.

The product obtained was extracted with organic solvent after wasitimgvater to remove the
excess of acid. The byproducts propene asd ean 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 antheaistable in aibut 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 generale highly hydrophobic and are soluble in almost
all common organic solvents. The final produatsre characterized by severapectroscopic
techniques includingH, *C NMR, IR, MS, single crystal Xay diffraction andelemental
analysis. The dithiolene proton [(O)&SHR] of all synthesized ligands Mdearly visible in the

'H NMR from the downfield shift at ~6.8.3 ppm depending on the nature of the substituents.
The only exception is the [(O)GS,H(Coumarin)] ligand where it appears at 8fppm due to

the intra molecular hydrogen bonding of this aitene hydrogen atom with carbonykygen as
evidenced from the crystal structure. This intra molecular hydrogen bonding also explains the

increased stability of this compound compared to others.
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H~ o)
H+ (_OL) S>§O HO S\( S\.(O
—_—
2 R)\/S R>S<S H;ZO R/%\/S
HsC—C=CH, VL

Scheme2.5 The possible mechanism fiireacid catalyzed ring closing reaction.

The dithiocarbonate units are good protecting gsotqr the bis-thiol functional groupuntil
delivery to themetal Many reactions are possible perform without the destruction ofigh
carbonate unit while mamtherrequirereleasinghe C=0 moiety before binding withe metal.
The deprotecteéorm (dithiolate) is very unstable ameted to be used foiin situ metallatiors

sinceit canundergovarious undesirable side reactsn

2.1.6. Formation of amide bonds

To complete théotal synthesidor the protected forms oligandsL5 (AF p h d L§( PayhRd
p h the gcidfunctionalized 1,3ithiol-2-onewas condensed witG-aminofluorescein and-
pyrenemethylamine respectivelljhe reactions are dora 115 °Cin anhydrous pyridine and in
presence of 0.7 equivalerdf SiCl,.*®" The products obtained were purified toiguration with
hot EtOH The postulated mechanism of tliendensation reaction gepictedin Scheme2.6.
The first step involves the formation ahO S bond wuclegpllic attadt fromy
pyridine. Then the reactigoroceedsia an intramolecular foumembered reaction centre where
the formation othe O=Si bondfacilitates the nucleophilic attack ahe amineon thecarbonyl
carbonresultingin theformation ofthe peptide bondThe final products are stable in air but still
stored under nitrogen atmosphere as discussed bdfoese compound@d.5d and L6) were
characterized bjH, **C NMR, IR HRMS spectroscopynd elemental analysihe ligand AF

p h lekaring the fluorescein fluorophore showed interesting behavior with valredavhile

another one did not show noticeable change pkthHowever, theravas asignificant solubility
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problem linked to these peptide connected fluorophore bearing dithiolene molecules which

hinderedtheir usefor in situmetallation during metal ion scanning experingent

— cl
N o RI—N7—Si—Cl o)
O \ .
I ( I QF/H\ZN—Rl /_(’I oH o,
R-C-O-H cl R‘C‘O‘?I—Cl R_ICI:_O — R—C—N-R
. Cl e}
ClSitC
Cl

Scheme2.6 The postulated mechanism péptide bond formation.

2.2. Synthesis of MetalDithiolene Complexes

2.2.1. Optimization of the Metal Dithiolene Complexation Method

The synthesis of metal complexes that are derived ftor&dithiolene ligands is generally
complicated by the tendency of these ligands to polymerize or decoffffoseparticular, only

the ligands that embed the 4Rhiolate noiety within an aromatic system, such as benZege
dithiolate and related compounds, are stable enough to be isolable as such, whereaskthylene
dithiols and-dithiolates are much less stable and must be protected until reatitetierdesired
metalsalts!*’? Among the various methods reported in the literature, one of the most commonly
adopted consistsf bis-thiol functionsprotected bythe C=0 moiety asalreadydiscussedn the
previous sectiorSo, n order to generate dithiolene metal complexes ftofdithiol-2-onesthe
protectingC=0 moiety needs to be released from the precursor in bastitions which is
most commonly done using ethanolic alkaline metal hydroxide softiffbic” 183 (seeScheme

1.2 in Chapter L The typical excess of hydroxide described in the literature lies in be®veen

§18%192 mer ligand precursor; in some cases even more has been rEpartédwever, the

and
minimum or exact stoichiometry needed for a successful yet complgbeotetion of the
dithiolene has not been investigated comprehensively. Furthemat islear, 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/neaskit 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 hydrolysisaction of 1, &lithiol-2-one.

Therefore quite a number of titration experiments were conducted in order to determine the
optimal amount of base (Figuge2). For the initial titration experiments one of the most simple,
symmetrically substituted compads bearing the 1,-8ithiol-2-one moiety was chosen: 4; 5
dimethyt1, 3-dithiol-2-one (1b: see Eperimental Section for synthetitetails). Besides being
rathersimple and therefore easy handle and characterize, from a synthetic point of view this
compund should be easily modifiable for instance by bromination of the methyl group and
subsequent nucleophilic substitutidf: ** This makes it an interesting starting material for
differently subsituted dithiolenes. It has also been used as is as ligand system for molybdenum
and tungsten oxidoreductase enzyme modeimplexes {a, 7b, 13a in Experimental
Section).The optimum base:precursor ratmopen thel, 3-dithiol-2-onesring was found to be

2.5:1 So, the base hydrolysis of 1 dthiol-2-one ring systems was standardized in course of
ongoing work to use 2.5 equivalents afstrong base like potassium hydroxide or cesium
hydroxide per ligand precursBt? After releasing the C=0 moiefyom the precursor it was

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 1,3Dithiol -2-one Systems isFully Reversible

The following wasthe most interesting finding in course obnclucting thesetitration
experiments. To our great surprise and entirely by chance it was found, thatpghetedtion

reactionof 4,5dimethyl1,3-dithiol- 2-one (L1b) ligand in basic solution was actually fully
reversible by addition of an equal amount of adidis finding sheds some light on the side
products of the derotection reaction and allows more insight into its mechanishmch,

besides being relevant for reseanchworking in ery different fields with thesaoninnocent

ligand systems, may even have an impact on l@sekeeping, as the deprotedigdnd acts as

an efficient trap given that G@s dissolved in basic solution first

CompoundL1b was treated wit 2.5 equivalents of KOH (see Schera&) under nitrogen
atmosphere and after 2h the completion of base hydrolysis was confirmié@ BMR. The

di sappearance of the si grhbldenonstrates theS#ote@ionpp m f r
of the dithioleneiilgand by hydrolysis of the keto group.
and 158 ppm in compouridl wasassigned to the formation of carbonates as side products and
sheds light on the mechanism ofgl®tection by KOH (see Figu23). When 2.5 equivants of

conc. hydrochloric acid was added to thepdetected form of the dithiolene ligandl(), it
surprisingly returned to its previous protected form (now denominated compdlivid,

revealing a full ring openinglosing reversibility of 4, Elimethyt1, 3-dithiol-2-one under basic

and acidic conditions (Scherger) . Reappearance of tmMé&CNMRR si gn
(Figure 2.3) confirms the reformation of the 1,-dthiol-2-one ring upon addition of 2.5
equivalents of conc. HCI to species (the deprotected salt). The same was also establiblyed

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

(Figure2.4).
s SK
2.5 equ. KOH _
S 2.5 equ HCI SK

L1b, L1b’ L1

Scheme2.7 Ring openingclosing reversibility of 4,5limethyt1,3-dithiol- 2-one (1b) under
basic and acidic conditions.
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Figure 2.3 °C NMR spectrum of (a),4-dimethyt1, 3dithiol-2-oneL1b, (b) 2,3-dimethyt1,4
dithiolateL1 and (c) reforred4, 5-dimethyt1, 3-dithiol-2-oneL1b' in CDCls.
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Figure 2.4 'H NMR spectrum of (a) 45-dimethyt1, 3-dithiol-2-oneL1b in CD.Cl,, (b) 2, 3

dimethyt1,4 dithiolate L1 in CD,Cl, and (c) reforred 4, 5-dimethyt1, 3-dithiol-2-oneL1b' in
CDCls.
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Figure 25 IR spectra of (a) 45dimethytl, 3dithiol-2-one L1b, (b) 2, 3dimethytl,4
dithiolateL1 and (c) reforred4, 5-dimethyt1, 3-dithiol-2-oneL1b' in KBr Pellets.

The observed ring openirdosing reversibility was also confirmed by monitoring the C=0
stretching frequency in the infrared spectra of compoluitls L1 andL1b' (Figure2.5). 4, 5

dimethyt1, 3dithiol-2-one {1b) displays a band at 1753 thtaused by its C=O group, which
disappears in compound. after deprotection of the dithiolene ligand. The band, based on the

keto group, can be regenerated by addition of conc. HCI to compdurithis confirms that in

the presence of enough acid to neutralize the solution compdunegernerates its precursor,

i.e. the full ring openinglosing reversibility of the 4,-8imethyt1, 3-dithiol-2-one system.

The UV-Vis spectra of compoundslb, L1 andL1b' are displayed in Figur2.6 and reveal a

change of absorbance intensity with ring opening and closing of thedithi@-2-one ring

system (Figure.7) . The absorbance at 273 nm is most I
transitions. In the opg f or m of the dithiolene | igand th
expected to be stronger causing an‘'mofficrease
compared to the cimoLed fUprom @Udi6240 om acid
values come back exactly to 6240 &molL, corroborating the reformation of the 4; 5
dimethyt1, 3-dithiol-2-one ring.
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Figure 2.6 Absorbance spectra df 5dimethyt1,3-dithiol-2-one (L1b) (black); 2,3-dimethyt
1, 4 dithiolate I(1) (red) and 45-dimethyt1,3-dithiol-2-one(L1b") (blue) in CHOH as solvent.
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Figure 2.7 The above spectra shows the generation and the stability of the intermedate 2,
dimethytl, 4 dithiolate (1) with time and reformation of the ZXdthiol-2-one ring upon

addi ti on pg#f273m)iatthou( 1®.t o

The proposed mechanism for the reformation of theditf8ol-2-one ring in presence of enough
acid to neutralizéhe solution is illustrated in Scher3e8. 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 groupg next
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CO, + OH
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Scheme2.8 Proposed mechanism for tlopening andreformationof the 1, 3dithiol-2-one

ring.*4

step one of the hydroxyl groups is released to form the C=0 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-d&hiol-2-one ring.

The proposed resptive reaction mechanism sipported by DFT calculationshich will be
discussed irthe following dapter.Apparently, under neutral pebnditions the reformation of

the ring from the dithiolate is favorable compared to a dissociation of carbonic tcidater

and CQ. Consequently, endithiolate salts may be quite efficient traps for @ aqueous

solutions.

2.2.3. Synthesis of Nckel bis(dithiolene) Complexes)

The monoanioni¢Ni(L)(L /3)] and neutra[Ni(L)l)z] nickel complexesvere synthesiseddapting
reported procedurd®3" 177199 \yhere L represents the -peotectedl, 3-dithiol-2-one ligand
systemsThe deprotectionof 1, 3-dithiol-2-oneligand systemsvasdoneusing 2.5 equivalest

of KOH under inert atmospheia anhydrous methanff? Then he reaction of giotassium
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enel,2dithiolate KoJ[S,C,RRY] with Ni(ll) salts, e.g. hydrated NiC}, in anhydrous methanol

under anaerobic conditions in thetio 2:1yields reddishbrown solutios which containsquare
planardianionic complexes of nickéNi(L) ;] . The attempts to synthesize dianionic complexes
were unsuccessful sinckelse compounds axery sensitive towards oxygen particulathen
dissolved and readily undergo one electron oxidation to forfili(L) (Lﬁ)] of which the
potassium and tetraphenylphbepium saltswereisolaed (K*: 1a, 2a, 3a, 4a; Ph4P: 1b, 2b,

3b, 4b. seeScheme2.9 and Experimental Section)Single crystals suitabléor X-ray analysis
were obtained from a solvent mixture of acetonit&gO by theslow diffusion method.

2 =+ 2 1]n- 2 2]n-

R\~SK R~s. s R Rs_ s R

ZI_+ + NiCl, — I NI I + I N I

Rl SK Rl S S R2 Rl S S Rl

cis- trans-

la: R'=CH3 R?*=CHg n=1; cation = [K*] 3b: R! = napthalene, R? = H; n = 1; cation = [Ph,P*]
1b: R = CH3, R? = CHj3; n = 1; cation = [Ph,P*] 3c: R! = napthalene, R2 = H; n = 0
1c:R'=CH3, R?=CHgn=0 4a: R' = coumarin, R? = H; n = 1; cation = [K*]
2a: R' = CH3, R? = H; n = 1; cation = [K"] 4b: R! = coumarin, R? = H; n = 1; cation = [Ph,P*]
2b: R' = CHg, R? = H; n = 1; cation = [Ph,P"] 4c: R = coumarin, RZ=H: n=0
2c:R'=CH3, R?=H;n=0 5a: R = AF-ph-dt, R2 = H; n = 1; cation = [Buy;N*]
3a: R! = napthalene, R? = H; n = 1; cation = [K*] 5b: Rl = AF-ph-dt, RZ=H; n = 0

Scheme 2.9 Synthetic route to and chemical structwk monoanionicand neutral nickel

bis(dithiolene) complexes.

A further one electron oxidation d&, 2a, 3aand4awith one equivalent of iodine affords green,
solutions of the square planar, diamagnetic, neutral COFﬂp'EXESE)Eﬂ\H@hiCh wereisolated as
solid materials.The single crystalsuitable for Xray analysis were obtained from a solvent
mi xXtur e of T HyF thea slogv t diffasiot methoe. Crystallographic structural
descriptiors of the nickel complexesn their monoanionic and neutral form3lf and 3c
respectivelywill be discussedn the following chapterThe compositions of the complexes were
alsoconfirmed byMALDI/TOF mass spectrometry

Similar attempts to synthesizmetal complexes for thaleprotectedligandsAF p h L)t (
PYR ph Lé&tand NI L7{ towadds invéstigation chesecompounds apossible metal
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ion indicatas/markerswere unsuccessful due to solubility probtewith theseligandswhich

will be discussdin thefollowing chapter

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

The moneoxo bis(dithiolene) complexes of molybdenum and tungsteere synthesized
accordingto the procedureseported by Garneet al.l****"? As discusseckarlier, the ligand
needed tobe de-proteced before delivery to the metal centerhich was doneusing 2.5
equivalens of KOH in anhydrous methaneinder inert atmosphef? Trans[MO,(CN),]* (M

= Mo, W) usedas the initialsourceof molybdenumand tungstenvas synthesized according to
the reported proceduré® The blue colouredsolution of metal precursofKsNajM O,(CN),]
herg in waterwas addedslowly to the yellow colouredsolution offree ligand (enedithiolate
form) in methanoland the mixturewas heated to50 °C (Scheme2.10. It was important to
elevate theemperaturef the reaction mixturabove room temperature for the reaction to take
place but at the same time even higher temperatnecéised to destroy the desired products.
Careful monitoring of the temperatuie therefore required. An immediate calacchangefrom
yellow to brown andeventually to redvasobservedwith the reaction timeDuring this reaction
the cyanide ligandsvere replaced by thalithiolenes. In course of this, one of the two oxo
ligands,which are intrans arrangement in the precursevaslost. Thetrans arrangemat for
oxo ligands igecidedlyunfavorablein complexesandonly possible in the precursor due to the
si gni fchameenfttheMi CN bonds™*3 After the reaction mixture has cooledramm

R2 —+ 4- 2- O 2-
2 sk \||/ MeOH/H,0 R2 - Zfl'\}ls .
—+ / \
Rl TSK /||\ 50 °C ’\J & Vs
Rl
(M: Mo, W) trans-
7a: R! = CHz, R? = CH3; M = Mo 9b: R! = napthalene, R =H; M= W
7b: R =CH3, R2=CHg; M= W 10a: R! = coumarin, R? = H; M = Mo
8a: R' = CH;, R =H; M = Mo 10b: R! = coumarin, R2=H; M =W
8b: R'=CHg, RZ=H;M=W 11a: R! = AF-ph-dt, R = H; M = Mo
9a: R! = napthalene, R? = H; M = Mo 11b: R = AF-ph-dt,, RZ=H; M =W

Scheme2.10 Synthesigoute and chemicaltructureof mono oxebis(dithiolene) complexes of
Mo and W
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temperature a large cation source (here tetraphenylphosphonium chloride) was added to
precipitate the anionic complexeMQ(L),]? (where L represents the -geotected form of
ligand meaning without the C=0 group in the3-dithiol-2-onering). Recrystallization of the
crude products from acetonitrile/diethyl ether yielded analytically pure complexes.
Thoughthere are a number " (M = Mo, W) model complexes supported by two dithiolene
ligands!30 55 143144 196201 geyerg| attempts failed to directly synthesize timeresponding
oxidizedspecies (i.e. thdioxo 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,’Ma6re stabilized by two
dithiolene ligands from the metal precursis-[MoO»(SCN)]? , which wassynthesized/ia the
reported proceduté®? While the tetraphenylphosphoniutetrathiocyanatodixomolybda(&/1)
compoundhas been reporteldefore as anoxo transfer agenit hasnot beenexploited asa
MoO,** source for the synthesisof dioxo-bis(dithiolene) complexes of molybdenurithe
reactionwasperformed in a similar waljke for mono-oxo bis(dithiolene) complexeOnly the
solubility of this thiocyanato salis poorercompared to KNaMoO2(CN),] due to thelarger
PhP counter cationsSo the metal salt added to the free ligand precursor was dissolved in
dichloromethane inséel ofanagueous solution of NaOH. And the reaction mixture was heated
just above room temperature (at 30 °A).immediatecolour changdrom yellow to brownwas

also observed here andotably, the colour was light brown compared to dark red Kt'
complexes which could be an indication for the formation [#004(L),]* aniors. After the
reaction mixture has cooled to rodemperaturghe solvent was removed by reduced pressure
and the compound was extracted with dry acetonitrile sthee products aresoluble in
acetonitrile while thestarting materialsare not. Again the solvent was removed by reduced
pressure and the aea product was recrystallizédom acetonitrile¢ther to yieldanalytically

pure complexes.
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3. Dithiolene Based Optically Active Molecules. Metal lon Marker s

Metal ions play critical roles in manghysiological and pathological processes in living
organisms?® Heavy metals such as iron, coppeinc andmolybdenumare among the most
abundant transition metal species in cellular systems holdingoudstanding biological
importance because of their presence in the structures of humerous enzymes and proteins but
excessive levels can be damadfid. Other heavy metals such as mergusadand 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!fitrfi@3aviercury, for instanceis
one of the most ubiquitous ndmodegradable hazardous pollutants with its various existing
forms widely distributed in the ecosystéth?*® The toxicity of H§" is related to the fact that
biological ligands (i.e. proteins/enzymes) can coordinate mercury preferably over essential
metals due tdas high affinity to Sfunctional groups in proteins (i.e. the amino acids cysteine and
methionine)?®? Inorganic mercury (HY) can be converted into methylmercury by marine
bacteria and then easily enter the fabdin 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 lipophilicif/®?°? Exposure to mercury ions even at low
concentration canazise serious human health problems resulting in significant damage to the
kidneys, heart, brain, stomach, intestines, mitosis impairment and permanent damage of the
central nervous systéfi”?*! including the so called Minamata disdd& Certain elements
such as cadmiumhat are normally toxicmay be for certain organisms and under certain
conditions even benefici&>*'4 Nickel alsois an essential element in cellular systdmsthe
amount of nickel we need is very little, and an excess of nickel ions in an organism may cause
adverse health effects like acute pneuitis, dermatitis, asthma, cancer of the nasal cavity and
lungs along with other disorders of the respiratory and central nervous $¥stéfhSo b

investigate the distribution of essential metalglysiological or excessive concentratiams
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that of toxic metals in cellulaand environmentalsystems, research has been focusad
developng rapid, cost effective, easy to use, sensitive and selective nsdthradietecting these
materials in environmental and biological milieus

Many featuresmake fluoresaece one of the most powerftlansduction mechanisfi¥! to

report chemical recognitionevens. A number of fluorescencébased microscopy and
spectroscopytechniquesmonitoring the lifetime, anisotropy or intensity of themission of
fluorescent probes have been developed over ydas. These are enormouslysensitive
techniques that alloweven the detection of single molecul&uorescence does nobnsume
analytes and no reference is requir€e of the mossignificant advantage®f fluorescence
spectroscopy is that different assays can designed based on different aspects of the
fluorescence outpuflifetime, intensity, anisotropy and energy transf&éf?*® Therefore,
fluorescence techniques anmevesionedas the most important detection methiodliverse fields
ranging from biology, clinical diagnosis, to drug discoéy To date, a large vome of
fluorescent probefor a widevariety of targets haseen developed

However,most of them possess absorbance and emission activity in the ultraviolet visible (UV
Vis) light range, which limits their applicability faensing and imaging targets of interest

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

to unfavorable signab-noise ratio$”” **¥ Although other traditional analytical techniques
including atomic absorption spectroscopy, atomic fluorescence spmmpy®?? dispersive
liquidt liquid microextractiort??? inductively coupled plasma atomic emission spactpy
electrochemical sensing, and the use of piezoelectric quartz crystals provide good sensitivity they
do require expensive equment, quite often tedious sample treatment is necessary and they may
be completely unsuitable for eite real timein-situ detection of metal iond%" 22224
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. Paraount, however, is the fact, that the nedrared (NIR) region of around
75011400 nm possesses significant advantages including minimal interbdysaybancérom
biological samples, low scattering and deep penetration into ti€54&%.

In order to addresthe aboveissue the design and synthesis dithiolene basedluorophore
bearing moleculess describedin this chapterwith their potential applications as sensors,

markers or indicator®r heavy metal iong the NIR region
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3.1. Design of markers/indicators based on dithiolene as receptor

The classical design of a @tescent indicator includes twooieties, a receptor respsible for
selectivemolecular recognitiorof the analyte and a fluorophore responsiolesignaling the
recognition eventthe two are often separated by a spacer grodepistedn Figure3.1

Fluorophore Fluorophore ™ Spacer
—

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 resultdritrinsic fluorescent probes® ?*3 which are
fluorescent molecules where the mechanism iigmad transduction involves interaction of the
anal yte with a | i gystandof théfludrophore. Theasecond exdinsic h e
fluorescent probesn which the receptor moiety and the fluorophore are covalently linked but

are electronicallyindependent™> 2?6221 The extrinsic probeshave also been denoted
conjugate®®® nevertheless, for homogeneity reasons, they are commonly known as
nextrinsinf?*¥ Here, different fluorophore molecules have been synthesized and in the following
beenattached to a dithiolene receptor either through a spacer or without spacer to generate the
sensitive probe for a heavy metal ion (Fig8r8). In case of covalent linkg 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 referewo molecular
indicators/ markers as O006sensorsob, which of
long way from the indicator molecule to a sensor which (integration of fluorescent
indicators/markers) is a devi€&? To avoid such confusion, Czarnik introduced the concept of

66 Chemosensld%As 6c hietmos®N3.0r was defined as: 6
that complexes to an analyte reversibly with
it constitutes only the active transduction unit of a sefi&br.
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o O
intrinsic optical probes % s %

S
NS
QLY
H
0" ~0O

(98%) (85%)
L3b (ntdt) L4b (cmdt)

extrinsic optical probes

HO
OH o

o O<7
o} / NH : °
%©¢Y O )

o (57%) (56%)
L5d (AF-ph-dt) L6 (PYR-Ph-dt)
o)
o s
S
{ H Oy
N=N H
(84%) (47%)
L7d (NI-Ph-dt) L9c (4-PhenT-ph-dt)

Figure 3.2 Synthesized intrinsicL@b, L4b) and extrinsic (5d, L6, L7d, L9c) optical probes

without and with a spacer group respectively.

3.2. Large Fluorophore Dithiolene BasedMarker s

Fluorophore bearinglithiolene basedmoleculessuch asL5d, L6, L7d and L9c were first
studied to evaluate their potential use as metal ion mar&enmpoundsL5d and L6 were
synthesizedy the condesation reaction ofcid functionalized 1;8lithiol-2-one (L5c) with 6-
aminofluorescein and-pyrenemethylamine respectivelyhile the precurso#-(benzoic acid)
1,3-dithio-2-one (5c) was easily synthesideby athreestep synthetic procedure starting from
2-bromo4 6 c y an o a c ad shqvh i ischen®.1 (see Experimental section 10.6.5 and
10.6.6for detailg. The chemical structures of the intermedsdi®ai L5¢c andthe final product
L5d and L6 were confirmed usingH NMR, **C NMR, IR, elemental analysiand mass

spectranetry.
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J\ OH
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S0 | &
3 L5d
AcOH/HCI HCIO, R=NH,
“100°C acetone Et,O/CHCl, Py/SlCI4 ;

COOH COOH COOH 060
~

L5a L5b

L6

Scheme3.1 Synthetic route to market$d andL6 starting from2-bromo4 6 cyanoacet ophe

/©)‘\ Br2/AcOH
reflux, 24 h 60 oc

o uidd k O o<
O . 2)conc. HySO,
0
L7b L7d

Scheme3.2 Synthetic route tacompoundL 7d starting from 1,&aphthalic anhydridend 4-

aminoacetophenone

Figure 3.3 The molecular structure of compouridra. Ellipsoids are shown withb0%

probability.

CompoundL7d was synthesized in four stepstarting from 1,8-naphthalic anhydridgsee
Schemes.2and Experimental Sectioffy'” The first step involved condensatiohthe anhydride
with 4-aminoacetophenone tproduce the corresponding imide. Subsequent bromination,
followed by reaction with potassiun®-isopropylxanthate and treatment thie product with

concentrated sulfuric acid yielded the dithsbne, L7d. The chemical structures of the
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intermediated.7a, L7b, L7c and final product.7d were confirmed usingH NMR, *C NMR,

IR, elemental analysis and-pdy crystallographyThe molecular structure df7a with the

appropriate labeling scheme is shown in FigBrg@ and thebasic crystal refinement datae
sunmarized in the Crystallograpc Annex.

And finally, compound._9c was synthesizely athree stepsynthetic procedurstarting fromo-
ethynylphenanthrenand 2-bromeo 1-(p-azidophenyl) ethanonas shown in Schem8.3 (see
Experimental Sectign The first step involveda copper catalysedycloadditionreaction to
connect the-ethynylphenanthrene andb2omao 1-(p-azidophenyl) ethanonaa a triazole ring
Subsequent reaction with potassiumisopropylxanthate followed by acid catalysedring
closing yielded the final product 1-8ithiol-2-one, L9c. The chemical structures of the
intermediatesL9a and L9b were confirmed by'H NMR, mass spectoetry but the
characterization of the final produlc®c was not possible sinde could notbe isolatedas pure
substance aftedhe acid catalyzed ring closingtep andhereforefurther attempts for metallation

remained unsuccessful.

4 )\
+ Cu(OAC)2 1) KS)J\ Q
NaAsc 2) conc. H,SO,

Scheme 3.3 Synthetic route to compound9c starting from 9ethynylphenantteme and 2

bromao 1-(p-azidophenyl) ethanone

The deprotection ofthe ligandd.5d, L6, L7d appeared to be very diffidullue to base sensitive
groups.Hence,these ligand systera (L5d, L6, L7d) were studied by UWis spectroscopat
different pH values to evaluate the number of equivalents of base neemjgehtbe 20x0 1,3
dithiolene ring Then the procedure was optimided. The fluorescence property of the
deprotected ligand has also been checked at diffptgnBased on the titration results of the
ligands with basecompoundsL5 and L7 were tested for fluorescence with respect to their
coordination behavia towards different biologically beneficial or toxic metals (Cu, Co, Fe, Mo,
W, Hg, As, Cd, HgNi, Pb, zn), which are known to be easilyardinated by dithiolenes, some

of which redox active and active in biological oxidation reactions.
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Figure 3.4 UV-VIS absorbancespectra of ligand.5d (50 uM) uponaddition of KOH (pto5.0
equivalent with respect 105).

The ligandL5d bearing thefluorescein fluorophoreA F  p h shawed interesting behaviour
with variedpH (Figure 3.4), which is typical for fluorescein bearing molecules while ( N |

ph dt )tshdw amynoticeablechange witlpH. Based on these observations we suspect that
the 2oxo 1,3dithiolene ring did not open up upon addition of bas¢hine L s Arether .
great disadvantage with these dithiolene ligands attached to large fluorophsré®e solubility
which obstructedhem for metallation in alkaline alcoholic solutioHence, wedecided to
concentrate only on the dithiolene ligands8l§ and L4b) attached to smaller substituerid

evaluate their possible application as metal ion sensor/marker

3.3. NaphthaleneDithiolene Based Markers

A naphthalendlithiolene derivative based ligandwas studied as a colorimetric markker
selective detection of Kiiin methanolic solution withwhich it showed aremarkable red shift
comparedo other toxic and heavy metal ionghe naphthalenelithiolene based precurs(3b)
wasfirst de-protected by addition df.5 equivalent&OH as discussed iaprevious chapteand
its optical behavior was monitored via Wis spectroscopy with and withodihe individual
addition of various metal ions ( AgAI®**, C&*, Cdf*, C*, CU#”, Fe", Hg", Li*, Mg?*, Mn*,
Na', P¥*, Srf*, zn?* and Nf*). The colorimetricdetectionof Ni** by this activedithiolene

marker {3) occurs by formation of a square plamaonoanionic [Ni(B)(L?f)] complex with
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characteristic absorbance in the ndirared (NIR: 7501200nm) region. Furthermore,the
marker (3) alsoshows a distinguished color charfgem light yellow to brown upon addition
of Ni** which was even aily observedvith thenaked eye.

Notably, this monoanioni¢Ni(L3)(L3’3)] complexshowsa metal exchange with Agesultingin

a redshift which could be used for selective’ Agnsing.

3.3.1. Synthesis and Characterization

The general synthetic strategy for the synthesis of substitutedithi@l-2-one ligands is well
established in our grotip® andhasalreadybeendiscussed i previous chaptelCompound.3
(ntdt) was easily synthesized by a tatep synthetic procedusgarting fromt h ehaldéetoneas
shown in Schem8.4. According to the synthetic pathway adopted previolt&fy!9> 22233 the
commercidly available material 2-Bromo-2Njcetonapthonewas reacted with potassium
isopropylxanthate in anhydrous acetagieing intermediate.3a which was then subjected to
acid catalyzed ring closing in presence of HECI® obtain the final isolablproduct L3b with
98% yield (see Experimental Section for detailhe final compoundL3Db) is soluble in almost
all common organic solvents. The chemical structures of the intermédataend product 3b

were confirmed usim*H NMR, *C NMR, IR, elemental analysis andr&y crystallography.

s o{ 0
G 8T g {
Br _ S S~
OO KS~ o S HCIO, X KOH X
acetone Et,O/CHCl3 in situ
(91%) (98%)
(L3a) (L3b) (L3)

Scheme 3.4 Synthetic route to markek 3 with the last step being aim situ preparation

immediately prior to adding the sample to be tested.

Crystals of O-isopropyl S2-oxo-2-naphthytethylcarbonodithioatelL3a), suitable for Xray
structure analysis, were growy slow evaporation from chlorofordiethyl ethersolvent layers
X-ray singlecrystal structural characterization of intermediatenpoundL 3a shows that the
relevant crystals belong to thmonoclinic system with aP2;/c space groupThe molecular
structure with the appropriate lalmgl scheme is shown in Figur85 and the basic
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crystallographic data are presentedthie Crystallographic AnnexThe dihedral angle ofhe
carbonodithioataunit with the acetonapthong@art of the moleculeis 7851 ° and thisspatial
arrangemenbrings the thione (S=C) and carbonyl grauploser to each other which is an
essential requirement fathe acid catalyzed ring closure mechanisithe spatial distance
betweenthe thione S (S2 in Figure3.5) andthe carbonyl carbor{C11in Figure35) of L3a s
3.481 A which facilitates anucleophilic attack from San C11 to form the 1,3-dithiole
heterocyclic ring.

Figure 3.5 Crystal structureof intermediateL3a. Ellipsoids are shown with 50% probability.
Hydrogen atoms are omitted for clarity reason.

Rhombic shaped light yellow colored crystalf protected ligand_3b were similarly grown
from chloroformand diethyl ether solvent layers Hye slow evaporation methodhe crystal
structureanalysisshowsthat the relevant crystals belong to tnthorhombicsystem with &bca
space groupl'he molecular structuref the asymmetric unit witappropriate lab&lg scheme is
shown in Figure3.6. The basic crystallographic data are presentéderystallogrghic Annex
and the selected interatomic distances (A) and bond angles (°) are given in Tallbe3.1.
naphthalene ringn the 4-naphthyl 1,3dithio-2-one (3b) deviates from the planarityof the
dithiolene moietyby 27.11 °, as observed in the crysttuctureThe atoms € and C3 are ia
spf hybridized state with a double bond of 1.@38% between theqwhich is slightlylargerthan
the typical value ofL.331(9) Athat tabulated from a large number of staructurally identified
compounds$®®? The bond lengths thabnnectthe sifur atoms with the doubleonded carbon
atoms are 1109(4) A for C2-S1 and 1.Z0(3) A for C3-S2respectively The C-S bondlength of

53



3. Dithiolene Based Optically Actiwdolecules: Metal lon Markeis

less tharll.73A may be taken as indicative of partial thiarigracteof the dithiolene ligand I(

in Schemel.1). Similarly, dithioleneC-C bond lengths longer than the typi¢ap’)C=C(sp)

bondlength of 1331(9) Amay be interpreted as evidence for some thienyl radicaioanion
(L’“in Schemel.1) involvement, which lowers thearbonrcarbon bond order.

Figure 3.6 The molecular structure of tlesymmetriaunit of the compound3b. Ellipsoids are

shown with 50% probability.

Table 3.1 Selected Bond lengths (A) and angles (°)Lf8b.

C(1)0(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(10yC(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 Nf* with L 3

In order to generate the actidhiolate ligand (L3) from 4-naphthyl 1,3dithio-2-one (3b)
being able to bind a metal ion for its selective marking, the Gr@ety needs to be released
from the precurso(L3b) in basic conditiongs discussed earlieFhis is most commonly done
using an alkaline solution of a metal hydroxitié® 124 237 The optical behavioand response to
analytesof L 3 (generated by thim situ preparation fronL.3b via addition of 2.5equivalens of
KOH to open the 1:8lithiol-2-one ring L3b + 2.5equivalens K OH L¥3) in methanolwas
investigated by mumitoring its UV-Vis spectra over a wide range2 0 0 1 2 @ith and m)
without the individual ddition of various metal ionsAg*, AlI**, c&*, cd*, Cd*, CU, Fe*,
Hg?*, Li*, Mg?*, Mn**, N&', PI*, Srf*, zn** and NF*). The resulting solution was shaken well
before recording thabsorbancepectra and the spectroscopic studies were carried out at room
temperature imethanolwith the sample conc. &x10° mol/L. As shown irFigure3.7, freeL 3
exhibited absorbancéards centered at @, 268 and 23%:m, which could be assignetb "1 " *

transitiors of thenaphthalenand1,3-dithiole heterocyclignoiety?3
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Figure 3.7 UVivis spectreof L3 (50 ¢eM; assuminga quantitative transformation froh8b to

L3) at room temperaturi@ methanal (I nset shows the spectra at

Preliminary qualitative experimensghowedthat the addition 02.5 equivalent®f KOH and 0.5
equivalens of the metal ions, Ag AlI**, c&*, cd*, cd*, Ct*, Fe', HE, Li*, Mg®*, Mn*,
Na', P*, Srf* and zr* respectively to 5@ M (presuming a quantitative transformation from

L3b to L3) colorless solutiors of L3 in methanol resulted in negligible changes in the
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absobancespectrum of 3 if at all (Figure3.8). As soon a®.5 equivalentdNi** were added at
room temperaturéo the active markek3, a remarkablespectroscopic and visual age was
observedThe naphthalene based peak appeared at 268 nm along with a new §@&@kiatin

the absorbancespectrum, possibly due to an extensive electron delocalization within the
dithiolene ring system, and the interaction of this delocalize@sywith available érbitals on

the central metdt*? Correspondingly, theolour changefrom light yellow to redorown of the
solutionwas observed bypareeye simultaneously in presenceif* (Figure3.9). This result
indicated that the colour chg@ was most probably due to the formation of a new complex

species with different electronic properties from thdt®fThese results suggest that compound

2.0

268 nm
L3b, L3, Ag*, A%Y, ca??, cd?t,
co?t cu®t Fe®t He? Uit Mg?T,

Mn2*, Na®, Pb2t, sn?t 2+
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Figure 3.8 UVivis spectral changes &f3 (50 eM; presuming a quantitative transformation
from L3b to L3) in methanolupon the addition of 0.5 equivalerf different metal salts: Ag
AlI**, c&*, cdft, cot,Ccw, Fe', Hg, Li*, Mg®*, Mn®*, Na', P¥*, Srf*, zrf" and NP*

respectively.

L3 Age AP Ca? qqe qﬁ g rax Haze M,gf Mn2* Nar N2t Pb2* Snz Zn2*
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Figure 3.9 Change in color of solutions &3 (50 eM; presuming a quantitative transformation
from L3b to L3) in methanolwith the metal ions Ag AI**, C&*, Cd”*, Co*,CU, Fe*, He",
Li*, Mg®*, Mn?*, Na", Ni*, P¥*, Srf*and Zif* respectively
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L3b and the actual marker made fronmitsity, L3, can be wutilized as a ¢
indicator for Nf* ions with an additional characteristic NIR signature even in the presence of
various typical transitiometal ions, such as €y P&, and Hg" etc which are normally

difficult to differentiate.Ni”* as a fsoft o metal ion displays
coordination centers and therefore, hlhg h s el
metatdithiolene based peak at 980 nm in #iesorbancepectrum further demonstratéuht a

stable complex was present having a certain stoichiometric ratio betwde$ ahel Nf* formed

in methanol solutionWorking in basic conditionmight bethe reasn for decidedly thiophyllic

metal ions like H§ not showing a response @&y are possibly precipitated as hydroxides.

3.3.3. J o bRibsAnalysesusing UV-Vis Spectroscopy

For the determination of stoichiometry betwedn3 and NFf*, Jolis plot analyses were
conducted The methodequireskeepingthe total concentratiomf L3 and Nf* at 50.0 uM, and
changing the molar ratiof Ni%* (X = [Ni?*]/[L3] + [Ni®*"]) from 0.1 to 05. As shown in Figure
3.10, whenthe molar fraction of Ni* was 033, the absorbance 890 nm reached anaximum,

indicating that #:1 complex betweeh3 andNi** is formed

0.33

0.1 0.2 0.3 0.4 05
[Ni2H/[Ni%T] +[L3]

Figure 3.10 Jols plot of L3 with Ni?* in CHsOH solution at 890 nm. Total concentration of
([L3] + [Ni?"]) was keptonstant at 50.0 pM.

3.3.4. Coordination Behaviour of L3 and Ni?*
The 2:1 stoichiometric complexation betweeB and Nf* ion is further supported by mass

spectrometry data of the [Mid!),]' complex. MALDI/TOF mass spectrometry shows the
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formation of a 2:1 ligandnetal complex with a major signal at m/z189.795 for [2xL 3+Ni?"]
(calcd. ForCoH1gNiSs: 489.94883. The geometryof L3 and Ni?* was speculated firdb be
square planam a monoanionic [Nintdt),] complex(Figure 3.11), which was laterconfirmed
with single Xray structural characterization and will be diseasis the following section in
detail Interestingly, this monoanionifNi(ntdty] complex shows metal exchange with *Ag

resultingin a redshift which could be uddor selective Agsensing.

Figure 3.11 The proposed chemical structure I8 binding with a Nf* ion; only thetrans

isomer is shown even thougts andtransisomers might be formed.

3.4. Bis-(naphthalenedithiolene) Niccolate Based Markers

As the deprotected dithiolene ligandswere designed and partlytested as marker to
mark/indicate metal ions in environmental and/or biological systdmy do need to fulfilhree
crucial criteria with respect to handling them in thoseeusliThey need to be air stable athey
need to be soluble in pure water or in such organic solvents which are easily misciblateith
And, most importantly,the markers shoulaot exhibit large background interferencduring
sensing and imaging targets of interstiving systems Consequentlythe markers exhibiting
absorbance and emission in thigraviolet visible (U\AVis) light range havdimited access to
biological systera since the light in this wavelength region is well absorbed by biomolecules
leading to unfavorable sign#d-noise ratiod®” **¥ Additionally, most of the 1 lithiolate
groupsgenerated froni,3-dithiol-2-onesheterocyclic ringsre sensitive to oxygen and ligfif
and the oxidative and photoinduced decomposition of the ligands incrdzsgsyround
interference whiclalsoaffectsthemetab analysis.

Keeping all tlese points in mind and inspired by the coordination behavior of*Niith
noninnocent naphthalenalithiolene ligands as discussed above a series of nickel
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bis(naphthalendlithiolene) compunds [K][Ni(ntdt);] (3a), [PhP][Ni(ntdt);] (3b) and
[Ni(ntdt);] (3c) was developed with improwk stability and solubilityaimed at application as
markers mediatedby metal exchangeeactiors. Thus the use obis(naphthalenglithioleng
niccolate instead ahefree dithiolene ligand as markers/indicatatsoreduces the background
absorbance drastically due to low energy absorbamdie Vis-NIR region relative to an
analysis usingthe free ligands.In addition absorbance irthe Vis-NIR region provides a
significant advantage over other common analytical metfardhe detection of metal ions in
environmental and biological systenAll three compoundg3a 3c¢) were studiedby UV-Vis
and fluorescence spectroscopy for their possible useets ionmarkes/indicatorsin the NIR
region. Interestingly, compour8b showedstrong selectivitjtowards Ag with a distinguished
color change, thereforesmlution of3b canbe consideed as a potent selective marker for'Ag
ions. The catioaresponding behavior of compougd is similar to thatof compound3b while

the optical behavior of compoui®d wasnot influenced by the presence of other metal.ions

3.4.1. Synthesis

Based on previouexperimers it was already speculated that Ki forms square planar
complexes with active ligand3 (ntdt). So tosynthesizehe nickelbis(naphthalendalithiolene)
complexeq3 a ) #dargescale, the starting precurdoBb was treatedvith 2.5 equivalets of
potassium hydroxid€? in methanol affordingthe soluble dpotassiumsalt of the dithiolate
dianion, which was then allowed to react with Ni6H,O dissolved in methangScheme3.5).
The initial productmonoanionigotassiunsaltof [Ni(ntdt)] (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 saltNi(ntdt),] was precipitatecs [PhyP][Ni(ntdt)]
complex Bb) from the dark brow reaction mixture using tetraphenylphosphonium chlorgle a
bulky cation sourcdsee Schem@&5 and Experimental Section for detailf)espite using a
Ni(ll) salt as precursor for the preparationcoimpounds3a and 3b, we obtained monoanionic
Ni(Ill) -dithiolene complexesccording to similar complexes described in the literdfdte="
190236238 \1olecular oxygerfrom airis the most likely oxidanin this oxidation from Ni(ll) to
Ni(ll). The neutral nickel complei(ntdt),] (3c) was synthesized by the chemical oxidatidn
the monoanionic nickel(lll) naphthaled&hiolene compleXK][Ni(ntdt),] (3a) using molecular

iodine (oxidant) in acetonitrilas shown in Schen®&5. Recrystallization of the crude complexe
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from an acetonitte:diethyl ether mixture at room temperature yielded the pure aaltdark

brown crystalline solisl.

Ph,PCI O SN ®

| ONC [Ph,P]
CH4OH s’ s

— -
£ O
s
xS 1)KOH O s s L 3b (56%) d
OO ii) NiCl,.6H,0 ST &
CH3OH AN
L3b O %
s. s
VZRRN

3¢ (39%) O

Scheme3.5 Synthetic route to andhemicalstructure of theeompounds3a 3c starting from4-
naphthyl 1,2dithio-2-one (3b).

Compounds3a 3c were characterized by elemental analyses and routine spectral studies
including cyclic voltammetry Whereas compounds3b and 3c were unambiguously
characterized by single crystalrdy dructure determinatiws, compoun@®a could not be studied

by single crystal Xay stuctural studies because of tpeor crystal quality.The obtained
compunds Ba 3c) appearto be oxygen and moisture insensitive in solid state as even after
prolonged standing in air no changes of the sampleobserved.

3.4.2. Spectroscopic and Electronic Characterization

These nickel based unsymmetriaadnaphthaleneubstitutedtithiolene canplexegNi(ntdt),] "

(3a 3c) exhibit strong absorbance bands in the region of-B300 nm.This broadlow energy
NIR feature in the region of 800 to 106fn (for compound8 a ) asxshown in the electronic
absorbancespectra Figure 3.12) is a characteristic dbis(dithiolene) nickel complexes and is
generally assigned t6 Y “* transitiors between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orkit&)MO).1**? It usually appears as a broad
but intense band witl)= 15000 40000 M* cm™ which is important in connectiowith the

c o mp u mse asoNIRdyes!” @ and consequently for theiapplication asNIR markersfor
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heavymetal ions inenvironmentalnd biological milieusHowever,for the complexe8a and
3b, even though the Y * transition appears the NIR region Figure3.12), it is not as intense
in transition (Uvalues are aroun8000 M* cm™) conparedwith that of bis(dithiolene)nickel
complexes that are used as Nifes!*® One of the major conditiorfsr obtaining highOvalues
is coplanarity of the ligand moieties around the nidkel. Incomplex3b, for instancethe outer
two naphthaylrings (substituents onthe dithiolene moiefyare found to be twistedy 39.35 °
and35.89 °from the planalefined by the ditlalene This probaby affects the intensity of the
Y “*transition in theNIR region by perturlrig the symmetry of the frontierbitalsThe change
of counter cation from bigger (B in compound3b) to a relatively smaller one {Kin
compound3a) increases the eplanarity ofthe whole complexand conseaently the transition
intensityalso increases in compouBd compared t8Bb. In contrast, compoundc is perfectly
square planar which favours theéf “* transitionresulting in decidedly highdbvalues around
30000M* cmi.

3.0 |i o™
. -- 3
254« ... 3c

Absorbance (Abr.)
|_\
(&3]

300 450 600 750 900 1050
Wavelength/nm

Figure 3.12 UV-Vis spectra of compounda 3¢ (50 uM) in CHCN at room temperature.

The 'H NMR spectra for the Ni(lll) monoanionic complex&a and 3b) were measured in

DMSO-ds. We have confirmed that compoun8a and 3b are paramagnetiE(PR and

Evanbo

method. The presence @nunpaired electron in the molecule gives rise to large isotropic shifts

(up to severahundred ppm) and severely broadened resonances, uguelly make integration
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of signals difficultt*®*? For a paramagnetichromium comfex, protons attached to carbatoms
directly bonded to Cr(lll) (e.g., methyl groups)eatypically unobservabl&*¥ Any
report/discussionfaa *H NMR spectrum ofa Ni(lll) coordination complex is hardly knowf3*
In theH NMR spectra for compounda and3b, only the signalsorresponding to thePfuP]*
cations were observednd onlyvery weak broad features aretdcted in the shifted aromatic
region (see th&xperimental Section for theelevant'H NMR spectra).The extremelylow
solubility of the neutral compoun8c precluded us from studying itst NMR spectra.
MALDI/TOF mass spectrometryf the monoanionic Ni(lll) complexes shdive parent complex
anion[3a] and[3b] for the corresponding compleXhe organic compound3b also exhibited
the expected molecular masgth a major signal am/z= 244.0013(calculated forC,3HsOS;:
244.0017).

3.4.3. X-ray Crystal Structure Descriptions

3.4.3a Crystal Structure of [Ph4P][Ni(ntdt) 5] (3b)

The crude products @ompound [PEP][Ni(ntdt),] (3b) were dissolved in acetonitrile am10mL
small sample tubeand it was placeihto aclosed flask already hafilled with diethyl ether.
Diethyl ether evaporateslowly at room temperature andiffuses into acetonitrileardily
generatinga layerin between them Dark brown coloured rock shapedystals suitable for
singleX-ray stucture analysisgrew up slowly in betweerthesetwo solvent layersi.e. theslow
diffusion methodwvas appliedThe X-ray analysisshows that the relevant crystals belonghte
triclinic lattice system with @-1 space grouplhe molecular structure with tlagpropriate label
scheme is shown in Figur8.13. The basiccrystallographic data are presented the
Crystallographic Annexand selected interatomic distances and kangles are givem Table
3.2

The foursulfur atoms surrourng the nickel ionprovidea square planar coordinatiggeometry
with average SNi S angles of 91.3°. The tetracoordinated nickelon is deviated by 0.@D A
out of the gplane oftwo dithiolate ligandsThe twoleastsquareplanes ofthe Ni-dithiolene
chelate ringgplane betweell, C2, S2, Nil, S1 and C13, C14, S4, Nil, S3) are nplaswar

with a dihedral angel of 6.57° between them. In the five membered chelate rings conteening t

ni ckel at om, the average Ni S, cC S, and C=C

respectively (Tabl8.2).
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Figure 3.13 Crystal structure of compoun®h,P][Ni(ntdt),] (3b). Ellipsoids are showmwith
50% probability Hydrogen atoms are omitted for clarity reason.

The overallcharge of this Ni(lll) complex anion [Ni(ntd}} in compound3b is -1, and its
charge is compensated by a JPJi cation as observed in the crystal structure (Figui8). The
overall structure of the anion is similar to one deposited in a datathse

In this complex, he twonaphthylrings are skewedut of the plane defined by the dithiolene
moidies. The dihedral angles between the lesgtiaresplanesof Ni-dithiolene chelate rings
[(Nil1, S1, C1,C2,S2 and (Nil, S3, C13, C144)] andthe substituemaphthylrings [(C3, C4,
C5, C6, C7, C8C9, C10, C11, C12) and (C5, C16, C17, C18, C19, C20, C21, C22, C23, CI4
are B.667(15) and31.354(11), respectivelyPossiblythe presence dhe big [PuP]" cationin

the compounds partly responsible for sudistortion

Table 3.2 Selected Bond lengths (A) and angles (°)ctampoundPhP][Ni(ntdt),] (3b).

C(1)C(2) 1.356(7) C(1rS() 1.728(6)
C(2)S(2) 1.722(7) C(13)}C(14) 1.360(6)
C(13)S(3) 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) 123.1(5) C(1)-C(2)-S(2) 116.4(5)
C(14yC(13)S(3)  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(l)  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) 5] (3c)
The dark green rhombic shaped crystaf neutral nickellV) compound[Ni(ntdt),] (3c) were

grown bythe same diffusion method as described for compaoBindHere compound3c was
dissolved in THFfor crystallizationinstead of acetonitrile due to the low solubility of the
compound inCH3CN. Single crystalX-ray structure analysis shows that the crystals belong to
the monocliniclattice system with a space group2;/c and half of the molecule in the
asymmetric unit.Figure 3.14 shows the molecular structure of compourt with the atom

labellingscheme.

Figure 3.14 Crystal structure oheutralcompound [Ni(ntdg)] (3c). Ellipsoids are shown with
50% probability

The basic crystallographic data are presentedhenCrystallographic Annexand selected
interatomic distances and bond angles are given in BaBl&he four sulfur atoms surrounding
the nickel ion provide a perfect square planar coordinati@viation of the nickel ion from the
S, square plane 0.000 A) with average $li S angles of 91.5C. In the fivemembered chelate
ring containing the nickel atom, tlaerage NiS, C S, and GC bond distances are 22A,

1.6B A, and 1.81 A, respectively(Table 3.3). The correspondingverage CS v al ue
crystal structuref compoundPhP][Ni(ntdt);] (3b) is considerably larger (1.712A; see Table
3.2). On the other hand, the=<C bond in neutral compour@k is longer (1.81 A) than the
average €C bond 0f1.358 Ain compound3b. A possible explanation ithat due to the
noninnocent natureghe dithiolene ligandarein eithera radical monoanionic statd-f() orina
hybridized form ¢ee Figurel.8b and1.89 when bindng nickel in the neutral compourt in
contrast to compoun8b whereboth, dianionic and radical mona#@nic forms coulde present
(see Schemé.4). In this context, it is worth mentioning thtte nickel ion in themonoanionic
compoundPhyP][Ni(ntdt),] (3b) is formally in a +3 oxidation statewhereaseutral compound
[Ni(ntdt),] (3c) formally bearsa Ni(lV) ion andwasmadeby iodine oxidation of compour@b.
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Table 3.3 Selected Bond lengths (A) and angles (°) for compdghiiatdt),] (3c).

C1)yC@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(L)Ni(1) 104.39(11)

C(2)-S(2)Ni(1) 104.95(11)

Hence it is possible that electron delocalization due to ligher oxidation state of nickel in
compound3cresults in ashorter CS bond and a relatively longee=C bond. Theaverage NiS
bond length, found in the crystal structure @dmpound3c, is typical of a neutral Ni
bis(dithiolend complex!*3" 242244

The packing diagram of the neutral compound [Ni(ald8c) viewed down the crystallographic
b axis is depicted in Figurg.15, andshows thathe moleculesarepaclkedin a layered structure
on the crystallographiac plane.The cbsest Ni--Ni distance is 5.0169(7) A arttie shortest
interstack S-S contact is 3.699 AFigure 3.16a). This distance (between S(1) and S(2) in the
crystal structure) is comparable to thersof their van der Waals radii (3.70 A). Similar neutral
systems with such-SS contats have been reported earligY: 2*3 The short $-S contacts (in
compound3c) are shown in Figure8.16. Further, the -~ stacking interactions among the
external aromatic ringseparated by a distance of 382on the dithiolene part of compound

[Ni(ntdt),] (3¢) lead to a chain type arrangement as shown in F@jaéb.

3.4.4. Cation-RespondingStudies by UV-Vis Spectroscopy

The cationresponding studies with these nickithiolene compounds3(a ) Svere conduded

in acetonitrilefirst by monitoringtheirUV-Vi s spectra over a wide
and without the individual addition ofavious metal ionsuch asAg®, AI**, c&*, cd*, Cd,
CU, Fe"*, He, Li*, Mg®*, Mn®*, Nd', PiF*, Sif* and Zn?*. Therespectiveresulting solution
was shaken well before recording thkbsorbanceand emissiorspectra and the spectroscopic
studies wergyenerally carried out at room temperature aoetonitrilewith the sample conc. of
5x10° mol/L. As shown in Figur®.12, these complexes8(a ) &xhibit absorbance maxima in
the NIR region which area function of both extensive electron delocalization within the
dithiolene ring system, and the interaction of this delocalized system with avaHati}éals on
the central metdt*?
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Figure 3.15 Packing diagram of [Ni(wkt),] (3c); viewing direction ighe crystallographib axis.

Colorcode: Ni, cyan; S, yellonC, gray.

(@)

Figure 3.16 (a) S---S intermolecular interactions in [Ni(ntgt)(3c) looking down the
crystallographicb axis; and (b) " -" stacking interactions of the same looking down the
crystallographica axis, blue coloured ten membered rings indicate that these are directly

involved in”-" stacking interactionsf the shown molecules
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Figure 3.17 UV/Vis absorbancespectra of3b (50 ¢M) in acetonitrile upon addition of 1.0
equivalent of metal salt of AgAlI**, C&*, Cd*, Co*,C#*, Fe*, K*, Li*, Mg?*, Mn**, Na,
PW**, Srf*, zrf* and Hg".

Figure 3.17 shows the UWis absorbanceof 3b in the presnce of miscellaneous ions in
acetonitrile solution. Compound 3b reacts to the presence of *Al Fé* and Hg** by a
hypsahromic shift of 81 nm. Whereas the absorbance is increasedl ®byand F&*, it is
decreased by H§ Hence3b can distinguish Hg from AlI** and F&". In addition, the presence

of H?" evokes a distinct colour change easily detectable by eyedightmost remarkable
spectroscopic and visual response of maBkarvas observed upon addition of 0.5 equivalents of
Ag’ salt, which caused a 174 nm +shift of the dithiolenemetal based signal along with the
generation of a new peak at 668 nm inabsorbancspectrum.

The Ag binding affinity of 3b was analysed bgbsorbancéitration experiments in acetonitrile
solution. Upon gradual addition of the Agn (0i 1 equivalent) to a solution &b (50 uM), the
absorbancebandscentredat 936 nm and 316 nm steadily decreased with the concomitant
generation of two new bands at 1110 nm and 668 nm (F&l8g Thenot perfectlyisosbestic
points observed at 372, 825 and 1005 nm suggest the presence of more than one species in the
medium. Further addition of Agons (I 2 equivalens) led to no changesin the absorbance
spectra (Figur&.18 Inset).Hence, lhe obsenations can be attributed to the formation of a new
speciesn the mediumandsupport a strong selectivity of compouB toward Ag. A solution

of 3b can therefore be considered as a potent selective marker fasmsg
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Figure 3.18 Absobancespectra of3b (50 ¢M) in acetonitrilein the presence of varying
concentratios of Ag* (0.0 to 2.0 equivalents)nset: plots of absorbance d3b at 940 and 1108
nm as the function afquivalens of Ag* added

3.4.5. Jo b Blat Analyses

The reaction stoichiometry betwedh and Ag was determined using the continuous variations
(Job's method) method (Figusel9). The method requires keeping the total concentrati@b of
and Ag at 50.0 puM, and changing the molar ratio of A¥ = [Ag']/[3b] + [Ag™]) from 0.1 to

0.9. When the molar fraction of Agvas 0.5, the absorbance value approached a maximum,
which demonstrated the 1:1 reaction between compabrhd Ag.

OI.O OI.2 OI.4 OI.G OI.8 1.0
[Ag*1/[Ag™] + [3b]

Figure 3.19 Jolis plot for the reactionof 3b with Ag™ in CHsCN solution at1108 nm. Total
concentration of @b] + [Ag’]) was kept constant at 50.0 uM.
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3.4.6. Determination of the binding/dissociationconstant(K3)
The binding constant of Agwith L3 (ntdt) in presence of nickel or the dissociation constrant of

nickel from the comple8b was determined using the Beri¢sildebrand equation as follows:

— (3.1)

80 f(x) = 1.89243x + 0.93278

-1/DA

0 5 10 15 20 25 30 35 40 45
10%AgT UM
Figure 3.20 BenesiHildebrand plot of3b (50 eM) at 940 nm absorbance upon addition of

different conc. of Agin acetonitrile.

wher e @a&A), Aand A represent the absorbance of compoBbdn the presence and
absence of Ag respectively, fax is the saturated absorbance3tfin the presence of excess
amount of Ag; [Ag'] is the concentration of Ag on added. The measured &
varied as a function of 1/[Agin a linear relationship (R = 0.991ipdicating formation of 1:1
stoichiometry between Agand3b (see Figure8.20. This further corroboratethe 1:1 reaction
derived from theJols plot analyses. Thieinding or dissociationconstant in CHCN solution
was calculated to be 4.9310° M" ™.

The metal iorresponding studies wefertherextendedo compound 3a and3c. Compound3a
showeda similar resultas compound3b as expected sinche effectiveanionic pars of both
compoundsareidentical i.e. [Ni(ntdt),]* . Surprisingly, ddition of 0.5 equivalerg of the metal
ions Ag*, AI**, c&*, cd*, C*, CU#*, Fe", He, Li*, Mg®, Mn**, Na', Pi¥*, Srf*and Zif") to
a50¢eM green colored solution of compoufB3d in acetonitrile resulted in negligible changes in
theabsorbancand emission spectrum 8€ if at all, which preclude this compoundrom being

usedasmetal ionmarker or indicatar
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3.5. Coumarin- Dithiolene Based Markers

A coumarindithiolene ligandwas studiedas a newcolorimetric and fluorometricmarker for
Ni?* ions. The coumarindithiolenecombination functionss anefficient on-off fluorosensor for
Ni?* ions and as aroff-on optical marker with respect to the color of the sampliesto the
special topology of thé&,3-dithiol-enereceptor.The nonnnocentnature ofthe dithiolene ligand
moiety facilitates establishing a connection between the coordinated nickel ion and an
electronically deficient fluorophor@he coumarindithiolene based precursor wasmgletected

by addition of2.5 equivalens KOH andexhibited fluorescence quenching upon addition of 0.5
equivalens of a Ni®* salt by formation ofa thermodynamically very stabiéckelbisdithiolene
complexK[Ni(S,C,Hcumrn], henceallowing it to selectively detect Ni ions. This was even
true in the pesence of varioupotentially competitivebackgroundenvironmentalmetal ions
(Ag*, AI*Y, c&*, cd*, cd.C#, Fe', HE, Lit, Mg™, Mn**, Na', PE*, Srf* and zif".
Furthermorethe marker alsaisplayeda characteristic NIR absorbance band & 8m and an
observable color change from colorless to gnegon addition of Ni* ions selectively deteatg

this speciesolorimetrially too.

3.5.1. Synthesis andCharacterization

CompoundL4 (cmd) was readily obtained by a twatep synthetic proceduras shown in
Scheme3.6 (see Experimental Section for detail$jirstly, 3(bromoacetyl) coumarin was
reacted with potassium isopropylxanthate in anhydrous acetone giving intermetdiasdich
was then subjected to acid catalyzed ring closing in preseht¢#CIO, to obtain the final

i solable target, i .e. the pre-mar &K bdbwithB85%t he
yield. The final compound iighly hydrophobic and it is soluble in almost all common organic
solvents.The chemical structured the intermediaté.4a and final product4b were confirmed
using*H NMR, °C NMR, IR, elemental analysis andr&y crystallographyCrystallization of
the crude products4a and L4b by slow evaporation from chloroforaiethylether solution
yielded needle shaped crystals of-wfiite and light yellow color, respectively. The basic
crystallographic data for compountlda andL4b are presented ithe Crystallographic Annex

and selectedchteratomic distances and bond angled_fbo are given in Tabl8.4.
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Br s
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(L4a) (L4b) (L4)

Scheme 3.6 Synthetic route to markek4 with the last step being am situ preparation
immediately prior taadding the sample to be tested.

Figure 3.21 The asymmetric unit df4a. Ellipsoids are shown with 50% probability

X-ray singlecrystal structural characterizat of intermediate @sopropytS-2-0xo-2-
coumarineethylcarbonodithioateL@a) shows that the relevant crystals belong to the triclinic
lattice system with @-1 space group and the asymmetric unit contains one molecule. Figure
3.21 shows the full molecule witthe 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 fothe acid catalyzed ring closure mechanism. The spatial distance between thione
S (S2 in Figure3.21) and carbonyl carbon (C10 in FiguB21) of L4a is 3.465 A which
emphasiseshe facility of a nucleophilic attack from S2 on C10 to form th&dithiole
heterocyclic ring.

On the other hand,-doumarinel,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 protectedinpoundcmdtis presented in Figur@2Zleft). It
crystallized in thericlinic lattice system with #-1 space group.
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Figure 3.22 (left) Crystal structure of-4coumarin) 1,3dithiol-2-one (4b). Ellipsoids are
shown with 50% probability;right) intra and inter molecular hydrogen bondsLidk).

Table 3.4 Selected Bond lengths (A) and angles (°)Lf#b.

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)-0(1) 1.369(4) C(8)0(2) 1.209(4)
C(8)-0(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)}0(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)}0(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)-0(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 1,3dithiole heterocycliaing and the coumarin substituent are more or less planar viith sp
hybridized C10 and C11 atoms and a double bond of 1.337(5) A between themSThbdhd
length of 1.743(3) A and the C=C bond length of 1.83% in (L4b) closely agree with the
typical values of ?1and715331(9)L A jor (§)C=C(sF). The spatials p
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distance between carbor@ and dithiolene hydrogen (2.153 A), strongly suggests the existence
of intramolecular hydrogen bonds in the molecule. ifti@ and intermolecular hydrogen bonds

in the crystal lattice involving the carbor@ with both dithioleme and aromatic hydrogen atoms
and dithioleneS with another aromatic hydrogen atom (FigBr22 right) explain the stability

of the compound in the solid state.

3.5.2. Cation-RespondingStudies by UV-Vis Spectroscopy

In order to generate a dithiolene liganoim 4-(coumarin)l1, 3-dithiol-2-one (4b) able to bind a

metal ion for its selective marking, the C=0 moiety needs to be released from the precursor in
basic conditions. This is most commonly done using an alkaline solutiomefa hydroxidé®

30.114 131 The optical behavior df4 (generated by thim situ preparation froni4b via addition

of 2.5 equivalentsof KOH to open the 1:8ithiol-2-one ring) was investigated first by
monitoring its U\Vis spectra over a wide range with and without the individual addition of
various metal ions ( Ag AlI**, c&*, cdf*, cd*, C/, Feé*, HE, Li*, Mg*, Mn**, Nd', P,

Srf*, Zrt* and NF"). The resulting solution was shaken well before recordinglserbancand
emission spectra and the spectroscopic studies were carried out at room temperature in THF
solution (5x10 mol/L). As shownin Figure3.23, compound_4 exhibits oneabsorbancéand

centered at 355 nm, caused by an*rtransition of the coumarin moiet§??

1.2

1.0

14, Ag', APY, ca®’, cd?, co?,
08 Cu+, CU2+, F63+, ng+, Li+, M92+' Mn2+,

Mo0,, Na*, Pb>", sn", zn®*

0.6

0.4

Absorbance (Abr.)

0.2

0.0

400 500 600 700 800 900 1000 1100
Wavelength/nm

Figure 3.23 UVivis spectral changes & (50 eM; presuming a quantitative transformation
from L4b to L4) in THF upon the addition of 0&quivalens of different metal salts: Ag Al**,
cd’, cd*, ¢, Cu', CU*, Fe", He, Li*, Mg®, Mn**, MoO,%, Na", Pif*, Srf*, Zn** and Nf*

respectively.
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Figure 3.24 Change in color of solutions &# (50 ¢M; presuming a quantitative transformation
from L4b to L4) in THF with the metal ions Ag AI**, C&*, Cf*, Co*,Cu/, Fe*, HE, Li™,
Mg?*, Mn?*, Na', Ni?*, PIF*, Srt*and Zif* respectively; (b) the same mixtures under 366 nm UV

light.
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Figure 325 Emi s si on S=p3s nm)aofL4 &0 ¢M; asuming a quantitative

transformation fromL4b to L4 in presence of 126M KOH) in THF upon the addition of 0.5

equivalentsof different metal salts: Ag AlI**, c&*, cd*, Co*,CW*, Fe*, Hf", Li*, Mg*,

Mn?*, Na', PF*, Srf*, zrf* and Nf* respectively.

Our preliminary qualitative experimentswailed that the addition of 2.5 equivalents of KOH
and 0.5 equivalents of the metal ions,Agl**, C&*, Cdf”*, Co*, CU*, Fe*, HE, Li*, Mg™,
Mn?*, Na', PIF*, Srf* and Zrf* respectively to 5@ M (presuming a quantitative transformation
from L4b to L4) colorless solution of4 in THF resulted inno or negligible changes in the
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absobancespectrum ofL4 (Figure 3.23). Though the addition of Gl caused an increase of
absorbance intensities at 296 nm, this perturbation was not apparent by bare ey@rnspec
(Figure 3.24a). The most remarkable spectroscopic and visual response of the mériers
observed upon addition of 0.5 equivalents of*Malt, which caused a 68 nm rshift of the
coumarin based signal along with the generation of a new peakbanrf in theabsorbance
spectrum, possibly due to an extensive electron delocalization within the dithiolene ring system,
and the interaction of this delocalized system with availatdebitals on the central metaf?

The strong thermodynamically driven affinity of the*Nin towards a free dithiolate functional

group and the fast mettd-ligand binding kinetics are most likely responsible for the selectivity
towards Nf*.[>*8 The metaldithiolene baed signal at 425 nm in tladsorbancepectrum further
suggested that thabsorbancechanges should be observable with the bare eye. Indeed, the
colorless solution of marké® immediately turned green when theé'Nbns were added (Figure

3.24a); the cobr was intense enough to be easily detected by simple optical inspection. These
results suggest that compoubhdb and the actual marker made fromint situ, L4, can be
utilized as a col or i me £rioncwithiian addidomal eharastéristic n d i ¢ :
NIR signature even in the presence of various typical transitietal ions, such as i PK*,

and Hg" etc which are normally difficult to differentiatéds working in basic conditions is
requisite for generatinghe free endlithiolate 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 Hgnot showing a response; they are possibly

precipitated as hydroxides.

3.5.3. Cation-RespondingStudies by Emission Spectroscopy

The fluorescence behavior or response respectiveidl@f 50 € M) i n the absenc
of different cations was similarly examined and is shown in Figi2®& and 3.24b. The
fluorescence spectra were obtained by excitation of the samples at 358 mrgenerated by

addition of2.5 equivalent®f KOH to L4b. Upon subsequent addition of Gguivalens of the

Ni?* salt to this colorless solution, the characteristic whiterescence of coumarin disappeared

(see Figure8.25 and3.24b). The fluorescence quenching of the samples as well as a colorimetric
change in appearance can be attributed to the metallation of the basgedted 1,3lithiol-2-

one with Nf* forming the nicketbisdithiolene complex K[Ni(gC.Hcumrn})].
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Figure 3.26 Fluorescence intensities bfl (50&M; assuming a quantitative transformation from
L4b to L4 in presence of 126M KOH) in THF in the presencef various metal ionsThe

intensities were recorded at 442 nm, excitation at 355 nm.
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Figure 3.27 Relative Fluorescence intensities a# (50 ¢M; assuming a quantitative
transformation fromL4b to L4 in presence of 126M KOH) in THF in the presence of various
metal ions. The black bars represent the emission intensitiégl af the presence of 0.5
equivalens of the respective metal ion. Theed bars represent the emission intensities observed
upon subsequent addition of Gefuivalens of Ni** 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 bt as a seactive luminescence sensor for the detection of
Ni?*, comparative and competitive experiments were carried out adding 0.5 equivalents of Ag
Al**, c&t, cd*, Cd, CU, e, HG, Li*, Mg®, Mn?*, Na', PKF*, Srf*and zrf* respectively

to the marker sation L4b+ 2. 5 e qui v b4). Bostgsificakt@udrestence changes
were observed with these cations and the color of the solution remained unchanged as shown in
Figures 3.26 and 3.24h Upon addition of 25%M of Ni?* (0.5 equivalents) to the solatis
containingL4 and one of the metal ions as described above, fluorescence intensities of these
solutions immediately dropped down to the level of that fottheolution containing only Nf

(25 M) (see Figure3.27). Thus, the presence of Gefuivalents of Af AlI**, C&*, Cd*, Co,

CU, Fe*, HE, Li*, Mg?*, Mn**, Na’, Pi¥*, Srf* and zrf* ions did not impair the specific
quenching effect triggered by Xibinding. These results support a strong selectivity of
compound_4 toward Nf*.

3.5.4. Coordination Behaviour of L4 and Ni**

In order to investigate the binding (in particular with respect to ratid)4ofvith Ni** ions, a
fluorescence titration experimentio# (50 €M in THF) with Ni** ions (0 to 1.Cequivalen} was

carried out. As showim Figure3.28, the stepwisaddition of Nf* to a solution of.4 (L4b + 2.5
equivalentiK OH) gradually decreased the | igandbs en
decrease of the emission at 442 nm was induced by increasing concentratioAis infthe
investigated sample solutions. The emission band at 442 nm decreased almost linearly up to 0.5
equivalents of Ni', indicating the formation of a 2:1 stoichiometric complex betweg¢rand

Ni?*. More importantly, the fluorescence changes upon addifidfi>* to the test solutiofL4b

+ 2.5 equivalers KOH) were clearly visibleat 366 nmin UV light too (Figure3.29). The
characteristic white fluorescencelotb and markeiL4 immediately disappeared upon addition

of 2 5 & Mns,Nvhich means that the detection limit foNby markerL4 in a5 0 & M
solution is approximately as low as 281. Marker L4 hence possesses a high selectivity and
sensitivity for N7* ions with a clear color change observable by bare eye detectbevan

more impressively under 366 nm UV light and thus, could serve as both a potent selective

colorimetric and fluorometric marker for Niions.
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Figure 3.28 Fluorescence intensity a# (50 €M; assuming a quantitative transformation from
L4b to L4) in THF at 442 nm as a function efuivalentof Ni**a d d e.d= 3%5&m).
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Figure 3.29 Fluorescence intensity &f4 (50 eM; assuming a quantitative transformation from
L4b to L4) in THF at 442 nm upon addition of different portions of**N{final Ni*
concentrations: 0. 0, 2.5, 5.0, 7.5, 10. 0, 12

gradual fluorescent color changeoeded.

3.5.5. J o bRibsAnalysesfrom Emission Spectra

For determination ofhe stoichiometry betweeh 4 and Nf*, Jolfs plot analyses werearried
out The methodrequireskeepingthe total concentratiorof L4 and Nf* at 50.0 pM, and
changing the molar ratiof Ni?* (X = [Ni?"J/[L4] + [Ni?"]) from 0.1 to 05. As shown in Figure
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3.30, whena molar fraction of Ni* was 0324, the normalized emissiomt 442 nm reached a
maximum, indicatindormation ofa 2:1 complex betweeh4 andNi?*.

The 2:1 stoichiometric complexation betweed and Nf* is further supported by mass
spectrometry data of theNj(L4);]' complex. MALDI/TOF mass spectrometry shows the
formation of a 2:1 ligandnetal complex with a major signal at m/z = 525.703 folL{2xNi?"]
(calcd. For GoH1oNiO4S,: 525.8977) (Figur8.32). Thepresumed anthost likely binding mode
of markerL4 with Ni?* is shown in Figur&.31. The complex wasater synthesizedn purpose
and characterizeth coordinationwith different counter cationsté& K*, 4b: PhyP" 4c. neutral

comple®y and its structureis strongly supported by example$ similar compoundsn the
”terature[G—S, 11, 43,59, 115, 125126, 130, 133137, 247-248

1.0

0.1 0.2 0.3 0.4 05
[Ni2T/[Ni2™ + [L4]

Figure 3.30 Jolfs plot ofL 4 with Ni** in THF solutionat 442 nmemission Total concentration
of ([Ni%"] + [L4]) was kept constant at 50.0 uM.

Figure 3.31 The proposed chemical structure lof binding with a Nf* ion; only thetrans

isomer is shown even thougls- andtrans isomers might be formed
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3.6. Bis-(coumarin-dithiolene) Niccolate Based Markers

Inspired by thedbservectoordination behavior of Ki with L4 as discussed abovie series of
coumarin bearing nickealithiolenecomplexedK] [Ni(cmdt),] (4a), [PhuP][Ni(cmdt),] (4b) and
[Ni(cmdt),] (4c) wasinvestigaed with respect t@pplicationasmetal ion sensons theVis-NIR
region All three compoundg$4a 4c) areair stablein the solid state but in solutiother color
started to disintegratdowly over timeAll three compound§4a 4c) weretested by UWis and
fluorescence spectroscopggardingtheir potentialuse asmetal ionmarkes/indicatorsin the
NIR region. Interestingly, compounth showedremarkableselectivity towarddHg™ over other
various competitive metal ions (AgAl**, C&*, Cdf*, Co*, CU, Fe*, K*, Li*, Mg*, Mn?*,
Na', PIF*, Srf* and Zif") evident from adistinguished color chang&herefore a solution ofb
can be considered as a potent selective marker@dt ions.. Compound4b can serve aan
easily applied, ready to use, low cost tool without any need foti@ul reagents, complicated
technical procedures or laborious sample preparafidre catioAresponding behavior of
compound4a is mostly similar to that oEompound4b while the optical behavior of compound

4c did notchangedramaticallyby the presencef other metal ions

3.6.1. Synthesis

A general synthetic stratedy” 17" 1% 228 \yas applied dr the synthesis of the coamn based
nickeldithiolene complegs @a 4c) which was also applied faromplexes 3a 3c). Treatment

of compound_4b with 2.5 equivalentpotassium hydroxid&4 in methanol afforded the soluble
potassiumsalt of the dithiolate dianion, which was then allowed to react with ;,NiB4O
dissolved in methandBScheme3.7). The synthesis and isolation meth@gplied forcompounds
(4a 4c) were similar tahose forcompounds3a 3c).

Compounds4a 4c were characterized by elemental analyses and routine spewthbds
including cyclicvoltammetry studiesAttempts to crystallize these compounds by slow diffusion
were successful bupoor crystal qualityprevented characterizatiooy single crystal Xray
structural analysisThe obtained comples appeato be oxygen and moisture insensitivehe
solid state as even after prolonged standing in air no changes of thessasrplebserved.
MALDI/TOF mass spectrometryor the monoanionic Ni(lll) complexes show the parent
complex anion 4a] and [4b] for the corresponding complex (FiguB32). The organic
compoundL4b also exhibited the expected molecular mass with a major signal/zat
262.3017calculated forC1.HgO3S,: 262.3042.
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Figure 3.32 MALDI/TOF-MS spectrum othe monoanionicomplex [Ni(cmdt)] .
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Figure 3.33 UV-Vis spectra of compoundi and4c (50 uM) in CHCN at room temperature.

3.6.2. Spectroscopic and Electronic Characterization

Thesecoumarinbasednickeldithiolene complexe¢4a 4c) exhibit strong absorbance bands in
thewavelengthregion of 8561000 nm Suchlow energy NIR broad feature in the region of 800

to 1000 nm (for compound& 4c) as shown in the electronabsorbancepecta (Figure3.33)

is a characteristic obis(dithiolene) nickel complexes and is generally assigned % " *
transitiors between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO)as discussed befolé? The intensities of absorbance bampend

on the symmetrgf the complex around the ceatmetal ion.

363 Magnetic moment measurements via Evands NM
Despite using a Ni(ll) salt as precursor for the preparatiaccoofpoundsia and4b the formal

charge of the metal complex [Mrtd{),] with distorted square plangeometry was presumed to

be -1 according to similar complexes described in the literdtéite" 1% 226238 Thjs was

confirmed by measuring the magnetic moment of the comtilexi a Evano6s PRFMR met h
The magnetic moment of compountb was determinedising thef ol | owi ng equati o
method)and an NMR experimenth CD;CN at 300 Kwith a Bruker Avance 300 MHz
spectrometer and a 5mm Wilmad Coaxial Insert NMR tube (capillary tube).

: (3.2)
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€eff = Magnetic moment; = Concentration in mol/LT = Temperature [K]gep p=ndifference

of chemical shift by paramagnetic substances Arel constant which can beeterminedby
calibratingwith paramagnetic substances with kncsypvalues.

The NMR tube was filled with 0.5 mL 0.0032077 M solution of compodbdrepared using a
mixture of CR3CN (475¢ )and'BuOH (25¢ | as solvent. The capillary tube was filled with 0.5
mL of thesame solvent mixture (GION: 475¢ L'BUOH: 25¢ I Then, the capillary was placed
into the NMR tube in such a manner that the solvertheNMR tube should just cover the
capillary so that the tube floats freely from the sides of the NMR tube. The idea isstihaald

not be |like a sinker on the bottom of the NMF
either. And finally thdH NMR spectum was measured for this sample at 300 K. The difference
of the chemical shift of the methyl protons 'BUOH due to the presence of a paramagnetic
substance (compledb) was found to be 1.31 at 300 K as shown in Figuaa.

For calibration a 0.5 mL solution of Cu(N)@ (c = 0.0107705 M) using CITN (475¢ ) and
'BUOH (25¢ ) as solvent was placed in the NMR tube and the capillary tube was filled with 0.5
mL of thesame solvent mixture (GBN: 475¢ L'BuOH: 25¢ ). Then, thecapillary was placed

into the NMR tube in the same way described above'lddMR was measured at 300 K. The
difference of the chemical shift of the methyl protonsBefOH was found to be 0.93 at 300 K
(Figure3.35).

A was calculated to be 0.01205060%880 K by calibration with Cu(Ng), (c = 0.0107705 M,

s&p p=0.93), which is known to be paramagnetic witbe@value of 1.94?*¥ The magnetic

moment of compoundb was determinedtobe. 22 from t he Evanbés equat

‘ 8 = 4.22 (3.3)

8 8

The whole experiment was repeated three times and the aegragdue was eventually found

to be 4.17.

Since the magnetic moment is a function only of the number of unpaired electrons (theoretically:
€ = & & C ; n number of unpaired electrons), the present distorted square planar
[PhyP][Ni(cmdt)] complex has to be described as a formal Ni(system with its magnetic
moment corresponding to approximately three unpaired elecffbrsindicates a rather strong

deviation from the squafglanar geometryinderthe conditions applied in the experiments. In
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squareplanar geometry the expected numloérunpair electronsvould be one for Ni(lll).

Alternatively, ligand to metal charge transfer might play awatk radical ligand forms present.

CHy(Bu) &ppm =

~

N

T T T T T T T T T T T T T T T T T T T
45 40 35 30 25 20 15 10 05 0
Chenical Shift (ppm)

Figure 3.34 'H NMR spectra formeasuring the magnetic moment tbe [PhysP][Ni(cmdt),]
complex (c = 0.0032077 M; Solvent: GIEN: 475¢L; 'BUOH: 25¢L).

eppm =

CHs('Bu)
7
M X L—A

25
Chenmical Shift (ppm)

Figure 3.35'H NMR spectra for measuring the magnetic moment of CgfN©= 0.0107705
M; Solvent: CRCN: 475¢L; 'BUOH: 25¢L).
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3.6.4. Cation-RespondingStudies by UV-Vis Spectroscopy

The optical properties of the coumarin based nidibliolene complegs (4 a )4were
investigated by UWis spectroscopy over a wide range. Interestintfigsecomplexesarevery

well soluble in nonpolar organic solvents but insoluble in water. The exchange of the bulky
counter cation [Pi#P"] for a smaller one (i.e. BN', K', Na) increses the solubility
significantly but lowers the yield from its synthe@i®mpound4a). 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 dyer instance when exchanged for naphthalin). It
was found thattompound4b and 4c gave a green colored solution in acetonitrile with an

absorbance maximum at®@&nd 855nm respectivelyFigure3.33).

3.6.4a Selective Recognition ofHg?* with 4b

The addition ofHg?* ions to this solution oflb results in a rapictolor change of the solution
from green to colorless (Figu®36, inset) ending with no absorbance at 951 nm or anywhere
near. Apparently comple4b can serve as a visual indicator for the presencegbfibins, which

is a great advantage over other analytical techniques because with this nickel confpleanHg

be detected even using simple eyesight. To determingetipgirements for a quantitative
interaction of the nickel complex with the target iabsorbance titrations @b with Hg”* ions

were carried out. When Hfwas added in distinct portions to the solutiondbf(50 €M), a
gradual decrease of the absorbance at 951 was obsareechpanied by a hypsochromic shift
(Figure 3.36 and Figure3.37). 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 equivalent§"iyto 0.2 mM:; i.e. a fourfold excess of Hig

with respect to the nickel complex). In the range of 0 to 0.15 mRK etancentrations together

with 50&M concentration of complex an almost linear dependency of the absorbance at 951 nm
on the concentration of Hfwas found. This means that the coumdtithiolene nickel complex
might even be used for a photometric determination &f ldgncentrations given that suitable

experimental setups are chosen.
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Figure 3.36 Absorbancespectra otompoundib (c = 50 uM) in acetonitrile with added Hg

(0.0,0.5,1.0,1.5,2.0,25,3.0,35,4.0,4.5, 5.0, 5.5, 6.0 equivalents). Inset: the color of a
solution of4b in the absence and presence of Hg
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Figure 3.37 Absorbance titration ofb (c = 50eM) at 951 nm in acetonitrile upon addition of
different portions of Hg (final Hg** 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 Detecion limit

The detection limit of comple#b as an indicator for Hfj was determined from the plot of the
normalized absorbance as a function of thé Hmpncentrations (see Figu®38).”*¥ The
absorbance data were normalized between the maximum absorbance, found at zer&'free Hg
and minimum absorbance, found at 0.2 mM freé"H# linear regression curve was fitted to the

five intermediate val 3.8sThepOinta Wwhich thisdlinexmsseaM) i
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Figure 3.38 Determining the detection limit concentration of free’Huy linear regressian
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Figure 3.39 Determining theletection limit concentration of free Efgoy compoundtb.
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the ordinate axis, was taken as the detection limit and eqtabggproximately 0.13 mM free

Hg?" in combination with the 50eM concentration of indicator complex. The minimal
concentration of coplex 4b detectable by UWIis spectroscopy and bare eye was also
calculated and found to be approximatelyNd which accordingly can be used for detecting free

Hg?* down to a concentration of £ (see Figure.39.

3.6.4c Selectivity over Competitive lons

For any excellent probe an inevitable requirement is a high selectivity for the target. The effects
on the indicator solutiofdb) of metal ions commonly found in the environment or with similar
chemical properties as Bigsuch as A§ AlI**, c&*, cd*, cd*, C/*, Fe*, K*, Li*, Mg®*, Mn*,

Na', P¥*, Srif* and zrf* were investigated by absorbance spectroscopy of the sensor solution
after addition of each representative metal ion individually (Figuw&top) and compared with

Hg?*. The color of the solutionnal the absorbance band remained unchanged upon addition of 4
equivalents of Al", c&*, cd*, C&*, K, Li*, Mg*, Mn?*, Na', PK*, Srf*, and Z&" to the

sersor solution as shown in FiguBet0. Upon addition of 4 equivalents of ¥Fand Cd" 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 eyen though the absorbanoéact increasesFor

Ag’ ions two new peaks were observed (at 715 nm and 920andhja color change to light
brown upon addition of 4 equivalents. As the addition of'Hg the solution of4b led to a
minimum absorbance and a complete discoloring of the solution, globan colorimetrically
discriminate HG" from all other tested ntal 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 utfitpompounddb as an
ion-selective indicator for Hg, the selectivity studies were extended to different mixtures of
environmentally relevant metal ions (Fig3etl). The results clearly illustrate that the novel
probe exhibits a very high selectivityward Hg" ions even in the presence of various
background competitive metal ions and metal ion mixtures such asAlg, C&*, Cdf*, Co,

CU, Fe*, K, Li*, Mg®, Mn**, Na', Pi¥*, Srf* and zrf* with a distinct discoloration of the
solution. It was shown that the coumarin based nidkbiolene complexb (also4a; since the

anionic part is the same) can be utilized as afi-sglective indicator with evident sensitivity for
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Hg?" even in the preence of 4 equivalents of background G, and Ad ions which were

presumed to be potentially potent competitors.
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Figure 3.40 (Top) UV/Vis absorbancespectra ofcompound4b (50 €M) in acetonitrileupon
addition of salts (4.0 equiv) of AgAI*, c&*, cd*, CF*,CU/, Fe*, K*, Li*, Mg?*, Mn®*, Nd',
P, Srif, zr?* and Hg*. (Bottom) And the color stability or change efb (50 €M) in

acetonitrile observed upon adding 4 eqléwts of different met ions.
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Figure 3.41 Selectivity experiments ofompound4b (50 €M) in acetonitrile toward Hg in
methanol (4 equiv.) over a mixture of emnmentally relevant metal iorfgix A: compound 3,
Ag', CU#*, F€*; mix B: compound 3, Ag AI¥*, c&*, cd*, cd*, CU*, Fe", K*, Li*, Mg*,
Mn%, Na', P, Srf* and zrf).
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The synthetic complexdb 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 H§" 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 tesyedd rdetedtoirom 6mfakidg

The metalons responding studies were also externtdetbmpound4c. Surprisingly, addition of

metal ions (Ag, AlI¥*, Cc&*, cd*, C&*, C#*, F€*, Hg, Li*, Mg®, Mn®*, N&', P, Srf* and

Zn**) to a 50eM green colored solution of compoudd in acetonitrile resulted in negligible
changes in the@bsorbanceand emission spectrum dt if at all, which excluds this neutral

nickel compound from @ossible use awetal ionmarker/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 mone ttmety redox enzymes that
catalyzekey reactions in the metabolism of C, N, and S of microorganisms, plants, animals, and
humans!*" >4 X-ray crystallography has confirmed that the matahe respective enzymés
co-ordinated to the eng,2-dithiolate (or dihiolene) group of a special pterimolybdopterin
(MPT) %% 258 The noninnocennature of the MPT liganchight playa crucial rolein controlling
the chemistry ofthese impdantenzymeshowever it is not clear enougiti and how thisworks
and therefore moreresearchis needed in particulaon suitablemodel complexe%¥>*%*8 The
synthesis othe molybdopterin ligand has proven to be extremely diffiemtithe neaestmodel
known today wapublishedby Burgmayerand ceworkers in 2013°°? though the enzymes have
been known for more thaorty years.This very advanced model is still not perfeatiymicking
every aspect of MPT but it strikingly similar. In order to synthesize model liganfis MPT
reliably, with gmd yield and with an acceptakdenount of work, typically compounds bearing
the coordinatingdithiolene function and various different substituents ondingble bond are
considered to model MPT sufficientiyell.

In the DMSO reductase family theofactoris present with two MPT ligands bound and a
coordinatingamino acid residue from the surrounding peptide, wtdohstitutes the only
covalent interaction between cofactor gpeptide. In the oxidized form one oxo ligand is
additionally attached tomolybdenum. Arsenite oxidase is generally thoughtfall into the
DMSO reductase family. It is, however, exceptional as it does not bindlgitedhe peptide
and in placeof the amino acid residue an oxo ligand is bound, or twthéoxidized form,
respectively®®®?3 Such bis(dithiolene) compounds having "W0/M¥'0, (M = Mo, W)

structural motives, are frequenthpserved in synthetic inorganic chemistry and Hasen used

91



4. Molybdenum and Tungst@xidoreductase Models

previously as models for enzymes of the DM@@uctase famil{f® 54 57 64 142 151152 169170, 173

196,257, 262267 £ rtherMo" O(dithiolene) type complexes can be oxidised to the corresponding
Mo"'O,(dithiolene) upon reaction with strong oxidising agents such ag\N@ DMSQ!*

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 wercurious 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 sygtetnis5) were also utilized for
MoCo and W® models in order to investigate their catalytic potential. So a series of
molybdenum and tungsten complex€ga 11b) were synthesizedsee Scheme4.l and
Experimental Sectionyhich are structural model®r DMSO reductase andrsenite oxidase in
particular,with respect to the immediate coordination sphirieas to be mentioned here that i

case ofthe tungsten compound the peptide coordination to the asiteyavas neglected. The
similarity is however close enougheaped catalytic oxetransfer activity here as well as for the
molybdenum complex. This was investigated by the typiwadlel reaction for oxo transféf?

This chapter describes the preparation and charaaiensf the above mentioned complexes. A
comparative study on the oxotransfeatalytic properties will be described the following

chapter

4.1. General Synthetic Approachego Metal(IV) mono-oxo bis(dithiolene) Complexes

The moneoxo bis(dithiolene) complexes of molybdenum and tungsteere synthesized
according to theeaction mechanism describedSchemet.1 After the successive synthesis of
respective ligandsn protected formgi.e. L1b, L2c, L3b, L4b and L5d), the deprotection
reaction§*¥ were performed using 2.5 equivalents of KOH in anhydrous methanol under inert
atmapherebefore delivery to the metal centdihe first step involved the cleavage of th&€€S
bonds that the sulfur atom makes with the ketonic carbon atom of the substitutktthib|2-
one ring to yield dissolved dipotassium dithiolate salts. Therbguct in this reaction was
carbonic acid or solid potassium carbonate dependirtgegrH of the solution which could then
liberate carbon dioxide and water in basic meditithHowever, no precipitation was observed
and the reaction mixture remained a clear red solution, favouring the possibftitynaition of

carbonic acidSince the reaction was not vigorous, any type of bubbling due f@Xx@@Isionin
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Schemed.1 Synthetic route to and chemical structure of the compodadklb usingtrans
[MO5(CN)* (M = Mo and W) as metal precursors

basicmedium was not observable in the stirred solution. All attempts to isolate the dipotassium
dithiolate saltd.e. deprotected ligands from the solution have failed. Consequently the metal
startingcompound, KNa[MO,(CN),].6H,O (M = Mo, W) in water was add directly to the
reacton mixture. The metal precursors, for both molybdenum and tungsten were syrthesize
(Mo:6a and W6b; see Experimental Section) on a gram scale according taeftwted

procedue and were relatively stable in aif*®® The best solubilityof the resulting metal salts
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(Mo:6a and W6b) was achieved in degassed water and the use of alventsto dissolvethe
sals during complexation reactiordid na provide the desired productBhe water neexto be
very well degassed before addition to the metal precudspadvantagef using watemwasthat
during work up the ionicysproductsstayedin the aqueous phasghe onlydisadvantagef the
procedurenvasthe use of ptassium cyanidduring synthesisf the precursoremitting hydrogen
cyanide gmells likebitter almondsextremelypoisonou} as byproductand the reactiohas to
be handkd very carefully During complex synthesifi¢ four CNgroupswerereplaced by two
bisthiolate) groupsof the respective ligasd and the metalatom switchedfrom the
hexacoordinate to a pentacccordsmanvironment by giving up onaf the oxo groupsSome
reactions required heating ftre CN-substitutionto take placeand interestingly it was found
thatthe synthesis of tungsten complexes required more heatingahamlybdenum complexes.
Generally with dithiocarbonate ligands refluxing the reaction mixture aC@hanged theolor
from blue (Mo)/violet (W) to ddr redbrown toyield the desired productt was important that
no free ligand remaed in the reaction mixture sindeee ligandmight lead to oxidation of the
metal starting materiato K,[M"'O,(CN)s] which was difficult to separate frorthe main
product To avoid this complicatignthe metalprecursorsvere used in a slight excess (2D
metal to ligandratio). After the reactionthe final products were washed with chloroform and
extracted in aqueous mediunmder an inert gaatmosphere to remove remag ligands or
ligand decomposition product§o precipitate the complex from the reaction mixt@rsplution
of bulky countercationsalts(BusN*, BZEtN", Et4N*, PPh" etc) in degassed watevas added
drop-wise to the mixturainderstirring. The desired product immediatgbyecipitatedasorange
brown solidwhich was filtered, washed with degassed water and dried under extreme vacuum

overnightbeforeits routine characterization.

4.1.1. Counter Cations of the Complees

During synthesissmall counte catiors (K™ or Na) balanced the charge of tla@ionic metal
complex and as a result the complex was soluble in water. Since the remaining ligands or ligand
decomposition products also stdym the aqueous medium, ivas importantto separate the
product fromthis agueous medium. Precipitation of the complex fitseimothersolution is the

best way to separate the product frierby-products Hence the anionic metal compléx pative

small counter catigri.e. K™ or N&, wasreplaedby a bigger onsuch as ByN*, BZE&N™, E4N”
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or PPh" etc to obtainbetter yield As a result of usg a big cation (mostlyPPh"), the solubility
product Ksp of the complexdecreased andhe complex became insoluble in water and
immediatelyprecipitated as orange brown sofrdm the mixture with considerable amount of
yield. The compounds obtainedere washed withdegassedvater againto removeunreacted
metal starting materisndthe remainingbase residuet® separatéhe productsin pure form. A
disadvantagef the use othe Bus;N™ cation is that it often reseltlin the formation of oils that
had toberecrystallized several times ébtainthefinal productsas solids or crystals. In order to
separate a number of pyoducts, as wellsabasic salt mixtures, | modified the original sytithe
procedures reported by Garretral***1"? py the use of acetonitrile during the reaction. In many
casesthe reactionsolvent mixture (water / methanolas firstevaporated to dryness and the
residue was dissolved in dry acetonitrile and filtered in an inert atmosplftare, insoluble
NaOH or KOHwasseparate@nd thecomplexremained dissolvenh acetonitrile As a next step
acetonitrile was removed anbe final products were washed with chloroform and extracted in
agueous medium under an inert gas atmosphere to remove remaining ligands or ligand
decomposition productd’henthe products were separated with good yieldsadiglition ofa
bulky cationto the aqueas solution ofthe complex Several attempts for crystallization were
made using solvent mixtures (DME,O, CHCN- Et,0) and theslow diffusion methodo

obtaincrystalline or microcrystalline material

4.1.2. Oxidoreductase Modes with Methyl-Substituted Dithiolene Molecules

While ourresearchgroupwasworking to evaluatethe key rolesof theMPT ligandin controlling
the chemistry ofmolybdenum and tungsten ofactor (MoCo and WCgq)through extensive
syntheticand spectroscopic studjeswas focused onmimicking the immediate coordination
sphere composition of those cofactommbining small dithiolatenolecules I(1, L2) with Mo
and Wions(Figure4.l) in order to compare their catalytic activities with thathafsecontaining
more elaborat®PT ligandmodels

Both pairs of compoundsvere obtaired by reactions ofespectiveligandsL1b andL2c with
metal precursartrans[MO2(CN),]* (M = Mo, W) in presence of 2.5 equivalents of KGid
shown in Scheme!.1.?%%%3 The ligandswere synthesized froncommercially available -3
bromo2-butanone and acetone respectivdge Experimental Section anfcheme4.2). The
reaction ofacetone with molecular bromine ilme presence o#&cetic acid resultedn the
formation ofl-bromopropar2-one(L2a).
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[MO(dmdt),]> M=Mo (7a), W (7b) [MO(mdt),]* M=Mo (8a), W (8b)

Figure 4.1 Chemical structures of small molecul&si(8b) analogous to the MoCo and WCo

models

Then the product2a and commerciallyavailable material 3-broma2-butanonewere reacted
with potassium isopropylxanthate in anhydrous acetone giving intermeditaendL2b which
werethen subjected to acid catalyzed ring closing in presenceraf. HSO, to obtain the final
producs, L1b andL2c respectively(see Experimental Section for detail$he crude produst
(L1b andL2c) constitutedblack oils, andwerepurified using a shoipath fractionadistillation

at 6570 °C and (6 mbarpressuresThe freshly distilled pale yellow oi$ of producs L1b and

L2c were dissolved in warm hexane followed/ lzooling to -20 °C to obtain white colored
needle shaped crystalsat wereisolated by decanting the mother liquor and drying at 18 °C in
open air.Compound L1b andL2c were stable to aimnoisture and light andvere soluble in
common organic solvents such pentane, hexane, diethyl ether, dichloromethane, benzene,
toluene, acetonitrile and methanolThey were characterized by elemental analysis, mass
spectrometry, as well &8l and**C NMR spectroscop The sngle crystal structuref L1b was
determinedy single crystal Xay crystallography according to literatt*@, whereas.2c could

not be studied by single crystatrdy structural studies because of the poor crystal quality.
molecular structure df1b with the appropriate labeling scheme is showfigure4.2 and the
basiccrystal refinement datare summarized in the Cigdographic Annex.

O O-isopropyl RZ_O

RZ_O R? R
j/[ Bra | \//[ xanthate f )Sl\ J\COHC- H>SO4 IS>:O
1 ACOH R gy acetone o R17S

R H 75 OC Rl S
1 5 Lla: R'=R?=CHj,4 L1b: Rl = R2 = CH,
L2a:RT=H,R"=CHs | 5. R = H, R2 = CH,4 L2c: R = H, R? = CHs

Schemed.2 Synthetic routeo and chemical structure 6§and precursorklb andL2c.
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Figure 4.2 The molecular structure of compouridlb. Ellipsoids are shown with 50%

probability.

After successful synthesis of the ligar{i4b andL2c), they werereated with 2.5 equivalents
of KOH and added to the metal precurs@ms[MO,(CN)J* (M = Mo, W) to synthesize the
corresponding complex€ga, 7b and8a, 8b) as shown irBchemet.1 (seeExperimental Section
for detailg. Both molybdenum and tungsten compaosirida, 8a and 7b, 8b) were obtained as
light brown colored powder Due to theasymmetric substitution on the double boaofl
compoundL2c, both cis- and trans- isomers were formefor compoundsBa and 8b. Since
several attempts for crystallization of these compoufids 7b and 8a, 8b) failed, theywere
identified by anumber of anatical methodssuch as'H, **C-NMR, IR, MS and elemental
analysis MALDI/TOF mass spectrometryor compounds7a and 8a evidenced the parent
complex anion [MoO(dmdf)* and[MoO(mdt),]*> for the corresponding complexé&lemental
analysis(C, H, N, § of all compoundshowedgood agreement with the theoretically calculated
values. °C NMR spectra of the complexeemonstrated disappearance of ti@=0 signals at
192 ppm and 194 pprin comparison to the ligaddsL1b(and L2c respectively spectra.*H
NMR spectraalsoshowed a shift of thdithiolene proton [(OFS,C;HR] from 6.30 ppm to 7.13
ppmwhich canbe attributedo metallation ofthe dithiolene moietiedn addition, a shifof the
M=0 stretching frequency of the complex&s,(7b and8a, 8b) in the IR spectrum as compared
to the starting material (Mo=6a, W=6b) indicated the formation of metako-bisdithiolene

compoundsA comparison of thg(M=0) valuesfor all four compoundsvith their starting metal
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precursorare given in Tablet.1 UV-Vis spectra of theeompounds {a and 8a) in CH3;CN

showed absorbancéandsat 347 nm ( 940 cmi*mol™L) and266 n m  {688) cm™mol™L)
respectiely which were assigned agli d-transitiors. Compounds(7a, 7b and 8a) could be
oxidized clealy and more or lesseversiby (M"Vz MY) by DPV as shown in Figurd.3 The
difference in redox potential for molybdenum and tungsten compouads{ 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.
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Figure 4.3 DPV of compoung 7a, 7b (top) and 8a (bottom) in CHCN containing 0.1 M
BusNPFs.
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4.1.3. Oxidoreductase Modes with Optically Active Dithiolene Molecules

Becaug of the interesting electronipropertiesas discussed in the previous chapttre
developeddithioleneligands (L3 andL 4) were utilizedto synthesizéis-(dithiolene)moneoxo
complexes oMo and Win order to investigate the effect optically activesubstituents on the

catalytic and electronic properties of the resulting complexes.

[MO(ntdt),]> M=Mo (9a), W (9b) [MO(cmdt),]> M=Mo (10a), W (10b)

Figure 4.4 Chemical structures dfis-(dithiolene)moneoxo complexes of Mo and WRai 10b)

derived from ptically active dithiolenemolecules.

The synthesis of the correspamgl ligandswas already discussed in the previous chapter
(section 3.2.1 fol.3b and 3.4.1 forL4b). Both pairs ofthe complexe weresynthesizedy
reactions ofthe respective ligandsL3b and L4b with meta(lV) precursori.e. trans
[MO2(CN)J* (M = Mo, W) in presence of 2.5 equivalents of K@i shown in Schemé 1
Due to the asymmetric substitution on the double bonitheofigand precurss L3b andL4b,
metallation lead tdothcis- andtrans isomersfor the compoundg§9a, 9b and10a 10b) as light
brown colored powderUpon addition of2.5 equivalents ofKOH and subsequently 0.5
equivalents ofMO,(CN),]* saltstot h e | Botution, thé sharacteristic white fluorescence
of coumarin disappearedhich indicated the formation ofthe metal complexes Crystals
suitable forX-ray crystallographianalysis were not obtainedfor these complexes antiey
were identified by NMR, IR, MSUV-Vis spectroscopynd elemental analysig shift of the
dithiolene proton inhe'H NMR and a shift ofhe M=0 stretching frequency ithe IR specta as
compared to the starting materials indicated the formationbisf(dithiolene)moneoxo

complexes oMo and W A comparison of thg(M=0) valuesfor all four compoundss given in
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Table 4.1. All compounds shogd good solubility in acetonitrile and methanol, but complete
insolubility in degassed water and rpolar solventslt was observed during the synthesis that
tungsten compoursdwere much more sensitive to oxygen than the amalsgnolybdenum
compounds andiecomposition lé to an immediate color change from dark red to green.
Electrochemical studies of the compounes @b and10a 10b) were carried out iICH;CN

Mo _
6.0x10™ o e oY
< 3.0x10™
= 0.0
o
3 -3.0x10™;
. [MoO(ntdt) ]*” (a)
-6.0x10 [WO(ntdt) 2]2' (9b)
-9.0x10™
1w wY Mo'™va MoV
-1.2x10° -

-1.3 -1.2 -1.1 -1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4
Potential (V vs Fc/Fc+)

[MoO(cmdt) ,]°” (10a)
[WO(cmdt) ,]* (10b)

3.0x10{  EY =104V

Mo _
E"7qp=-095V

v

Mo "2 MoV

-13 -12 -11 -10 -09 -08 -0.7 -0.6
Potential (V vs Fc/Fc+)

Figure 4.5 DPV of compound 9a, 9b (top) and10a, 10b (bottom) in CHCN containing 0.1 M
Bu;NPF;.
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containing 0.1 M BkNPF; and the observed signalstire DPVs were assignetb the transitions
MYz MY (shown in Figure4.5). No colour changewvas observed during the electrochemical
measurementd.he information was recorded at 298 K withe of gplatinum disc electrodas
working electrodea platinum wire secondary electrode and a platiknabreference electrode;

potentials are expressed versus the [Fc] /[Ealiple.

Table 4.1 3(M=0) values of M(IV)O and W(IV)O bisdithiolene complexes.

Mo Complex 3 ( Mo=03d) / c nWComplex 3 (W=07}1/ c
6a 728 6b 742
7a 935 7b 931
8a 922 8b 904
9a 959 9b 943
10a 971 10b 939

4.1.4. Oxidoreductase Modes with Aminofluorescein Substituted Dithiolene Molecules

The developed aminofluorescein substituted optically active dithidigaeds (L5) were also
utilized to synthesizeorrespondingdis-(dithiolene)moneoxo complexes of Mo and Wh order

to investigatehe effectof suchfluorophore substituentsspeciallyon theelectronic properties of

the resulting complexes

@] 2-
n oy
H S//,,M.,..\S
R R=}
TAY] PO
S Q
(0]

OH

[MoO(dt-ph-AF),]* M = Mo (11a), W (11b) HO

Figure 4.6 Chemical structures difis-(dithiolene)moneoxo complexes of Mo and W1(a 11b)

synthesized fronthe aminofluorescein substitutexptically active dithiolene molecule

The synthsis of the corresponding ligarfd5d) wasdiscussed ira previous chapterAfter the
successful synthesis @igand L5d, it was treated witl2.5 equivalents of KOHn anhydrous
methanolto openthe 1,3dithiol-2-one ringand then added to theespectivemetal precursor
trans[MO,(CN)]* (M = Mo, W) to synthesize the corresponding compleassshown in
Scheme4.1 It must benoted here thathe ligand(L5d) showedpoorly solullity in protic
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solvens the use ofvhich was necessary for metallatidut after prolonged stirring in presence

of base, most of the ligand was dissolueanethanolwhich wasthenfiltered before addibn of

the metal precursor Due to the asymmetric substitution on the double bond of the ligadd

both cis- and trans isomersfor compounds X1a and 11b) were expected to form after
metallation The characteristicgreen fluorescenceof the fluoresceinsubstituentsdisappeared

upon subsequent addition of KOH and metalssaltt o t he | jwhiamcduidsbe anol ut i ¢
indication for thebinding of the metal with the ligand The resultingorangered coloured
compoundgexpected aglaand11b) showed goodolubility in DMF but were poorly soluble

in acetonitrile, methanol and completely insolubledegassed water and npolar solvents.
Attempts to crystallize these compounds by slow diffusisimg a solvent mixtur€OMF-Et,0)

were not successful and they wetgaracterizedy routine spectroscopy methods such'tds

NMR, IR, MS and EA Apart from the solubility problems of the ligand5d) and it 0s
corresponding complexeshe 'H NMR of these compoundglla and 11b) were not ckan
enoughto assign them correctly, blMALDI/TOF mass spectrometrghowed the parent
complex anioa[MoO( dt pJA and[FWO ( d t f Hor tAercprresponding complexes
Furthermore elementalanalyss were not in good agreement with thkeoreticallycalculated

value andchencewe decided to excludeithpair of compounds froranyfurther studies.

4.2. Metal (V1) cis-dioxo bis(dithiolene) Complexes

Molybdenum and tungsten complexes in high oxidation states are of considerable interest not
only because of thepresencen the active site of oxygen atom transferring enzymes but also
because of their use in industrial catalysis. A large number of temidransformations botin

vivo andin vitro are catalysed by molybdenum complexes, for example, hydrodesulfurization,
olefin epoxidation, alcohol oxidation, olefin metathesis, oxidation of aldehydes, xanthine and
other purine®tc?’*?" Though a number of M (M = Mo, W) model complexes supported by

two dithiolene ligandshave been reportgdf °° 143144 170 196200 geyerg| attempts failed to
directly synthesize the corresponding oxidized species (i.ecithdioxo compound) which
would have been quite helpful with respect to supporting the proposed catalytic mechanism. In
this thesis wenave made an attempt to synthesize the pMbEore using the metal precursor
cis-[MoO,(SCN)]? , stabilized by two dithiolene ligands and compire catalytic activity with

that of moneoxo complexes.
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Figure 4.7 Crystal structure of [PR][M0O,(SCN)]-CH.CIl, (128). Two cations and

coordinating solvent molecule were removed for clarity reason.

The metal precursaris[MO,(SCNY]?> (Mo:12aand W12b; see Experimental Sectipmere
synthesized via the reported procediifeand the structures were confirmed by single crystal X
ray crystallography.The crystal structure othe [PhP][MoO2(SCN)]-CH.Cl, (123 is
presented in Figurd.7 andthe basiccrystallographic datéor compounds X2a and 12b) are
presented in the Crystallographic Annex

Thedi-oxo bis(dithiolene) complexes of molybdenum were synthesizeadsimilar way like for
mono-oxo bis(dithiolene) complexesaccording to the reaction mechanisas described in
Schemet.3. The anly difference was the choice of solvent in whtble molybdenum precursor
was dissolved. Due tile presence of large counteations PhyP") in the metal precursor it was
insoluble in methanol or in aqueous solution of NaQHbut it was soluble in dichloromethane

at 30 °C after prolongd stirring. So, the molybdenursalt added to the dprotected ligand
precursorwas dissolved irdichloromethaneand thewhole reaction mixture was heated just
above room temperature (at 30 ’@n immediate colour change from yellow to brown was
observed and, notably, the colour was light brown compared to dark retthefdvio(IV)
complexes, which could beaken asindication for the formation ofhe [MoO,(L)-]* anioric

metal complexesAfter the reaction mixture facooled to room temperature the solvent was
removed by reduced pressure and the compound was extracted with dry acetonitrile since the
products aresoluble in acetonitrile while the starting materials are not. Since the anionic metal
complex MoO,(L),]* was accompanied tipeme t a | precursor 6 sPhAati ve
the complexshowedpoor solubility in acetonitrile. Therefore, the mixture was stirred for 30
minsin acetonitrilebeforeextraction andt wasrepeatedwice to separate gliroductsfromthe
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Scheme4.3 Synthetic route to and chemical structure of the compoW®d46 using cis-
[M0O,(SCN),]?> metal precursors
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Figure 4.8 IR spectra of compound®aand15in KBr Pellets.
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Figure 4.9 Cyclic voltammogram of compoundl5 (1 mM) in MeCN containing 0.1 M of
BwNPF; as electrolytéscan rate 100mV/s).

startingmaterials. Again acetonitrile was removed after extraction by reduced pressure and the
product wasdried under extreme vacuum overnight before its routine characterizatien.
synthesis ofthe dioxo tungsten(VI) bis(dithiolene) complexes was found to be almost
impossible because the tungsten sityP[WO,(SCN)]-CH.Cl, (12b) was almost completely
insoluble in methanol, degassed water, dichloromethane or any other solvent which could mix
with the deprotected ligand precsor. Hence, onlydioxo molybdenum(VI) bis(dithiolene)
complexes 13i 16) weresynthesised and characterifedthis thesis

The compounds were characterized by NMR, MS, EA and IR spectroscopy. The molybdenum
precursor 124 displayed bands at 2096 ¢rand 2053 crl in the IR spectrum caused b}CS
groups and bands dué (Figwe 4.8).(INoest@gly, imthe cOnp@x c m
[PhyPl[MoO,(ntdt),] (15) a shift ofthe M=O stretching frequency (998 éhwas observed as
shown in Figuret.8 alongwith the disappearance tfe 3 i(NCS) bands in the IR spectrum as
compared to the starting materiald28 indicating the formation ofthe metatdioxo-
bis(dithiolene) compounds. Whilewas possible to characterizempound 13 and15 correctly

by IR, *H NMR and mass spectroscopthe other two {4 and 16) showed ambiguous
characterizatiorresults which could be due to the instability of the compounds in aerobic
conditions.The cyclic voltammogram (CV) afompoundl5in MeCN in the presence of 0.1 M
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of "BusPFs exhibitedan irreversible and quasireversibleredoxprocesssthat could be ascribed

to theMo"'z Mo" Mo"z Mo"' transitiors respectivelyFigure4.9).

After the successful synthesis and characterization of monéistithiolene) complexes of
molybdenum and tungsteand dioxebis(dithiolene) complexes ofmolybdenum they were
screened for their catalytic activity in the model oxotransfer reaction between DMSO and PPh

as discussei the following chapter
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5. Oxotransfer Catalysis

5.1. Oxo Transfer Reactions
Molybdenumand tungsten enzymes (except nitrogenase) usually cataklyZellowing type
of reactions:
Mo"'O,(ligand), + X D Mo" O(ligand), + XO (5.1)

This type ofreaction is generally called oxygen atom transfer reaction (O@%ygen atom
transferof molybdenum compoundbat resembl¢he activesite of molybdenum enzymes have
been extensively reviewed by Holm in 1990, prior to the elucidation of the activérsdrises

of the MPT bearing enzym&$? One of the most extensively studied redox couples is
Mo"'O/Mo"'O, as a natural choice due to the high frequency of occurrence of these groups in

conventional molybdenum chemistfy.

5.2. Inhibitors of OAT Reaction: Formation of Dimeric p-oxo Mo’ Species

Complexesof Mo and W with higher oxidation states can also form dimeric ogateric
assembl toeosgroups, avhicls are catalytically dead. The reaction of the reduced and
oxidized forms (Md'O2/Mo"0) of the OAT reactive molybdenum core with each other (see
equation5.2) by comproportionation commonly generates a dimehiemically inert MJ,0s
moiety!*®*1%2 The formation of this inactive species obstructs thatalytic cycle for good,
unless it is in equilibrium withhie reduced and oxidized speciishas been observed that the
position of the equilibriuntanbe shiftecto the leftby the use of bulky ligand$> *¢*¢7 |t was

also found that the use of donor solvents such as DMF, MeCN or TH$ tiea preferred dimer

formation!%@

O

HV ||V

Il 2+ i )2+ (Mo—O—Mo) 4+

(MoV)™ +  (Mo=0O (5.2)
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The dimer formation can take place by thecitof an oxygen atom dhe Mo"'O, moiety m
the trans- positionof a M3’ O core, which then leads adimeric proxo Mo’ speciesvia the
cistrans rarrangementNakamura and cworkers investigatedspecifically the possibility of
formation ofthesedimeric speciesand theinhibition of formationby electronially controled

ligand system§> 174198 272274

5.3. Preparation of di-oxo Compounds

The bis(dihiolene) model compounds havingo*'O, moieties are originally proposed or
considered as relevant for the DMSO reductase family of enzyBiase themonooxo
compoundsvl"V O(dithiolene} (M = Mo, W) (7 a ) ptelparedor this thesiave only one oxo
group on the metatenter withthe oxidation state IV, the first step in the cyobest bethe
transfer of anoxygen atom to the metal centév O(dithiolene) type complexes can be
oxidised to the corresponding \D,(dithiolene)} upon reaction with strong oxidising agents
such as MgNO or evenDMSO solvent (equation5.3).°¥ As shown in equation5(4) the
backward reaction follows the transfer of' Grom M"'Oy(dithiolene) to the oxo acceptor
substrates such assPf PhEsP, PhEtP and PP to regenerate the WD moiety and the

catalytic cycle completes.
[M"O(dithiolene)]® + MeSO Y V'o,(fithfolene})” + MeS (5.3
[MV'O,(dithiolene}]? + PhP Y Vo(dithislene)]® + PhPO (5.4)

5.4. Geometrical Preferencesof di-oxo Groups

The geometrical arrangement of two oxo groups present ifMN&O,(dithiolene}]” type

complexes was explicated loyystal structurd®® andalsoassayed by theoretical calculations.

In the compleMoO(mnt),]* Sarkaret al. demonstratethat two oxo groups stayed @ angle

of 107 ° to each othef®” The same was explained byoffmannet.al.inthel 9806 s wher e t
provedby theoretical studies thMo 4d orbitals play @ominant role in stabilizing the Mot

moiety in bent oris-configuration?”® This might be explained simply in terms of maximum

utilization of vacand orbitalsof Mo in the formation of bonding withthe oxygerd kne pairs.

There ardour oxygen’ -type lone pairs. In theis- geometry they camteract with three vacant
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d orbitals(Figure:5.1d 5.1c)on the metalwhereasn thetrans geometrythey can interact with
two d orbitals (Figure: 5.4i 5.1€) with the electron pair im nonbonding orbital  S-bonding
involves tiree d orbitals in the bent amdo in the linear arrangement atitereforeleads to a
higher” -bond order when befft>?’9 The relevant orbitahteractions are shown in Figusel

%

5.1la 5.1b 5.1c
5.1d 5.1e 5.1f

Figure 5.1 Interaction of the metal-drbitals with the -orbitals ofthe oxygen atoms

5.5. Removal of theAttached OxygenAtom

Triphenylphosphine was chosen as iedelsubstrate for oxygen acceptors and reducing agents
in the catalytic cyclg(see equation 5.4)The reason of choosing PPtvas thatit has high
solubility in organic solvents andiso the reactivity can be controlled by singlsubstituent
modificationon the phenyl ring for instance use dfis(pentafluorophenyl)phosphin€enerdly,
OAT reactions in molybdenuroomplexes occuvia the formaion of two transition states: (i)
nucleophilic attack of phosphine at the oxygen atom onMoeO ~ *orbital to give the
phosphine oxide intermediate afig) substitution at the octahedral Mo(IV) intermedidig
dimethyl sulfoxide whichleads to produateleasé?’®%’? The proposed complete catalytic cycle
is shown in Schem&.1

The progress of the reacti@easilymonitored by*'P NMR spectroscopgince substrate (PBh
and product (PRID) demosstratewell-separated signal§igure5.2 showsthe 3P NMR spectra
demonstrang the conversion of PRho PPRO with time.
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Schemeb5.1 Proposed catalytic cycle of thexotransfer reaction between DMSO aR&h

catalyzed by molybdenum and tungshkesdithiolene complexes.
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Figure 5.2 Example for monitoring progress of tlmxotransfer reaction between DMSO and
PPh catalysedby [MoO(ntdty]*> (15 by *P NMR spectroscopywith a ratio of 1:5
catalyst:PPh
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Figure 5.3 UV-Vis Spectral changeduring the oxidation ocompound[WO(ntdt)]* (9b)
(5x10° M) to [WO,(ntdt)]® by excess oMesNO followed by addition of.5 equivalents of
PhsP at 25 °C.

At the beginning of the catdlg reaction PPhis the presenphosphorus 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 wa®bserved which, at the end of the catalytic cyefes the dominating PR@ species.
Througlout the spectrahte signal at 23.5 ppm was due the presence ' Ris counter cations

of the catalystThe progress of the reaction was also controlled byMiB/spectroscopy. The
spectra was recorded with a specific time interval during the oxidation®{L[}* compainds

to [MO(L)2]* by MesNO followed by addition of PRfand recovery of the catalyst (see Figure
5.3.

In this study, the oxtransfer model reaction from DMSO to BRVasused to test the catalytic
properties of some of thmoncoxo molybdenum and tungsteaompoundg7ai 10b). The oxe
transfer ability of twadi-oxo molybdenum complexe&3 and15) was investigated as wdbee
Figure 54). The purposevas to compare their catalytjgotentialin orderto determine the
influence of ligad on redox behaviour and on the oxygen atom transfer properties of
molybdenum and its tungsten counterpart. The procedure and results are desciibed

following.
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Figure 5.4 Chemical structures of molybdenum and tungsten compounds used in the oxygen

atom transfer reactioexperiments

5.6. General procedure

The oxidations of PRHby molybdenum and tungsteanoncoxo and dioxo complexes were
carried out in DMS@ds; at room tempeature(Schemes.2) andthe progress of the reactiomas
monitoredby 3P NMR spectroscopymmediatdy after samplepreparation®’d The reduction of
complexesl3 and 15 by oxotransferto PPy can be coupled to its4@xidation by the reaction
with DMSO leading to catalytic transfefsee Schem8.1). The oxidations of complex&&10b
were followedthe same wayso0, the oxygen atom transi@actions showin equatiors (5.3 and

5.4)truly leadto the net transfer of an oxygen atom to or from substisaghown in Schente2

DMSO
PPhS O:HDhg
catalyst

Schemeb.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 compoutaiidOb and13, 15.

Catalyst Amount of Amount of Cat: PPhmolar Total volume
catalyst, mg PPh, molL™ ratio of the soln in
DMSO, mL
7a 5.1358 0.025 1:25
0.05 1:5.0
0.075 1:7.5
0.1 1:10.0
7b 5.5753 0.025 1:25
0.05 1:5.0
0.075 1:7.5
0.1 1:10.0
8a 4.9955 0.025 1:25
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 1:75
0.1 1:10.0
9a 11.1632 0.0456 1:25
0.0913 1:5.0
0.1369 1:75
0.1825 1:10.0
9b 11.9652 0.0456 1:25 0.5
0.0913 1:5.0
0.1369 1:75
0.1825 1:10.0
10a 6.2965 0.025 1:25
0.05 1:5.0
0.075 1:7.5
0.1 1:10.0
10b 6.7360 0.025 1:25
0.05 1:5.0
0.075 1:7.5
0.1 1:10.0
13 9.5188 0.0456 1:25
0.0913 1:5.0
0.1369 1:75
0.1825 1:10.0
15 11.4443 0.0456 1:2.5
0.0913 1:5.0
0.1369 1:75
0.1825 1:10.0
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The amount of catalyst used in all experiments was in the range 600MA& moll* (7a =
5.1358 mg,7b = 5.5753 mgB8a = 4.9955 mg8b = 5.435 mg9a = 11.1632 mg9b = 11.9652

mg, 10a= 6.2965 mg10b = 6.7360 mg;L3 = 9.5188 mg;15= 11.4443 mg). The catalyst: PPh
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 0.5Lnwith DMSO-ds. Table 5.1 summarizes the details of reaction systems
used to study the oxotransfer catalytic ability. All reaction mixtwese transferred to a NMR
tubeunder nitrogen atmosphere using Schlenk line techniques and the tube was sead@d with
tight caps. In order to follow the conversion of BRhPPRO, *'P-NMR of the reaction mixtures
were measuredith a Bruker Avance H300 MHz instrumenat room temperature with specific
time intervals. Concentrations of substrates and products iausaimes were determined by
signal integration. In these systems, excess ot PPBDMSO in the presence of catalysts was
completely converted to OPRRNithout catalyst no reaction occurs betweenRiPkd DMSO

under these conditiord?

5.7. Catalytic Oxo-Transfer Reactivity of Complexes7ai 10b

Since the proposed formula of the compou(s 8a, 9a, 108 mimics the natural immediate
coordination sphere dfie DMSO reductase family of enzymege have examined their catalytic
oxygen atom transfeability in DMSO by mixing the catalysts with PPin different ratiosat
room temperatuteThe reactions of thanalogustungsten compoundglg, 8b, 9b, 10b) with
different ratios of PPhin DMSO were performed under the same conditidiiese monaxo
compoundswere first oxidised by DMSO to doxo intermediates whichwere then used to
oxidise PBP to PhsPO asexplained byequatios 5.3 and 5.4and Schem&.1 The progress of

the reactions was monitored BY NMR spectroscopyThe ORPh; productwas identifiedeasily

by its characteristisignalat 26.® ppm.

The development of OPPfor catalyst€9a and9b over time withdifferent catalystPPh ratios

is shown in Figire5.5. For both catalysts, the highest speed of the reaction was found for a 1:10
cat: PRP molar ratio and the slowest in the casa @f2.5ratio. The initial rate of the reaction in
each casevascalculated from the linear fit of the firftireevalues(i.e. in the area that can be
regarded as approximately lingan the respective graph. The molybdenum catalyst shows a
higher initial rate than the tungsteratalyst in each cas@he obtained data for all catalytic

experiments are summarized in Tabl2
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Figure 5.5 Development of OPRhwith time for catalys©a (left) and catalys®b (right) with
different quantities of substrateag PPh; 1:2.5, 1:5; 17.5 and 110) in DMSO as solvent and

second substrate.

The amount of DMSO, a second substratasin excess and therefore its concentrattbange
during the reaction is negligibl®©n the basis of this, the reaction is assumed tfrdteorder
with respect to the concentration of BPIn analogy to the enzymatic reactidinetics,
MichaelisMenten kineticswas applied in the present study. Assuminggaasisteadystate
approximation i.e. the concentration of the substrate bound catdbesdsnot change during the
reaction and the total catalyst concentration is a constan¥idhaelisMenton equation for the

reactions under study can be set up as:

(5.5)

where,v is the initial rateyvmax IS the maximum rate aridly is the Michaelis constant. [PRhn
this case represents the initial concentration of;PlRir a given amount of catalyst, thalue of
Vmax (Which is the maximum possible velocity of a reaction) is fiaad the only variables in the
above equation are and [PPl]. Obviously, equatiorb.5 is alinear equation with the slope
Km/Vmax and the yintercept 1Vmax The graph for the variablddé/v) and (1/[PPH) is called a
Lineweavei Burke fot (or double reciprocal pldf® andtheratio between its yntercept and
slope provide the value oKy (Michaelis constant)in fact, the value oKy, is important in the

sense that it is an approximation of the affinity of the catalyst (enzamaéogue) for the
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substrate and it is numericalBquivalent tothe substrate concentration \ahich the rate of
conversion reaches half afa. In other words, a smally, value indicates &igh affinity, and a
substrate with a smalldfy will approachvm.x more quickly. However, th@alue of Ky as
obtaned from the LineweaveéBurke plot is prone to error, as theayis takeghe reciprocal of
the rate of reactignn turn increasing any small errors in the measuremémrefore in the
present study, a Haria&/oolf plot wasused which is obtained bgarranging the equatidn5 as

follows [281

= (5.6)

A plot of ([PPh]/v) vs [PPh] will give a straight line with the slope equal to/ddk and the y
intercept Km/Vimay). The ratio of the ymtercept and slope (which is equal to thmtercept) will
provide the value oKy. The figure 5.6 and5.7 show the Hané&Voolf plots for the reactions
catalysed by compoundsi 10b. The observed kinetic results for the reactions catalyze2hby
and9b are provided in tabl6.2 These results are compared with those obtainegaf@b, 104,
10b, 13 and 15. Attempts to invedgate catalytic OAT activity of complexe& and 7b failed

because of their decomposition in DMSO.
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Figure 5.6 Hane$Woolf plot for [MoO(mdt),]* 8a, [WO(mdt),]* 8b (left) and[MoO(ntdt),]*
9a, [WO(ntdt)]* 9b (right) as catalystbasedn variousconcentratiosof PPh.

116



5. Oxotransfer Catalysis

Table5.2 shows that the initial velocity) of the reaction was highest for a 1:10 molar rafio
catalyst and PRhand the lowest for 1:2.5 ratios in all casas expected Among the
molybdenumcatalysts,9a has the maximum value of.x followed by 8a and 10a. Since the
maximumvelocity is a direct indicator for the activity of the catalyst, the present study shows
that thepresence oklectrornically rich aromaticgroupsin the adjacet ring of the dithiolene
function enhancethe catalytic activity. It should be noted that the natural selection of the active
sites of enzymes fapecific reactions is not purely based on the speed of the reaction. In fact,
this is finely tunedo the equirements of the organism. In other words, the reaction rate is an
optimizedparameter 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 iera giv
reaction is an important factor. Provided, the maximum velocity is optimized, the enzyme with
the highest affinity for the substrate will have the lowest valué\pfSimply said, for a given
maximum velocity, a catalyst with the lowest valuekgf will bring the maximum velocity at

the lowest concentration of the substrate. InterestinglyKithealue of10ais only 77 % of that

for 9aeven though the later exhibited higher velocity.

o [MoO(cmdt) J* 120000

X [WO(cmdt) ] ]
100000

800001 918568
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Figure 5.7 Hane$ Woolf plot for [MoO(cmdt}]* 10a [WO(cmdty]* 10b as catalystdasedon

variousconcentrationof PPh.
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Table 5.2 Kinetic parameteref catalysts8ai 10b for theoxygen atom transfer reactiomder

different conditions.

CatalySt [Ph3p] [PhSP]/3 Kcat Kca{KM 3max KM

(mol L'Y)  (min) (min™) (mintmol*  (molL*  (molL?)
L) min™)

0.025 9.63x10°
0.05 1.15¢10*

8a 0.075 1.3x10" 8.7710* 6.3x10° 8.77x10° 014
0.10 1.55¢10*
0.025 1.41x10°
0.05 6.12¢10*

8b 0.075 8.04x10* 3.36x10* 3.9x10° 3.36x10°  0.086
0.10 1.03<10°

0.0456 1.32x10°
0.0913 1.71x10°

9a 0.1369  2.0x1¢*  0.077 0.70 1.4x10°  0.11
0.1825 2.33%10°

0.0456 6.29¢10°
0.0913 7.19%<10°

9 0.1369 8.06x10° 0.0029 0.01 5.3x10°  0.29
0.1825 8.86x10°

0.025 9.27%10°

0.05 1.38<10*

10a 0.075 1.53<10* 1.08<10° 0.012 1.08<10° 0.085
0.10 1.65x10"
0.025 4.2x10"
0.05 7.0%x10"

10b 0.075 8.93x1(" 1.09<10* 4.73x10°3 1.09<10° 0.023
0.10 1.12%10°

It is interesting to note that in the case of tungsten cata8tsis,better in terms of the values of
Vmax TheVmaxvalue of9b (5.3x10° mol L' min™) is 1577 and 486ardess of magnitudeof that
for 8b and10b respectivelyHowever theKy values of8b and10b are only 30 and 8 % of that
for 9b. So, in terms oKy valueslObis the better catalyst comparedtmand8b.
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Though these compound8ai 10b) did not mimicproperly allimportant structurafeaturesof

the corresponding enzymes, we were curious how the electronically variable substituents (i.e.
naphthalene, coumariommn the dithiolene ringaffect the catalytic properties of the resulting
complexesmimicking the immediate coordination sphere onAnd the kinetic parameters
showed thathe naphthalensubstituteccompoundsda, 9b) are bettein catalyzingthe oxygen

atom transfer reactiom termsof the valuesof velocity (Vmay, but in terms of affinity othe
substrates towards catalysexgressed byhe Ky parameter coumarinsubstitutedcompounds

(104 10b) are better. Theskinetic resultswill be comparedn terms of reactivitywith the

values obtained for ébxo molybdenum compounds3, 15) in thefollowing section.

5.8. Catalytic Oxo-Transfer Reactivity of Complexesl3 and 15

Oxygen atom transfe(OAT) activity of the molybdenum complexes3 and 15 was also
investigatedat room temperature b$P NMR spectroscopy using an excess of P&Ver
catalyst.As describecarlierin ageneral procedur®.009 mmok0.01825 molL*) of complexes
13 or 15 and PPhin different ratiogcatalyst: PPhas 1:2.5, 1:5, 1:7.5 and 1:1@re dissolved
in 0.5 mL of deoxygenated dimethyl sulfoxide (DM$). The sample was subjected ¥
NMR spectroscopy at room temperature after its immediate preparation and the progress of the
oxo transfer reaction was monitoreWithout catalystno reaction occurred under these
conditions.

The OPPRproduct was identiéd easily by its characteristic peak at 26.30 fpee Figuré.2).
The development of OPRfor both catalystsl13 and 15 over time with different catalyst: PPh
ratios are shown in Figurg8. Like for the monooxo compoundsre as expectedhe highest
speed of the reaction was found for a 1:10 caiPRholar ratio and the slowest in the casa of
1:2.5ratio. The initial rate of the reaction in each casss calculated from the linear fit of the
first five values in the respective graph described befar@he concentration of PRIfat -5.88
ppm) decreased gradually with time tbk reaction and the reaction was found togdseude
first-order with respedo [PPh]. The pseudefirst order rate constantg,s of the OAT reaction
betweenPPh and DMSO catalyzed by3land 15 was calculated as 1.880° s* for 13 and
2.55¢10° s for 15, respectively.

Throughout the reaction, the colour changed only slightly fy@iow-brown to yellowred.

Proton NMR spectraf the catalytic reactiosolutions after complete conversioh PPh to
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5. Oxotransfer Catalysis

OPPh showed complexe&3 and 15 to remain fairly stable in solution. No evidence for the

formation of dimericMo(V) species by thereaction of the reduced and oxidized forms

(Mo"'0,/M0"0) was found. Dimeric [Mo,Os(L),] species could be diamagnetic or

paramagnetidepending on the orientation of tM=0O moietiesvs. each othel*’® We dd not

observe additional resonances in the spectruma ftiamagnetic compound, nor a broadening of

the resonancgmointing to paramagnetic species in solution.
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Figure 5.8 Development ofOPPRh with time for catalystl3 (left) and catalyst5 (right) with
different quantities of substrate (cat: BPt2.5, 1:5; 1:7.5 and 1:10) in DMSO as solvent and
second substrate.
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Figure 5.9 Hane$ Woolf plot for [MoO,(dmdt),]* 13, [MoOx(ntdt);]* 15 as catalystbasedon

variousconcentrationof PPh.
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For both compounds the initial velocity of the reactions refertmgthe PPk substrate
concentrations is showing Michaéldenten type kineticsKy (Michaelis constant) an@yax
(maximumreaction velocity) were determined bdye HanesWoolf plot. Figure 5.9 shows the
Hane&Woolf plot for the reactions catalgd by compound$3 and15 and the obtained data for
catalyticexperiments are summarizedTiable5.3.

The relatively fast stoichiometric oxo transfer reaction whincis-dioxo compoundsi3 and15)
prompted us to compare, under identical experimental condittbaspxidation of PPhby
DMSO as catalyzed by moraxo andcis-dioxo molybdenum ampounds.

Since Ky values express the affinity of the respective catalyst (enzyme analogue) for the
substrate and a small&g, value indicates a higher affinity, compourit3and 15 arebetter in
catalyzing the oxygen atom transfer reaction in terms of the valoéXy compared to
molybdenum moneoxo bis(dithiolene) ones8& 9a, 10 see Table 5.2 and 5.3)he
comparativelyshorterreaction timegFigure5.8) andthe smallerMichaelis constantg13: 0.09
mol L™ 15: 0.06mol L™) also suggestedn improvedstability of the catalystPPh intermediate
complexes compared to those with mearo compoundsln addition, the calculated tuowmer
number Kca) also demonstrated better catalytic efficiency of thexadi compounds i3 and15)

over8a, 9aandl10a

Table 5.3 Kinetic resultsof catalystsl3 and15 for theoxygen atom transfer reactiomder
different conditions.

Catalyst [PhsP] [PhsP]/3 Kecat KcalKm 3max Km
(mol L) (min) (min™?) (mintmol*  (molL*  (molL™
L) min™)

0.0456 0.89%10°
0.0913 1.20<10°

13 0.1369  1.47%10°  0.083 0.92 1.510°  0.09
0.1825 1.81x10°

0.0456 0.48x1(°
0.0913 0.68x1(°

15 0.1369  0.86x1¢F  0.12 2 2.2710°  0.06
0.1825 1.09<10°
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5. Oxotransfer Catalysis

The developedatalysts performd rather poorly in comparison with othexygen atom transfer
catalysts based on molybdentift. 265267 282283 Bt the important observation here is that
optically active coumarin substituted compounti8a( 10b) are betteicatalyss for the oxygen
atomtransfer than theaphthaleneontaining compoursl©a, 9b) in terms of the valueof Ky,

a propertywhich warrants further investigatido determine the influence difie ligand on the
redoxbehaviour othe central metahndalsoon the oxygen atom transferechanism.

Another important observation is thdibxo compounds i3, 15) are also better inatalyzingthe
OAT reaction in terms of the valued Ky and K¢y compared to molybdenum mowao
compounddikely due tothe higher affinity of the respectivddioxo compounddor the substrate
and the stability of the cataly$PPh intermediate In the catalytic cycle, the mormxo
compoundsare first oxidised by DMSO to the corresponding-adio compounds and i
speculated that this oxidaticstep might bethe rate limiting stép® of the OAT reactionand
thus explainedthe higher affinity of the respectivdi-oxo compoundgor the substrate with a

stablecatdysti PPh intermediate
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6. Electrochemical Studies

6.1. Electrochemistry

Electrochemistry is an invaluable tool for characterising the oxidation and reduction (redox)
properties of materials. Either in solution or in the setate, electrochemical analysffers
many benefits which includghe development of voltammetric mtwn mechanissi®?,
understanding the corrosion of met&f construction of lectrochemical sensdf&? and can
yield useful informatiorregarding the electronic propertiethe material§® 139 19 237 Thjg
information is vitalalsofor organic electronicas well asfor bioinspired model complexdsr
the active sites of metallo enzymés characterize andunderstand theirelectronic and
catalytic®®® properties respectivelyn this thesis, dynamic electrochemistry is concerned with
the electron transfer process that occurshat $olution/electrode interface, although this might
inducesome disadvantagesuch as mass deposition ttve electrode surface ardlfficulties in

separatig synthetically useful product from the supporting electrolyte.

6.2. Theory

By measuring current) as a function of applied voltage (denotesE), the redox processes of
an eledroactive speciescan be investigated. For routine operatianthree electrode system,
comprising a working, a countauxiliary and a reference electrodis, generally usedsee
Figure 6.1). In such a setup, a potentidd)(is applied across aglectrolyte solutioncontaining

the material under invagation, betweeithe working and counter electrode, and held relative to
the reference electrod&enerally, his reference electrode consists of a half cell with a known
redox potentialpften sepaated fromthe hulk by a salt bridge to stop dif§ion of the active
species into the reference, \dce versa The counter and working electrodes are usually made
from an inert metal thas stable under the given reaction conditions, so no contamirdtitie

bulk occurs,and thus the redox processes observed at the working electrode are a result of the
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6. Electrochemical Studies

active species and electrolyte usethe counter electrode should be offisiient surface area
that it does not limit the current entering the cell, endenerally mucliarger than the working
electrode.The potential dference between the counter and working electrode is modulated,

relative to the reference electrode, by a potentiostat.

Function Generator Cyclic voltammogram

M\
/\ ./ fr-_:_}
y /.4

Pt

Potentiostat

CH '|REJWE

=

Figure 6.1 Anillustration ofthethree electrode electrochemical aihgram (adapted from ref.

[289) (left) and arelectrochemicatell used in this thesis fanalysis(right).

In a standard setup, tledect@ctive species (usually &w concentrationsjs dissolved indry
organicsolvent with a high concentration of an icedssalt(such as"BusN][PFs], ["BusN][BF4],
["BusN][ClO,]), called electrolyte The electrolyte performs several important functions
necessary for the proper operatiminthe cell. The electrolyte increases the conductivity of the
solution to avoidsolutionresistance féects, which can lead to Joule heating, and-unaiform
current/potentialdistributions. At high concentrations, it eliminates migration as a mechanism
for masstransport of the electroactive species, and thus allows only thesidn-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 threelectrode system. The three electrodes are: working electrode (WE), reference

electrode (RE) anduxiliary/counter electrode (CE).
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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 reactanvioe versaThe WE is normally designedith a disc

shape with a weltlefined areal mnt for this thesis) Other geometries are also used for
different purposee.g.a square shape WE is designed for a hydrodynamic flow system, as mass

transport under laminar flonaa be simulated relatively easier than that of disc shape

6.3.2. Reference Electrode (RE)

The reference electrode provides a stable reference potential to the working electrode under
normal pressure and temperature.( atmosphere and 298 K). Itusuallymade from a highly
reversible redox systerso that a small passage of current is ineffective to its poten#al
saturated calomel electrode andilaer/silver chloride electrode are theostcommon reference
electrodes used in resear@ometimes, a sink silveror platinum wire is used in conjunction

with an internal potential reference provided by ferrocene, when a suitable conventional
reference electrode is not alable and that is the technigwee adaptedor our measuremest
described in this thés Ferrocene undergoes raversible oneelecton oxidation at a low
potential around 0.5 Vor 0.64 V versus a saturated calomel electrode (S&@E normal

hydrogen electrode (NHEgspectively

6.3.3. Counter Electrode (CE)

In orderfor the currento flow acircuit must benstalled between the working electrode and the
counter electrode. The counter electrode is made from an unreactive conducting material that has
a largesurface 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 producdidedE surfice could interfere with the
reactions that occuiatthe WE surface.
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6.4. Cyclic Voltammetry

Cyclic voltammetry (CV) is one of theost widely used electroanalyticalethodsfor studying
electroactive specie®\ cyclic voltammogram is generated by scannihg potential linearly

from a potentiak; to a potentiakE,, and then reversing the direction of the scan (f&no E;).

With the change of potential, the current passed through the electrode changes due to oxidation
or reduction processes, therefoi@mally a cyclic voltammogram is a plot of curréhjtagainst
potential (E). An example of a cyclic voltamogramis shown inFigure 6.2. On scanning the
potential E) to more positive potentials (frof, to E), initially almostno current k) should be
passedthrough the working electrode, ak is insuficient to induceoxidation of the active

species in the cell [region (a) ki 6.2).

I/A

Figure 6.2 A plot of currentl vs. potentialE for an electrochemicallyeversible one electron
process, corresponding to the [M][M]" redox couple, amvestigated by scanning the potential
E between potentialg; andE,, and baclkagain. For an electrochemically reversible process, the
peak curren fiy] of the oxidation and reduction processaga(and i, respectively), should
increase linearlyvith the square root of the scan ratebut the potentials of pealks, for the
oxidationand reduction procesg{. andE, . respectively) should nathange with scan ra(g).

The points (a) to (f) denote regions of interest described in the text.
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As E is scannedo more positive potential increasessince E becomes dficient to induce
oxidation [region (b)]. The increase lns initially exponential in form as a steep concentration
gradientis developed in the vicinity of the working electrode (the Nerristsion layer). Aghe
active species in this layer becomes depleted, further oxidation is restrictied 8ifusion d
active species from the bulk to the electrode surface. This treassport is slow on a CV
timescale, and therefore the rate of oxidation decresmsése concentration of active species is
depleted. This is shown by ttllowing of the slope as regiofb) is traversed At point (c), a
balance between the increasing rebastant (due to a steeper concentration gradient), and the
decreasing concentration attive species (due to slow mass transport) is reached, and this is
known as the peagurrent [ingenerali, (ip,a for oxidation,i,c for reduction)]. From point (c),
decreasess the oxidation process becomds$ugiion controlled [region (d)]. As the direction of
scan is reversed (frork; to E;), the active species continues to be oxidised atwioeking
electrode, untiE becomes i cient to rereduce the oxidised species [region (e)]tt#s point,

the current response of the reduction procis$ esembles that of thexidation processifa),

though wth opposite sign [point (f) Figui@2].

6.4.1. Reversibility

Based on the different electrode kinetics, the electrochémeeations can be described as
reversible, quasieversible and irreversible. An electrocheally reversible process occurs
when the rate of electrodeaction is faster thathat of the mass tnsport. Conversely, if the rate

of electrochemical reaction is slower than the rate of nasssport, then the reactant is
electrochemically irreversible. Normaltiie dffusion layebecomeghinnerat faster scan rates
(3) generatig a steeper concentration gradjeesulting in an increase [r|. Fromthe Randles
Sevcik equatio®® onefinds ip to be proportional téhe gradient at the electrode surface, which

i s det er (see pogrationle.§jf the concentration of electroactive species is assumed to

be constant througlib the course of the experiment.
Qe 7 (6.1)

If the oxidised species is stable under the experimental conditions, and capaiegoishing
the electron bek from the working electrode, and if the rate of electttansfer between the
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active species is famt(on an electrochemical timescatban the mass transppttheprocess can
be thought of as being electrochemically reversiBiescanning thesameelectrolyte solution at
different scan rates)((typically five rates betwee0 and 250mVs™) andplotting i, vs. 3", a
relationship between and3 can be obtainedf the plot is linearand passes through the origin,
the electrochemical reactioten be proposed to be electrochemically reversitiieaetically in

order to state an electrochemical process as reversible, the following testsssitistyd

1T Exis independent of 3

1 Q6 ' 7

1 oF,=|Epci Epd=59/n mV (n; number of electrons involved in the process)
S RS

1 shs P

The formal reduction potentiaQ(; ) for a reversible couple is given by

Oy nob (6.2)

If the process shadno reversesignal it is statedto be chemically irreversible. In thimse the

electractive species may undergo a chemical change upon oxidatigduction such that a
reverse sweep cannot not swiftly return the species to its original stagsults ingE, > 59n

mV.

6.5. Differential PulseVoltammetry (DPV)

The DPV measurement technique is a pulse technique that cappiedequallyto reversible

and irreversible system# pulse of constant amplitude is superimposed sfowly changing
base potentialThe Current is measured at twiwints foreach pulsethe first pointjust before

the application of the pulse and the second ateth@ of the pulseSince the modulation
amplitude remains constant throughout the measurement process, the background sigesl cha
only slightly. The difference between current measurements at thivegagoints br each pulse is
determined angblotted against the base potentihus measurementsan be carried out with

this method up to concentrations of abouf M
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6.6. Electrochemistry of Nickel bis(dithiolene) Complexes

Electrochemical properties dhe unsymmetrical substituted nickeis(dithiolene) complexes
[PhyP][Ni(ntdt);] (3b), [Ni(ntdt),] (3¢), [PhP][Ni(cmdt)] (4b), [Ni(cmdt)] (4c) were
investigatedoy cyclic voltammetryversus[Fc]/[Fc]” in acetonitrile solution each containing 0.1
M ["BusN][PF¢] as supporting electrolyteThe results are summarizéd Table 6.1 Cyclic
voltammogrars (third cycle)of compounds3b and4b are shown in Figuré.3. Theinformation
wasrecorded at 298 K with use ofpdatinum disc electrodeith a reaction surface of 1 nfras
working electrode, a platinum wiedunterelectrode and a platinukmobreference electrode
conjunction with an internal potential reference provided by ferroesge maintained under
argon.

The nitial development®f the electrochemistry of transition metal dithiolene complexes have
beencomprehensivelyeviewedby McCleverty"? andlater byEisenberf?2. It is theoretically
and experimentally established that transition metal dithioleoraplexesexhibit a three

memtered, planar series as showrSichemes.1, with M=Ni, Pdor Pt®” In suchseries, the

[Ni(L)o] ™/ [Ni(L)]°

-6 ]
3.0x10°+ -0.31V'. 014V

2.0x10°

_ INi(L),]" 7 [Ni(L),]”
1.0x10° -

0.0 oo o r il AN

-1.0x10°4

Current (A)

2010°1 g1, - 1oy . Eip=
1 —099V  _po52v

-3.0x10°
_6 1
-4.0x10 "1 —— [Ph,P][Ni(cmdt),]
-5.0x10°4 - [Ph,PI[Ni(ntdt),] -0.28V

-21 -18 -15 -12 -09 -06 -03 00 03
Potential (V vs Fc/Fc")

Figure 6.3 Cyclic voltammograms ofinsymmetricaldithiolene complexegPhyP][Ni(ntdt),]
(3b) (dot) and [PhyP][Ni(cmdt)] (4b) (line) in MeCN containing 0.1 M of BINPFK as
electrolytes (scan rate 10@Vs ¥. All compounds peak potential were recorded vs internal
referencgFc]/[Fc]” at 298 K.
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MU == M), == ML

Scheme6.1

neutral and dianionic members are diamefic and the monoanion is paramagnetic witlsan
1/2 groundstate Cyclic voltammograms of compoun@®b and4b exhibited two reversible or
quastreversible one electron redox process @ty p& 6h O, ™ BhO},

™ @ andO, T80 BhO T BhO T® b respectively(see Figures.3).
Since the experiments were performed in acetonitiile electrochemistrin this solvent was
complicatedby precipitation of the neutral species onto the electaating oxidative scans
which led to quasireversible signal On the bais of Scheme6.1 and by comparison with
literaturevalues for similar complexd&*™ 135 137238 the quasireversible oxidative response and
a reversible reductive resporsan beassignedo the sequential interchangetlween the neutral,
anionic anddianionic states of the nickdithiolene complegs

Redox states of thdissolved depolariser@lectroactivespecies)for the reversible waves (at
‘O;‘ H p& 6MA T '@;‘ " b respectively of compounds3b and4b were determined

with the help of cyclic voltammetf3” in course of tis work. As seenfrom Figure6.4, thetwo
wavesfrom compound4b were of identical (Figure 6.4: left) or almost identica(Figure 6.4
right) shape, but their positiowith respect tahe zero currentwas shifted In the case of the
oxidisedform, the current at theegativepotential limitexceeédthe magnitude of the current at
the positive potentiallimit. The functionl = fi, | § |iac| Will be less than unitgnd vice versa for
the solution of theeducedorm which is summarizetielow.

[ > 0: molar ratio of reduced form is higher.

I = |ixgl-liacl I = 0: molar ratio ofoxidised and reducddrms are equal.
I < 0: molar ratio ofoxidised formis higher

Parametel can be used to diagrnothe redox state arthe composition of a solutiatontaining
variable amounts dfoth the reduced and oxidised forofshe electroactivepecies?*? For the
redox process afompounb at lower potential rang@-igure6.4: left), the parametet is less
than unity. This indicates the prevalent presence of oxidised spNifes,]' (L = cmdt) of the
[Ni(L)2]* /redox couple in the solution. AnHe functionl = o | & |io | is greater than unity for
the redox processf compound4b at higher potentia{Figure 6.4: right), which suggestsagain
the prevalent presence refducedspeciegNi(L) 2]' of the [Ni(L),]°’ Tedoxcouple inthe solution
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Figure 6.4 Cyclic voltammograms of compourdb with the depolariser in the bulk of the
solution in its oxidised (left) and reduced forms (right). Scan rate 0.1'fds oxidised

depolariser and 0.5 Vsfor reduced depolariser.

The redox state of compousd is also determined by applying tsamemethod®®” Based on

that, the wave at 1.2 V must be due ttheformation of anonoanionicspeciegNi(L)5]' and the

wave at higher potentiaté.10.40 V)must be due to the formation ohautralspecies

As observed from Figre 6.5, the reductive responseé compound4b at lower potential© ¢
T80 B) wasdiffusion controlled as the peak heiglat® correlatedo the scan rate3he peak

currentilp| of the oxidation and reduction proces8gsandip c respectively) increasduhearly
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Figure 6.5 (Left) Cyclic voltammograms of congund4b scanned between0 . 6 5 a nnd
MeCN containing 0.1 M of BiNPF; as electrolyteat increasingcanrates of 50, 100, 15@00
and B0 m\s ! (Righ)) Peak currerst (i, » andip . respectivelyls (scan ratg'? plot with linear
fit.
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with the square root of the scan rat@igure 6.5: right). Further, an examination gf/ipa and
peak separation values clearly indicate ttiet reduction ofthe monoanionic species tthe
corresponding dianionic ong a fully reversible procesg{ipa= 1.15; [Epd Epd aboutcO mV for

3b andipdipa= 1.07; |Epdi Epd @bout 70 m\for 4b at 100 mVs'; see Table 6)1 Thisis evidence

for no precipitation occurring during the scan dhdt all redox processes involvetissolved
species without decomposition of the complexes.

Cycling the potential to the positive range@ . 55 a r) deve@led brfguasireversible
oxidation peak at 81V and 0. 14 V 3bfaoddb respestipety T'hre dysasi
reversibility was probably due to the generatidthe cationic state in the dithiolene fit® 2°2
leading to the formation of neutnaickel dithiolene compless [Ni(L),]°. Apparentlythe neutral
complex started to deposih the electrode suida due to thdow solubility of ths complex in
acetonitrile. Therefore thissignal can be assigned to the oxidation ofie ofthe two enel,2-
dithiolateligandto theneutral 1,2dithionespeciegsee Schemé.1), and hencéo the formation

of the neutrahickel dithiolene complegs Initially the oxidationprocessor compounb was

not revesible andit was investigated fully by scanning the same solution with different scan
rates( 50 1 0 0J0Interegtimgly, itwasfound that the peak curremg| |of the oxidation and
reduction processeg, g andi, c respectively) increaseed linearly with the square root of the scan
rate3 and the oxidatiorprocessshowed almost full reversily at 1000 mV5' scan rate (see

Figure6.6for compound4b). This is charaetristicfor anelectrochemical polymezation andhe
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. 50 mV/s . ®
2.0x10° 4 < 25x10° 4 °®
< 10x10° i .
g g 3.0x10° ,¢'.
= 3 .o
O 1.0x10°+ X 25x10° - '.".
s .
- ° o .o
2.0x10 .
o 2.0x10° [ X
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Figure 6.6 (Leff) Cyclic voltammograms of compouddbs c anned bet ween 0.

MeCN containing 0.1 M of BiNPF; as electrolyteat increasing scan rates of 50, 100, 150 upto
1000 mV$ ! (Right) Anodic peak currenfip 9 Vs (scan raté¥ plot with linear fit.
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current increas®bseved on successévscansare indicative of formationof an electroactive
polymer film on the surface of thadectrodd?®?*4 Though an examination of /i, and peak
separation valueat 1 \§* scanindicatel that the oxidation ofthe monoanionic species to the
corresponding neutral onegsa quasireversible processylfipad  1|E,8 Epd aboutl40mV
at 100 mV s *; see Table 6.1)The idative response of compousth was alsodetermined to
bea quasireversible process as evidenced friggi,a and|Epc i Epd Values (see Table 6.1).

Since neutralnickel bis(dithiolene) complexeq3c and 4c¢) were not soluble in acetonitrileheir
electrochemistry was investigated in DMF each containing Of1BM,N][BF 4] as supporting electrolyte.
The experiments were carried out by Muhammad Zubair at the Univerdigtshigham.The results are
summarized in Tablé.1 The g/clic voltammogram of compour@c is shown in Figuré.7. The studies
have shown thathe complexes3c and4c) exhibit two reversible redox processesCat p& (®,
Oy ™ b and 0Oy P8t B, Oy T® ®  respectively relative to the
ferrocenéerroceniumreferencecouple (see Figure6.7 and Table6.1l). These potentials were only
slightly different from thos@bserved focomplexes3b and4b. Since hese two processesetypical of
nickel dithiolenesas discussedbove theywere assigned to the dianibonmonoanion and monoanidn
neutral redox processesspectively;. e. [Ni(L),]* Z [Ni(L)J]" z [ Ni° The key difference was
that complexes8c 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 gaatple no additional

oxidation process was observed in the applied potential range

8.0x10°

4.0x10°

0.0

current (A)

-4.0x10° - 2
E“p=-029V

-8.0x10° A

-1.2x10° Ni|”+e- Ni”

—ll.5 —1I.2 —OI.9 —OI.6 —0|.3 OI.O 0.3

potential (V vs Fc/Fc')
Figure 6.7 Cyclic voltammogramof complex [Ni(ntdt);] (3c) in DMF containing 0.1 M of
["BusN][BF4] as supportingelectrolyte(scan rate 100 mVg. All compounds peak potential

were recorded vs internal refererjge]/[Fc]” at 298 K.
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Table 6.1 Cyclic voltammetryparameters for theeversible oquasireversible reductions and
oxidations of thecomplexes3b, 4b in CH;CN and3c, 4cin DMF at 298 K.

reductions (B/1i) oxidationg1i /0)
Complex S . VS . VS (mV) VS . Vs . VS (mv)
Fc/F¢ | Fc/F¢ | Ec/E¢ Fc/F¢ | Fe/F¢ | Fc/F¢
V) V) v) V) V) V)
3b -1.17| -1.23| -1.2 | 1.15 60 -0.31| -0.52| i 1.20 210
4b -0.96| -1.03| -0.99 | 1.07 70 -0.14| -0.28| i 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 he tkey to drie an electrode reactionf we consider

the unitsof 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 eneygd snce electrons possess chargeaqplied
voltage can alter the energy the electrons within a metal elemiie. So, by electrochemical
measurementgcyclic voltammetry one canestimate theelative position of HOMO/LUMO
levelstogether with optical measuremefits. 2953

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
materiald®*¥ These processes can be measured usyctic voltammetry by measuring the
redox potential&, . andE, c respectivelyAnd the onset potentials of oxidation and reduction of

a material can be used calculate the energy of the HOMO aodMO levelsaccording to the
empirical relationship proposed Bredaset all*****3 |n this thesis érrocence is used as a

known referencavith thevalue of-4.8 eV.
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O zt&d 0O (6.4)
(0] 218 O (6.5)
and,Eq = Enomo  ELumo (6.6

0O andO are the onset potentials of oxidation and reduction, respectively, BEgite

the HOMOLUMO energy gap of the material. The onset potentials were determined from the
intersection of two tangents drawn at the rising current and baseline cheugiegt of the CV
traces.

We havealso investigated the optical band g&Byopy) Of the materials exhibiting optical
absorbanceln organic molecules, the energy levels of the electronic states corretsptmel
energy carried by UV or visibleadiation. At resonance, the molecules edsorb quantified
energy transported by the electromagnetic radiation, prathote an electron from the lew
energy molecular orbit4HOMO) to the higher energynolecular orbita(LUMO)!?%8 %94 These
transitions can be measuraging a U\Vis spectrophotometer. The longeabsorbance

wavelengthemsetis usedo calculate the optical energy géfyopy) according to the egtior®®
305304 .

0 Qe — (6.7)

Combining these two methods we have made a comparative study of the tHOMO energy
gap of the molecules of interes8b( 3c, 4b, 4c) and the results are supported by theoretical

calculations.

6.7.1. Calculation of the HOMO and LUMO Levels

CollectedCV data allowed to evaluate the HOMO and LUN&elsof thecomplexes3b, 4bin
CH3CN and3c, 4c in DMF). The obtained datawere compared with the optical energsp
(O ) andalso with theoretically calculated valuélhe results are summarized in Tabl&.
The use of onset potentiaiagther than peakgrovidedvalues that represe® omo and E uwo.
The onset potentials were determined from the intersection of two tangaws alr the rising
current and baseline charging current of the €Mves(see Figures.8). The reduction onset
(G ) for the complers 3b, 4b, 3c, 4c occued at ca. -1.11, -0.89,-1.08,-0.96 V and the
oxidation onse(O ) occuedatca.-0.46,-0.22,-0.36,-0.27V. Respectively,ie HOMO and
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Figure 6.8 Cyclic voltammogran(left) andabsorbancepectrum(right) of complex[Ni(ntdt),]
(30) in DMF used to determine the onset redox potentigls, ", {,1)*&hd onsetvavelength
( B respectively.

Table 6.2 Onset redox potentials determined by, BMOMO andLUMO levels, F1 fT'H’I !
calculatedg of the complexe8b, 4b in ®CH;CN and3c, 4cin PDMF.

Complex| O Eromo | O Etumo | O _ 0 Calculated Calculated
vs | (&V) | vs | (&V) | (ev) | (M) | ev) | Eo(eV) Ey (eV)
Fc/F¢ Fc/F¢ (Gasphase
(V) (V)
3b -0.46' | -5.26' | -1.12* | -3.69" | 1.57 | 1100' | 1.13 1.37 1.44
4b -0.272 | -5.02 | -0.89" | -3.9° | 1.1P | 113F | 1.1C 1.48 1.45
3c -0.36 | -5.168 | -1.08 | -3.72 | 1.44 | 1050 | 1.18 1.39 1.45
4c -0.27 | -5.07 | -1.07 | -3.73 | 1.34 | 1059 | 1.17 152 1.60

LUMO energylevel Enovmo and E ymo) values were calculated from the oxidatioonset
(O ) andreduction onset@ ) valuesfor the 1e process via equat®f.4 and 6.5. The
HOMO-LUMO energy gap(O ) was calculated using equation 6.6. The estim&t€@MO-
LUMO energy gap from the CV curve showed good aggreméhtthe optical bandgap(O )
estimated from the onset tiie optical absorbancevia equation 6.7. The particularly small
HOMO-LUMO energy gp (O = 1.11 eV, se@dable 6.2) of compoundb indicates that this
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could be aparticularly good candidate for application asmetal ion sensor/markerin

electrochemical experiments it was found tthegelectrochemical energy gap® () arelarger

than the optical energy gapO( ) for all compounds as seen from Table 6.2. In a

photoexcitation, atrongly bound electrofinole pair is created by a transfer of an electron from
the HOMO to the LUMO. This Coulombic interaction is what makes the épisnad gap in
general smaller than the electrical 663 The use othe onset method as compared to the
peak average or fmal potential methodor electrochemical claculationsould also be an
explanation for such differencesnce the onset of oxidation or reduction varies with scan
rate!*%?

The HOMGLUMO energy levels and thecorrespondingenergy gaps were also calculated
theoretically with theB3LYP/GEN basis sein order to compar&vith the results obtained via
electrochemical and optical method$e calculations were done in both phaselvation and
gas phaseDetails of HOMO-LUMO calculations usinghe B3LYP/GEN basis sewill be
discussed in the following chaptenterestingly, it was found that theoretically calculated
HOMO-LUMO energy gapvaues were muchcloserto that obtained fromelectrochemical
experimentasevidentin Table 6.2hougha straightforward comparison is difficuBolvation is
the primary difference between specdieshe gas phase and the dissolved stated,hencehe
effects of solvationof neutral, negatively charged, and positively charged specedikely
different and must be considere&s a resulta straightforward interconversion among optical,

electrochemicaland other analytical methodsiispossible*?

6.8. Electrochemical studies of Mo and Woxo bis(dithiolene) Complexes

As already discussed in chapter 4olybhdenum and tungsteoxo bis(dithiolene) complexes
were also characterized electrochemicallydifferential pulse voltammetryDPV). The results
are summarized in Tabl6.3. The monooxebis(dithiolene) complexes of molybdenum and
tungsten(7a, 7b, 8a, 9a, 9b, 10a and 10b) could beoxidized clealy and reversiblyfor the
transitions M’z MY by DPV as shown in Figuse4.3 and 4.5 in chapter 4 For monooxo
compounds,it was found that, the metal center based redox potenti&l’Z M") for
molybdenumcompounds appearedt higher potential than that othe analogougungsten

compounds.However, he difference in redox potential fmne molybdenum and tungsten
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compoundpair (7a and 7b) is quite small (see Table 6.3)which is unusial. The small

differences may indicate that the process is to some (@vabig) extent located on the ligand

Table 6.3 Differential pulse voltammetry (DPVAnd cyclic voltammetry (fol5) parameters of
theMo and Woxo bis(dithiolene)complexesn CH;CN at 298 K.

Compounds 04 vs Fc/FE (V) 0y 04 (V)
[MoO(dmdt}]” (7a) i0.84

[WO(dmdty]? (7b) 10.86 0.02
[MoO(ntdt),]* (9a) 10.89

[WO(ntdt),]* (9b) 10.99 0.10
[MoO(cmdt)]® (10a) 1095

[WO(cmdt)]? (10b) 11.04 0.09
[MoO(mdt),]* (8a) 11.08

[MoO,(ntdt)]* (15) 12.33(01)% 10.4000)° 0.140)°

%irreversible procesm CV; ° quasireversible process CV.

rather than the metalhe molybdenum dioxbis(dithiolene) compoundl§) was also studied by
cyclic voltammetryin MeCN in the presence of 0.1 M Wu,PFR; as supporting electrolyté\s
shown inFigure 4.9 in chapter 4 15 exhibited an irreversible and @uasireversible redox
process that could be ascribed to the'iavio¥ andMoYz Mo"' transitions respectivelisee
Table 6.3)
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7. Theoretical Studies

This chapteexaminedy Density FunctionalTheory (DFT) studieshe reformation othe 4,
5-dimethyt1, 3-dithiol-2-one ring in presence of enough acid to neutralize the soluti@n 3f
dimethyt1,4 dithiolate Density functional theory (DFT) calculations are also employed to
calculate the HOMO and LUMO energy levels of the monoanionic aagtral nickel
bis(dithiolene) complexefNi(ntdt),]' (3b), [Ni(cmdt);]' (4b) and [Ni(ntdt),] (3c), [Ni(cmdt)]

(40 respectivelyand to provide additional insight into the electronic properties of these
compounds.The knowledge of theselOMO and LUMO energiesis requiredto explain the
affinity of these compound@b and 4b in particula) towards heavy metal ions fakesigring

metal ion sensors.

7.1. DFT Studiesfor the ProposedM echanismof Ring Opening-Closing Reversibility in

the 1,3-dithiol -2-one Systems
In the g/nthetic methodologypart of this thesis(chapter 2) we have describélgat the de
protection reaction othe 4,5dimethyt1,3-dithiol-2-one (1b) ligand in basic solution was
actually fully reversible by addition of an equal amount of .atiege proposed mechanism for the
reformation of the 1,-8lithiol-2-one ring in presence of enough acid to neutralize the solution is
illustrated in Scheme&.8. We havespeculatedthat te first step involves bond formation
between one of the dithiolate awifatoms 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=0 bond. This promotes the second
thiolate silfur to attack it, reforming the ring by release of a water molecule to give the stable
closed structure i.e. the 1;d&hiol-2-one ring. For a better understanding of the proposed
mechanism of ring openinglosing reversibility in 1,3lithiol-2-one systms, we carried owb

initio calculationswvhichweredone byDr. M. K. Kindermann
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The calculations were done withe 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
basewereoptimized and the full optimization was verified with a frequency calculation. Since
we were conaged with the understanding of the mechanism no additiog@lrAblecules were
included in the calculations and no solvation models. (@®masi's Polarized Continuum Model

(PCM)* are considered since expegntal studies were partly carried out in different solvents.

7.1.1. Mechanism: Concerted or aMuulti -step Proces®

An attempt was made to understand whether there is a concerted mechanism orstepnulti
processtaking place The search for a tnaition state(TS) that belongsto a concerted
mechanism (simultaneous addition of two ‘Obins to the 4,&limethyt1,3-dithiol-2-one and
formation of 1,3dithio-dianion and free carbonic acid AE0;), or conversely consider the
reversible attachment of the;€IO; to the 2, 3-dimethyt1,4 dithiolate (L1)with simultaneous
elimination of two OH ions and formation of a4,5dimethyt1,3-dithiol-2-one) gives no
meaningful result.Therefore, a steprise mechanismwvas adopted as an alternative (&s
discussed for the normiaétal formation irdithiols*'4).

We find astable intermediate (described as-@i@ethyl1,4-dithio-1-carboxylate anionkigure
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 chalg#i7) and is abklto form a bond to the
carboxylate carbon (cyclization).

@

Figure 7.1 2,3-dimethy}1,4-dithio-1-carboxylate anion reaction intermediate.
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Figure 7.2 Proposed mechanism by DFT calculations (level of theory: B3LY3/16-G**) for
theopening of the 1,-8lithiol-2-onering.
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Figure 7.3 Calculated energy levels for the proposed mechanism of reformatitive df, 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 @®Tigd>***3 of the
program in both ways: from 2@methyl1,4-dithio-1-carboxylate anion to the reactant 1,3
dithiol-2-one) as well as to the products (dithioanion ap@®4). Transition staeTS 1 and TS

2 (see Figur@.2 andFigure7.3) were confirmed by exactly one negative frequency.
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7.1.2. Calculated Energy Profile for the ProposedM echanism

For the energy profile of the reaction, the zpoint corrected free energies of the reactants
involved were determined and compa(@®®: 298 K, 1 atm, etc.). A rational energy profile is
obtained if one takes into account that the strongly basic solutions aréitbetekl with acid to
neutrality.

By addition of carbonic acid to the basic solution of the dianion ani@Hs eliminatedrom

the acidafter formation of a € bond This formsuponfurther titration with acid (F) water- a

very stable molecule. Sin@eprotonis difficult to depict in abnitio calculations (no electrgn

we calculatedhe processvith Hz0" (H;0" + OH -> 2 H,0). The same consideration applies to
the formation othe 1,3-dithiol-2-one from the dithiocarboxylatanion. The titration of a solution
containing HCO; and the dianion with acid leads to -Highiol-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 &tibn (and subsequent
formation of HO). During theapproach 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 @h (and the formation of additional,8).

So, ppaently under neutral pktonditions the reformation of the ring from the dithiolate is
favorable compared to a dissociation of carbonic acid into water and@@sequently, ere

dithiolate salts may be quite efficient traps for {i®aqueous solutions.

7.1.3. General Computational Methods

The Gaussian09rogram suite (RevB.018**4 was used to carry out all quantum chemistry
calculations presented here. B3LYRB1+G(p,d*>%'% wasfound 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 (@hvergence 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 analysesre performed to verify the nature of all the
stationay pointsand to compute free energias the stable minima have all positive vibrational
frequencies and that the transition states have only one imaginary frequency. Transition states

(TS)werelocated using the QST2 routih&$>!3 as implemented in the Gaussian09 program.
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7.2. DFT Studiesto Calculate theHOMO and LUMO Energy L evelsof Nickel dithiolene
Compounds

With the aim of getting an insight into the structural, spectroscaptt electrochemical features

of the compounds[Ni(ntdt),]' (3b), [Ni(ntdt)s] (3¢), [Ni(cmdt),]' (4b) and [Ni(cmdt)] (4c)

quantum chemical calculatiomsvecarried outat the density functional theotpFT)**? level.

The ab initio calculations were performed witie progranpackage Gaussian @RevB.015*4.

Single point and geometry optimization calculations were performed using the B3LYP

functional dong with the6-311+G(p,dy***>>!9 basis set for atoms C, O, I8 and LANL2DZ for

Ni. In case of the radical anions the unrestricted calculation was done WBBIgYP. The

geometry optimization calculations were performed using the crystallographic comdinate

obtainedfor compoundtrans[Ni(ntdt),] (3c) as the starting geometry which showed almost

planarcoordination In case of compouniiNi(cmdt),]' (4b) and[Ni(cmdt),] (4c) the appropriate

atoms in the crystallographic coordinates 3arwere manually changed tobtainthe starting

geometry. In all caseshe geometric optimization letb non planar geomegs with the

substituentslightly twistedout of the central NiSplane.It is worth noting that the replacement

of the naphthyl ring witta coumarion substituent at a carbon atom of the ethylighdithiolate

does not induce significant modifications in the optimized bond lengths and angles. On the

contrary, it is interesting to underscore that the torsion adylef (he aryl substituent is affected

by the overall charge of the complex, with the mononionic species featlinatyes slightly

larger with respect to the corresponding neutral speCasulations were done ftine gas phase

andwith solvent for stugling the influence of the solver€alculations for neutral compoungds

and 4c were done in solvent DMF whereas compouBtds4b were calculated in C¥CN in

accordancevith the solvents used for electrochemical studsedvents were considered with the

Polarizable Continuum Model (PCM§'®%¥ e.g.solvent: acetonitrile, Eps= 35.688000, Eps(inf)

= 1.806874.

The results werevaluatedoy analyzing the frontier molecular orbitalkegTables11.7i 11.4in

appendi). For a betterinsight into the electronic features of the complexies results of the ab

initio calculation using Gaussian 09 were also investightedatural charges deed from a

NBO analysi§?? (Natural Bond Orbitalsin solvent This analysisdelivered bcalized atomic

orbitals with slightly different energies than obtained from ab initio calcula@isri¢éBOanalysis
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calculats a new set of orbitald~or each MO, the occupancy/contributions of the central nickel

species, C, and S have calculafeekeTables11.li 11.4in appendix)
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Figure 7.4 Calculated HOMGLUMO energies of nickel dithiolene complexes 3b (in
acetonitrile) an@c (in DMF) using (U)B3LYP6-311G(d,p)method.
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Figure 7.5 Calculated HOMGLUMO enggies of nickel dithiolene complexesdb (in
acetonitrile) andic (in DMF) using (U)B3LYP/6311G(d,p) method
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Energies of HOMO and LUMO werebtainedfrom Hartree energies in eV of the ab initio

election densityof the original DFT calculationdn 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 alptdOMO to calculate the redox potential, whiis typically the

betaLUMO.

The frontier MO shapescalculated for compound3b, 3c, 4b and 4c in their transform is

depicted in Figure$.4 and7.5. The smaller energy separation between nickel 3d orbitals and the
system of the | igands faci |l i3band4b the highest i nt e

occupi ed mol eHOMD,seeFigured7id rall754)( Ui s a MO predo

localized on the ethylend,2-dithiolato moiety.

The L UMOMO(deeFigures74and75) i s an anti bonding @ MO p

the combination of the iplane sulphur 2p atomicrbitals. The onelectron oxidation, which

led to the corresponding neutalo mp | exes, corresponded to the r

U-HOMO of complexes3c and4c respectively. It is worth noting that the trend of the calculated

HOMOi LUMO energy gaps for compoundb, 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

Table6.2in page number B).
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8. EPR Studies

8.1. Theory*#!

Electron Paramagnetic Resonance (EP&$o(Electron Spin Resonance (ESR)) is the
magnetic resonance of systems witipairedelectronsThe principles of ER spectroscopyre
guite analogous to those of NMRere, he energy differences studied in EPR spectroscopy are
predominately due to the interaction wipairedelectrons in the sample with a magnetic field
produced by a magnet in the laboratory. This effect is calledekenan EffectThe magnetic
field (Bo) produces two energlevels for the magnetic momerde(= gb R) of the unpaired
electrongdby splittingthe twospin statesnfy) in aparamagnetic materiaivhereb is a conversion

constant called the Bohr magnei@274-10°® J-G*) andge is the spectroscopig-factor of the

free electron and e qThatosenelgystatdsE 3,1nQ iR paralel witha 2 .

Bo and Ey»: ms is antiparallel with Bp) for an unpairecelectron inpresence o magnetic field
thus can be expressed as follows:
Ei,=-%gdh Band (7.1)
Ei2= %00 B (7.2)

The resonance condition is therefa® = g boB= h 3whereh is the Planck's constanth =
6.626 10**J-§ andv is the frequency of thelectromagneticadiation Sinceb is a constant and
the magnitude 0B, can be measured, the energy between the two spin lgge)sis easily
determined by calculating the value @fvhich is characteristickr the position of the sigal in

EPR spectralhe value ofjy can then be calculated frasr{in GHz) andBy (in Gauss) using,

g=— (7.3)

or,g=0.7145——— (7.4)
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Thus, ay sample that contains unpaired electrons can, in princyééd an BPR (ESR)
spectrum Spectra are commonly recorded solutions orof powdered samples at variant
temperatureln this chapterthe synthesizeis(dithiolene)niccolate complexeslg, 1b, 3a, 3b
and4b) are discussed with respect to th¢iband EPR spedrin their powderedtate in ordeto

getmore detailednsight into their structural features.

8.2. EPR Spectra ofbis(dithiolene) Niccolate Compounds

Nickel bis(dithiolene) complexebave attracted much attention mainly because of their ability to
undergo facile electron traies reactions giving rise to a stable three membered series of planar
complexegsee Schemé.1) in which, the neutral and dianionic members are diamagnetic and
the monoanion is paramagnetic with&n 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 B&? measurementsin general, the
monoanionic complexes are characterized by a highly covalent bonding with the spin delocalized
over the ligandand the metal orbital¢see Schemd.4). The spin on the [Ni} core is
quantitated to be 85% with a metal contribution of approximately 2%9%4 This wasone of

the first direct indications of the noninnocent nature of the dithiolene ligands.

In our work, the magnetic moment measurements of nitkeloanioniccompounds3b and4b

via Evanos met hod i ndicated t hafdossesshtnpairedr ound
electrons. Furthermore, the romocent nature of the dithiolene ligands in complexes has been
noted and studied well befofe> 332 Therefore,to characterize our presemsynthesized
bis(dithiolene)niccolate complexeslé, 1b, 3a, 3b and4b) asstablenickel(lll) complexesor as
nickel(ll) stabilized ligand radical systsmve have examined the EPR spectral featoffesl|
mentionedcompounds (Figur®.1). EPRspectra were recorded on a Bruker ELEXSYS E500
spectrometer equipped widn X-band microwave source (~9.445 GHEhe exgriments were
carried out by Dr. A. Claudia Sttckl at the University of Gottingeme ESR spectra of solid
samples for compound&b and4b wererecordedat 250 K and at 152 K for compountia, 1b

and3a.
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Figure 8.1 X-band EPR spectrum of the powder samples of compourf&§[&)(dmdt) ;] (1a);
b) [PhyP][Ni(dmdt)] (1b); c) [K][Ni(ntdt),] (3a) at 152 K and d)YPhP][Ni(ntdt);] (3b); e)

[PhyP][Ni(cmdt)] (4b) at 250 K temperature.
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8. EPR Studies

Table 8.1 EPR parameters of monoanionic nicked(dithiolene) complexes.

Compounds Experimental values

0: Oy Ox Jav
[K][Ni(dmdt)] (1a) 2.163 2.007 1.964  2.045
[PhyP][Ni(dmdt),] (1b) 2.125 2.045 2.003  2.058
[K][Ni(ntdt) ;] (3d) 2.111 2.042 2.001 2.051
[PhyP][Ni(ntdt),] (3b) 2.124 2.056 2.003 2.061

[PruP][Ni(cmdt),] (4b) 2131 2061  2.004  2.065

® The value ofy,, Was calculated as 148(+ gy + g,)

CompoundsXa, 1b and3a) exhibita rhombic typeof signal @, = 2.163 g, = 2.007, gy = 1.954
and gay = 2.045for compoundla; g, = 2.125 gy = 2.045, gx = 2.0 and gay = 2.058 for
compoundlb; g, = 2.111, g, = 2.042, g« = 2.00L and g,y = 2.051for compound3a; see Table
8.1) indicating thatheyare formallyNi(Ill) complexes**” 32328 Though the rhombic character
was not prominent at 25K temperature for compoun®b and4b as evident from the EPR
spectra in their powdered statésee Figure8.1 d, e). Compounds3b and 4b displayed an
isotropic type signal centred @t 2.056 and 2.061 respectively. The péadpeak width for this
signal was 46.5 and 53.4 G for compourditsand 4b respectively. Further, the observgd
values and the pedk-peak widths for the isotropic sighat room temperature indicatiee
presencef anickel(ll) stabilized ligand radical systefi®>*?

Apparently,the signal beames more rhombic in charactexrs the temperature was lowered to
152 K for compound4a, 1b and3a (See Figure3.1 ai ¢). In the spectrum of compouria the
lowest field signal was significantly broadened compared to corresponding signals observed in
the spectrum of compound® and 3a (Figure 8.1 a). Such rhombic feature is not unusual for
squareplanarNi(lll) complexes arigig because of a distortion frosguareplanar geometrpr
weak coordinationat the apical sit€? 33°333 This distorion was indeed supportedin our
studed systemby crystal structure analysaf compound3b. In addition,EPR studiesverealso
consistent with electroniabsorbancetudies, where we have argued that this typewvt or
distortion (with square plangeometry) mightiminish the intensity of theY “* NIR transition

asdescribed irchapter 3The anisotropy in the ESR spectra implies some contribution of the d
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8. EPR Studies

orbital of nickel in the total spin density, which is usually, in this class of matEfidf, >3
distributedwith 40% on nickel and 60% on the ligands.

It has to be mentioned here thaivltemperature measurement of compouigand4b was not
donedue to time constraintehich would have beemetter for anappropriatecomparison.So,
considering all EPR featuressis difficult to describeour present complexdda, 1b, 3aand3b,
4b) as atruly stablenickel(lll) species or a nickel(ll) stabilizddyand radicalsystem.Thus the
best description focompounds3b and4b may perhaps be that it is bordene between the two
possiblesituations. However, the typical rhombic naturecompoundsla, 1b and 3a at low
temperaturg152 K) suggests thahey may be slightly biasetbwards the nickel(lll) sid&%?

when cooled.
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9. Conclusion

9. Conclusion

Because heavy metal ions prefer to bind sulfur, inspired by molybdoptermatinegoal of
this workwas combining dithiolene binding moieties with optically active substituents with the
aim to detect/capture metal ions, whicbuld preferably bind to the dithiolene moiety of for
instance MPT Therefore a number of dithiolene basedlecules(Figure 9.1) mimicking the
natural immediate coordination sphere composition of Mo and W dependent oxidoreductase
enzymes were synthesized and characterized by NMR, MS,-tRy Xrystallography, UWis,

EPR and electrochemical methods.

w@mw@v

in»w H

Figure 9.1 Chemical structures of dithiolene based fluorophore bearing molecules.

In order to generate dithiolene metal complexes frorrdittBol-2-ones the C=0 moiety needs to

be released from the precursor undasic conditions, which is most commonly done using an
ethanolic alkaline metal hydroxide solution. Thepletection 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 discovertbdt the deprotection reaction df,3-dithiol- 2-oneligand

system in basic solution was actually fully reversible by addition ofgaaleamount of acid.
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9. Conclusion

And the full reversibility of the ring opening reaction was confirmed witlsimple and
symmetrically substituted compound (4dBnethyt1, 3-dithiol-2-one) by *C NMR, IR and
UV-vis spectroscopy. The respective reaction mechariSgure 9.2) is supported by DFT
calculations. These results indicated taparently under neutral ptbnditions the reformation
of the ring from the dithiolate is favorable compared to a dissociation of carbonic acid into water
and CQ. Consequently, endithiolate salts may be quite efficient traps for £i@ aqueous

solutions,a property that warrants further investigation.

co2 +OH

pH> 10
L,
SRS
IpH<7

o

o

S )J\ S o

| >=o \

S S OH

H30" [/ +H;0"

+Hy0", -2H,0 \\-Hz0*, +2H,0 +H0 J/ -H,0

)0 Sk
S OH |
-H0* S OH
W
+H30"
-2H,0

0wl wnl

Figure 9.2 Proposed reaction mechanism for the opening and reformation of trbthios-2-

one ring.

The deprotected ligands were tested situ for their coordination behavior towards different
metal ions including biologically relevant ions like ‘TG, FE*. The solubility of the initially
developedlithiolene ligandsl(5d, L6 andL7d) attached to large fluorophores obstructed them
for in situ metallation in alkaline alcoholic solution. Hence, decided to concentrate only on
the dithiolene ligandsL@b andL4b) attached to smaller substituent. Bothpietected ligands
(L3borL4b+ 2.5 equi v h3loeld)tsisowad Setective binding with nickel and no
evidence of binding any other metal tried. While the naphthaléhslene derivative
functioned as awoff-on colorimetric marker for Ni" ions, the coumaridithiolene conbination
functioned as an efficiemn-off fluorosensor and as anff-on optical marker with respect to the

color of the samplegFigure 9.3) along with a characteristic NIR signature. Fluorescent
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9. Conclusion

experiments revealed thia# shows selectivity toward Kliions 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¥orThis observation could lead to a
comparative study about gope r 0 s rol e as di thiolene scaven
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 sysems. Most importantly, it demonstrated that the easy to make connection between

a fluorophor and a dithiolene moiety in general has a huge potential ¥oroNimarking and

sensing.

dy-
o4t 1
val-133 @ Y520 ~

Qowra Gly-190, ’:’:: iz
x x * x  qx x x x x 2% 9x Y ax x x x
. 1 Vopg W e o o8 o o ¢ g WS W (O W e gl g
< Loly-114

Figure 9.3 Selectivecapture of Ni* ions bycoumarin substituted dithiolene, mimicked thetal
binding site of MPT

Since most of the 1;&8ithiolate groups are sensitive to oxygen and light, the oxidative and
photoinduced decomposition of the ligands increases backgrowentéience, which affects the
met al 6s anal ysi s. -ditHieleane eomplexRiyP][NiSLaHcumrinlc (Kb, |
possessing an absorbance in the biologically interesting NIR region (~960 nm), instead of free
dithiolene ligands as marker/indicator reduce the background absorbance substantially. This
provides paramount advantages over other common analytical methods including minimal
interferingabsorbancé&om biological samples in the UNIR region, low background scattering

and deep penetration into tissu€be green colored coumarin bearingkekdithiolenecomplex
exhibited high sensitivity and selectivity toward ¥idgons even in the presence ofricas
competitors including biologically relevant metal ions like’Cwn’*, FE* (See Figure9.4).

Hence, simple UWis spectroscopy can be used with this indicator complex. In addition, the
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complex demonstrated a colorimetric behavior toward*Hons & evidenced by perceptible

color changes of the solutions from green to colorless. This suggests a great potential for the
devel opment of economical and perytedldl ed ett exctt i k
Hg?*

Selectively
Il reacts with Hg?*
{

Read

Selectively ‘
reacts with Hg?* &
%

600 700 800 900 1000 1100 600 700 800 900 1000 1100
1 /nm

1/nm

600 700 800 900 1000 1100
1/nm

I/nm

Selectively
reacts with Hg?*

-

600 700 800 900 1000 1100
I/nm

Mercury Quick Test

Figure 9.4 Selectivity experiments ofPhyP][Ni(S.C,Hcumrn)] (4b) (50 M) in acetonitrile

toward Hg" in methanol (4 equiv.) over a mixture of environmentally relevant metal ions.

The optically active substituents necessarily possgssesting 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 ystems were, hence, also utilizénl develop analogous molybdenum and
tungsten complexes/& 10b, 13, 15) (see Figure9.5 mimicking the corresponding enzymes
with respect to the immediate coordination sphere.

Since the proposed chemical structures of maumds7a, 8a, 9a, 10a. 13and 15 mimic the
natural immediate coordination sphere of DEISO reductase family of enzymes, we have
examined their catalytic oxygen atom transfer ability in DMSO by mixing the catalysts with

PPhin different ratios at roortemperature.
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Figure 9.5 Chemical structures of molybdenum and tungsten compotordshe DMSQ

reductase family andsed in the oxygen atom transfer reaction.

The reaction®f the analogue tungsten compounds, 8b, 9b, 10b) with different ratios of PRPh

in DMSO were performed under the same conditions. The important observation from the
obtained kinetic parameters was that the optically active coumarin substituted com{@ands
10b) are better in catalysing the oxygatom transfer reaction than the naphthalene containing
compounds9a, 9b) in terms of the valuesf Ky, a property which warrants further investigation

to determine the influence of the ligand on the reddwvab®ur of the central metal and also on

the oxygen atom transfer mechanism. Another important observation was that the dioxo
compounds X3, 15) are also better inatalyzingthe OAT reaction in terms of the value$ Ky

and K¢, compared to molybdenum maioxo compounds whicBupported the speculatidhat

the oxidation of the catalyst by DMSO might be the rate limiting!&fen the OAT reaction

and thus explained thegher affinity of the respective dioxapmpounds for the substrate with a

stable cataly$PPh intermedide.
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10. Experimental Section

10. Experimental Section

10.1. General

All reactions and manipulationsvere carried out using standard Schlenk and glove box
techniques under an atmosphere of high punityppgen orargon Theinert 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 byOpy and KOH columns and finally the stream of
inert gas was dried by a molecular sieve column (3d4A) beforeentering theSchlenk line.

The necesary vacuum was obtained wigm Edwards RV DuaMode Vacuumpump (model
RV12, Speed 12 m*h?, Ultimate vacuum (partial pressur&)* mbar). The solvents used for
the synthesis were dried from the foliogyy drying agers, refluxed for 2 days and then distilled
andstoredovermolecular sieveinder N atmosphere.

Acetone Calciumchloride; stored over 3olecular sieve

Acetonitrile Calciumhydride; stored over 3 olecular sieve

Carbon tetrachloride Phosphorus pentoxidstored over 4 Anolecular sieve
Chloroform Phosphorus pentoxidstored over 4 Anolecular sieve
Dichloromethane Phosphorus pentoxigstored over 4 Anolecular sieve
Diethylether Na wire/benzophenone; stored over #ndlecularsieve

DMF 4 A Molecular sieve followed byacuum distillation

DMSO 4 A Molecular sieve followed byacuum distillation

Ethanol Mg metal éctivated by iodine); stored over 3rdolecular sieve
Hexane Na wire/benzophenone; stored over #nfolecular siee
Methanol Mg metal éctivated by iodine); stored over 3rdolecular sieve
Pyridine Calciumhydrie; stored over 4 A piecular sieve

THF Na wire/benzophenone; stored over 4ndlecular sieve
Toluene Na wire/benzophenone; stored over #8lecular sieve

10.2. Elemental Analysis

Elemental analyses (C, H, N and S) were carried out with an Elementar Vario micro elemental
analyzer.Calculation ofthe theoretical molamass was donbaving relative atomic mags
obtained from IUPAQables.
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10.3. SpectroscopidM ethods

10.3.1.Nuclear Magnetic Resonance

NMR measurements were recordeither on a Bruker Avance H300 MHz instrumenbr a

Bruker AV400 spectrometer operating at 400.23 MMk samples were dissolved in deuterated

solvents angdh e mi c a | shi fts pertmilliona(ppe) using gotvent sigmals asahet s
reference (CDGHH: U = #C2 40 pp mieDM®O:pmi =« 2°C:490 ppm3 9. 5
ppm; CRCN'H: U0 = C94lUppml1.3 ppm) related to ext
ppm). *H decoupled*®*C NMR spectra were recorde@oupling constants (J) are reported in

Hertz (Hz) and splitting ptdrns are designated as s (#)y d (doublet), t (triplet), g
(quadruplet), quint (quintuplet), spt (septet), m (multiplet), dd (doublet of doublet).

10.3.2.Infrared

All infrared spectra were recordezh a PerkirEImer FouriefTransform Infrared (FTIR)
spectrophotometen the rangeof 4000 400 cm' usingKBr pellets Alternatively, Nujol mulls
between KBr platesvere used The assignment of the bandgas done with subjective
appreciationw = weak, m = medium, s = strong, vs = very strong, br = broad.

10.3.3.UV-Vis (Ultraviolet -visible)

UV-Vis spectra wereecordedon a Shimadzu 3600 UVis spectrometeoperating between 200
and 1200 nm. Solutions with comteationsranging from1 0 t o wetke gpidpared for the
measurementdAll measurements were made at room temperature’@5n quartz cuvettes
(path length = 1 cm)The optical energy gaps were calculateith the equatiorEgyepy (€V)=
1239.958nset(NM) 29

10.3.4.Mass $Pectrometry

High resolution mass spectrometry (HRMS) analyses were carried out on aMiat@mass Q@
TOF hybrid mass spectrometer equipped withcathogonal electrospray source-qjarey) at
Trinity College in Dublin. This was operated in an electrospray positivemode (ESI) or
electrospray negative ion mode (BSFor compounds witthigher molecular weight, ass
spectra were measured on a Brucker microflex. matrix assisted daserption/ionization
(MALDI -TOF) spectrometer.

10.3.5.Photoluminescence measurement

Fluorescence data were recorded with a Jasc650B spectrofluorometer equipped with a
Peltier element rad a magnetic stirrefAll 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 platidism electrodes with a reacticurface
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of 1 mnf as working electrode. A platinum rod electrode (together with integfatencing
versusferrocene/ferrocenium) was used as reference electrode and a pliatiobrelectrode as
auxiliary electrode. All mesaurements were carried out inside a glove box under argon
atmosphere. Tetrabutylammonium hexafluorophosphate (0.1 M; electrochemical fignawde
Fluka) was used as electrolyte. T¢mncentratiorof each sample was 0.01 mMQ@dLO mMin 5

ml respectiveanhydrous solventBefore recordindhe voltammogrars, the sample was stirred
for at least 15 minThe electrochemical methedsed verecyclic voltammetry with acan rate

of typically 100 mVs' anddifferential pulsed voltammetr§DPV). HOMO and LUMO enggy
levels, referred to ferrocene were calculated, for reversible processes, from the reduction and
oxidation onsetg(O and O respectively) for the onelectron processewith the
equations$.4 and 6.5.

10.3.7.EPR measurements

Electron ParamagnetidiResonance (EPR) spectra were recorded on a BEKEXSYS E500
spectrometeequipped 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 coolantmidrewave
frequency of 9.4 GHz was modul ated with 5719
modulation frequency, and around 10 mW microwave poWee. experiments were carried out

by Dr. A. Claudia Stickl at the University of Gotting&pectra of ompounds3b and4b were
recordecat 250 K andat 152 Kfor compoundda, 1b and3a

10.3.8.Single-crystal X-ray diffraction

Suitable single crystals aompoundsvere mounted on a thin glass fibre coated with paraffin
oil. X-ray singlecrystal structural data were collected at low temperature (170 k) using a STOE
IPDS 2T diffractometer equipped with a noraatus, 2.4 kW, sealetlibe Xray source with
graphitemonochromated Mgyr adi ati on (& =0.71073 ). The p
integration of diffraction profiles; numericabsorbanceorrection was made with the programs
X-shape and Xed32; all from STOE © 2010. The structures were solved by $iHoand
refined by fullmatrix leastsquares methods using SHEL2013%*%.The nonhydrogen atoms
were refined anidoopically. The hydrogen atoms were refined isotropically on calculated
positions using a riding model with thei, values constrained to 15 of their pivot atoms

for terminal sp carbon atoms and 1.2 times for all other carbon atédhsrystallographic and
structurerefinement datdor all crystat in this thesisare summarized im the Crystallographic
Annex part All calculations were carried out using SHELX2013**¥ and the WinGX system,
Ver1.70.013%

10.4. Sample preparation for spectroscopigneasuremensg

The nitrate salts ohg*, AlI**, C&*, Cd*, Co*,C*, Fe”, HE, Li*, Mg?*, Mn?*, Na', P, Srf*
and Zrf* were dissolved imleionized water to prepare stock solusiovith the concentration of
1.0x10 2M. Synthetic ligands were dissolved in methanokét: L4b in THF) to prepare the
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stock solutios with a concentration range 5 to 50 puNhe gock solution of KOH was prepared

in methanol witha concentratiorof 2.0x10 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 ligandds stock solution (50 OM cor
2.0x10 ?M) wastransferedto a UV cuvette and theesulting solution was shaken well before
recording theabsorbanceand emission spectra fdine respective experiment. Then the metal

stock solution was added to the above cuvette solution with varying tatiavestigatethe

probable binding of active ligand with the metal ion.

10.5. Starting Materials

3-bromobutane€-one, 2bromo2 -acetonaphthone,3-(Bromoacetyl) coumarin 2-Bromo4 «
cyanoacetophenone, aminofluoresceinpylenemethylamine hydrochloride, dn8phthalic
anhydride, 4aminoacetophenone, 6-Amino-3,4-dihydro-1(2H)-naphthalenone, -9
ethynylphenanthrene, -l2omo-1-(p-azidophenyl) ethanonedimethyl acetylenederboxylate,
ethylene trithiocarbonatemercuric acetateperchloric acid,bromine, NiCI,A 6,8, AgNOs;,
Al(NOg3);, CgNOs3);, CANOs3),, CANO3);, Cu(NOs),, FENOs),, HOCly, LIiCIl, Mg(NOs),,
Mn(NOgs)2, NaNOz, Ni(NOs3),, PH(NO3),, SHNO3),, Zn(NO3), were purchasedrom Sigma
Aldrich, Acros Organicsabcr andi nst i t ut eds cweemsed withoutsfurter e a n
purification, unless otherwise statedD-isopropylxanthat®? KzNa[MoOx(CN),] AL
K3Na[WO,(CN)s] AL were prepared according to literature procedures.

10.6. Ligand Synthesis

10.6.1.dmdt-Ligand (L1)

10.6.1a Xanthate-Step

Synthesis of QGisopropyl S-3-oxobutan-2-yl dithiocarbonate (L1a)!*"?: O- o
isopropylxanthate (3,48 g, 20 mmol) dissolved in 100 mL dry acetone asi J\

slowly added to solution of 3bromolutane2-one(2 mL, 288 g, 191 mmol) s 0

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, @it ¢ organic
phases were combined, dried ois,SO, and the solvent was evaporated on a rotary evaporator
at 40°C yielding a yellow liquid consisting of-i@opropyl S3-oxobutan2-yl carbonodithioate.
Yield: 3.86g (94%)'H NMR (300 MHz, CDC)) i ( p P4nid, J=6.2 Hz, 6H), K7 (d, I=72

Hz, 3H), 2.31 (s, 3H), 4.38 (q, J=7.2 Hz, 1H){3(spt, J=& Hz, 1H).

10.6.1b Ring closure

Synthesis of 4, &imethyl-1,3-dithiol -2-ones (L1b)!*® 333: CompoundL1a s

(3.86 g, 18.7 mmol) was slowbdded to a sation of conc.H,SO, (100 mL) i >=O

that had been preooled in an iciesalt bath. The resulting sdion was stirred S

for 30 min, the icésalt bath was removed, and the solution was stirred for a further 90 min. This
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solution was cooledggainin anice bath and slowly poured into iceoled HO (400 mL). After
stirring for 15 min, the solution was extracted withCH (3 x 50 mL), dried over N&O, and
concentrated on a rotary evaporator to producelde, dark red oil that is purified by sheeth
vacuum distillation at 650 °C and 0,56 mbar pressure to afford 2.32 g (85%) &dimethy}
1,3-dithiol-2-oneas very pale yellow oil. Th&eshly prepared pale yellow oil was dissolved in
warm hexane followed be coolingt -20 °C to obtain white colaed single crystaland the
structure was confirmed by single crystairag crystallography according to literattifé. *H
NMR (300 MHz, CDC)) Ui (ppm): 2.15 (s,6H). *C NMR (300 MHz, CDG)) & ( pp m) :
122.71, 191.91 ppm. IR (KBpelled: (g/cm™) = 3447, 3245, 2945, 2911, 2847, 1754, 1657,
1602, 1446, 1391, 1187, 1098, 948, 883, 7THRMS (EIl): m/z calculated forCsHsOS:
145.9860, Found: 148858. Elemental analysis for #10S: C, 41.07; H, 4.14; S, 43.86.
Found: C, 40.46; H, 4.03; S, 44.4Qrystal data: CsHeOS; M, = 146.22; monoclinic, space
groupP2;/c; a=3.9263(8)b = 12.196(2),c = 13.424(3) A;U=90,b=92.61(3),0=90 °;V =
642.2(2) R; Z=4; T=170(2) K;aMox y=0.71073 A;Dcarca = 1.512 gerit; € = 0.721 mnt. A
total of 6845 reflections were collected, of which 1735 were uniBge=<0.1031);R; = 0.0480,
WR,=0.1278forl >2 0 (| )

10.6.1c Ring opening-de-protection

Synthesis of2, 3dimethyl-1,4 dithiolate (L1): 0.0584 g (0.4 mmol) o#, 5 SK*
dimethy}1,3-dithiol-2-one and 0.056 g 4.5 equivalents1 mmol) of potassiumrE B
hydroxide were taken to a Schlenk flask under nitrogen atmosphere. 3 S K*
deuterated methanol was addedhe flask and the mixture was stirred for 2h. The solution was
turned to light yellow color indicating thée-protectionof the ring. Then 1 mL of the above
solution wasusedfor spectroscopieneasurementH NMR (300 MHz, CDC{) & ( pp m) :
4H)*C NMR (300 MHz,CDG)) u (ppm): 161.3, 158.0, 132.

3228, 2965, 2922, 2866, 1649, 1463, 1375, 1310, 1191, 1085, 913, 933 cm

10.6.1d Regenerating ring closire precursor ring opening and closing reversibility
Synthesis of4, 5dimethyl-1,3-dithiol-2-one (L1b"): To the remaining 2mL

13

2.
9,

S
solution of potassium dithiolate salt.{) conc. HCI (56 ¢eLj >=ZD 5 equ.

was added and the mixture was stirred for another 1h. Then the mixture-was$
filtered to remove the white precipitatef KCI and the filtrate was concentrated and
characterized'H NMR (300 MHz, CDC}) U ( p p BH)°C @RMRI(3DQ MHz, CDG) U

(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
10.6.2.mdtLigand (L2)

10.6.2a Bromination
Synthesis ofl-bromopropan-2-one (L2a)!*3***%: A mixture of water (70mL) and acetone (20
ml, 0.272 mol) was added to a thieecked 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 acgl

was added to the above solvent mixturagroximateemperature of 50°C (the A/Br

acid was added later to avoid possible condensation). Oncangdcl reflux

temperature brome (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,€l@s; during this step the product, which not

soluble in water, statl 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 diahletttane, the combined solution
(bottom layer and extraxtwith DCM) was dried over N&QO,. The crude bromoacetone was
purified by fractional distillation. Distillation was performed at 75 °C under a vacuum of 13
mmHg (b.p. 36 °C)The final product isa clear oil that is a SEVEREACHRYMATOR. The
product bromoacetone was stored under nitroger8at°C. Exposed to air it started to become
brown in color slowly. Yield.14 g (606)."HNMR( 300 MHz, CD3OD) & (ppm)
2.32 (s, 3H).

10.6.2b Xanthate-Step

Synthesis ofO-isopropyl S-2-oxo-2-methyl-ethylcarbonodithioate (L 2b): 0
O-isopropylxanthate (3.8 g, 22 mmol) dissolved in 50 mL EtOH was sIov\vE )S]\ J\

added to a solution df-bromoproparR-one (3 g, 22 mmol)issolvedin 25 s 0

mL EtOH. The mixture was refluxed at 60° for 1 hr and thefter cooling down to room
temperaturgthe white KBr precipitated was filterexdf. The yellow solution was concentrated in
a rotary evaporator and the yellow oil was dissolved in dichletbane. The organic phases
were washed three times with water, combined, dried oveS®laand the solvent was
evaporated on a rotary evaporator at 40°C vyielding a yellow liquid consistintheof
isopropylxanthate acetone produtield: 3.8g (90%).*H NMR (300 MHz, CDCI3)i ( p p m) :
5.765.64 (spt, J=6.2 Hz, 1H), 3.95 (s, 2H); 2.28 (s; 3H); 1.3 (d, J=6.4 Hz, 6H).

10.6.2¢ Ring closuré®?

Synthesis of 4-methyl-1,3-dithiol -2-one (L2c): 1 mL of sulfuric acid was s

slowly added to a solution of compouh@b (1.0 g, 5.2 mmol) in 1:1 ether\[ 0
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 intcomled BO (50 mL).
After stirring for 15 min, the solution was extracteth CH,Cl, (3 x 50 mL), dried over N&Oy
and concentrated on a rotary evaporator to prodwucede, dark red oil that is purified by short
path vacuum distillation at 680 °C and 0.56 mbaoressure to afford 0.58 g (84 %) ehethyt
1,3-dithiol-2-onesas clear white oil'H NMR (300 MHz, CDCI3)i  ( p §3%9.30 (q,J=1.5
Hz, 1H), 227 (d,J=1.5 Hz,3H). ®*C NMR (300 MHz, CDCI 3)1118, (pp m)
17.9 ppm
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10.6.3.ntdt-Ligand (L 3)!*8% 192232

10.6.3a Xanthate-Step

Synthesis ofO-isopropyl-S-2-oxo-2- naphthyl-ethylcarbonodithioate s o _<

(L3a): A solution of O-isopropylxanthate 2,38 g, 9.55mmol) in 0 "N~

anhydrous acetone (50 mL) was added slowly to a soluti@rBodmo- S
2Njcetonapthonél.74g, 10 mmol) in anhyebusacetone (20 mL). The

resultingsolutionwas stirred for 2h and then it was filtered to remove KBr and the solvent was
removedwith arotatory evaporator. The residue was suspended in 100 mL water and extracted
with CHCl. The organic portions were combthedried over MgS@and concentrated on a
rotary evaporator tobtain apale white colored producdCrystallization of the crude product by

slow evaporation from chloroform yielded the white colored needle shaped crysttds 91 %

(2.65 g)'H NMR (300MHz,CDCk) U (ppm): 1.39 (d, 6H), 4.78
2H), 7.95 (m, 4H), 8.57 (s, 1HIR (KBr pellet): @cm™) = 3446 (br), 2980 (m), 2921 (w), 1692

(vs), 1625 (s), 1591 (m), 1469 (m), 1384 (m), 1371 (m), 1358 (m), 1348 (s), 1292{h)(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 @n)stal data: Ci6H1602S;;

M, = 304.41; monoclinic, space groBg;/c; a = 6.5493(13)p = 10.338(2)c = 22.162(4) A;U=
90,b=96.33(3),0=90 °;V =1491.4(5) R, Z=4; T=170(2) K; Moy y= 0.71073 A:Dcarca =

1.356 gcnT; € = 0.355 mnT. A total of 14871 reflections were collected, of which 4012 were
unigue Rnt =0.0501);R; =0.0415wWR, =0.1021 forl >2 G ( | )

10.6.3b Ring closuré®

Synthesis of 4-naphthyl 1,3-dithio-2-one (L3b): O-isopropyl S2- 0
(naphthalerR-yl)-2-oxoethyl carbonodithioate (2.27 g, 7.5 mmol) was SJ(
suspended in 56 ml F:CHCk (1:3). Perdilroic acid (70 %, 4.5 ml, 75S

mmol ) was added and the mixture was heated ugbt®&C6 During the

heating period albf 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 extractgith CHCl; (3 x 50 mL). The organic portions were
combined, dried over MgS{nd concentrated on a rotary evaporatasttain alight yellowish

white colored producCrystallization of the crude produgy slow evaporation from chloroform
yielded light yellow coloed needle shaped crystateld: 98 % (1.8 g)*H NMR (300 MHz,
CDCl) U (ppm): 6.96 (s, 1H)CNMR.(3A@MHzNCDCH3 HY , 7.
(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. Fornfs0S,: C, 63.90; H, 3.30; S, 26.25; Found: C, 63.70; H,
3.95: S, 26.02IR (KBr pellet): @cm?) = 3445 (br), 3089 (m), 3051 (w), 2919 (m), 2849 (w),
1740 (w), 1708 (m), 1635 (vs), 1534 (w), 1504 (m), 1206 (m), 1127 (m)(s38860 (s), 818

(s), 793 (m), 776 (s), 755 (s), 540 (m), 481 (s), 469 (w), 434HRMS (EI): m/zcalculated for
C13HsOS:: 244.0017, Found: 244.001G@rystal data: C;3HsOS,; M, = 244.31; Orthorhombic,
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space groufPbca a = 11.994(2),b = 7.5124(15),c = 24.209(5) A;U=b =2=90°% V =
2181.2(8) R, 2 =8; T=170(2) K;aMoy )= 0.71073 A;Dcaca = 1.488 gcrit; € = 0.459 mnT.
A total of 21482 reflections were collected, of which 2953 were unigqie=0.1757);R; =
0.0561wWR,=0.1176forl >2 0 ( | )

10.6.4.cmdtLigand (L4)

10.6.4a Xanthate-Step
O-isopropyl-S-2-oxo-2-coumarine-ethylcarbonodithioate (L4a): A

solution ofO-isopropylxanthateQ(366g, 2.1mmol) in anhydrous acetone 0 Sﬁ/o<
(20 mL) was added slowly to a solution ®(Bromoacetyl) coumarin = S
(0.53y, 2mmol) in anhydrous acetone (5 mL). The resulting solution 0o

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 CHCI
The organic portions wercombined, dried over MgQ@nd concentrated on a rotary evaporator

to afford 0.4932g (76.5 %) of O-isopropyl S2-oxo-2-coumarineethylcarbonodithioatas off

white colored produc(Crystallization of the crude product by slow evaporation from chloroform
yielded the offwhite colored needle shaped crystafgeld: 76.5 % (.4932g). *H NMR (300
MHz,CDCk) U4 (ppm): 1.39 (d, J = 6.04 HH),746H), 4.
(dd, J = 7.93 Hz, 2H), 7.69 (d, J = 7.55 Hz, 2H), 8.55 (s, IH}KBr pellet): @cm™) = 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), 1048), 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 @n)stal data: Ci5H1404S;;

M, = 322.38; triclinic, space group-1; a = 8.2023(16),b = 10.177(2),c = 10.298(2) A;U=
118.32(3)p = 94.42(3),0=99.51(3) °:V = 734.3(3) R; Z=2; T=170(2) K;aMoy }= 0.71073

A; Deaica = 1.458 gerit; € = 0.375 mnt. A total of 8808 reflections were collected, of which
3927 were uniqueR; = 0.0386; R; = 0.0483wR,=0.1163forl >2 0 ( | )

10.6.4b Ring closure!*&?

Synthesis of4-coumarine-1,3-dithio-2-one (L4b): O-isopropytS-2-oxo-2- 0
coumarineethylcarbonodithioat¢0.49g, 1.53mmol) was suspended in 16 5'45
ml Et,O:CHCk 1:3. Perchloric acid (70 %, 0.92 ml, 15.3 mmol ) was ad
and the mixture was heated up to 65 °C. During the heating period~all’0” "0
starting material waslissolved. 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 wi2h Et
(5 ml) and dried under vacuum. The title compound could be obtained as-cokamed
powder.Crystllization of the crude produtity slow evaporation from chloroform yieldéght
yellow colored needle shaped crystatseld: 84.7 % (0.34 g)*H NMR (300 MHz, CDC})) a
(ppm): 8.07 (s, 1H), 7.66 (s, 1H), 7.58 (m, J = 6.80 Hz, 2H), 7.38 (m, J = 6.80 HZ*@H).
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NMR (300 MHz, CDC}) U  (1p0p5 )158.21, 152.64, 139.78, 132.61, 128.32, 127.35,
125.12, 120.93, 119.28, 118.58, 116.59. IR (KBr pellefnt’) = 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 (WB3 (m). Elemental analysis: calcd. For
CioHeOsS,: C, 54.95; H, 2.31; S, 24.45; Found: C, 53.83; H, 2.42; S, 2€iatal data:
Ci1oHeOsS,; M, = 262.29; triclinic, space group-1;, a = 6.7063(13),b = 7.2111(14),c =
12.227(2) A;U= 104.07(3)b = 93.64(3),0= 112.61(3) °V = 521.28(18) R Z=2; T = 170(2)

K; aMoyx = 0.71073 A:Dcaica = 1.671 gerit; € = 0.500 mnt. A total of 5715 reflections were
collected, of which 2789 were unique{ = 0.0892);R; = 0.0792wR,=0.2196 fol >2 0 ( | )

10.6.5.A F 0 p hLigahd (L5)

10.6.5a Hydrolysis of Nitriles #4343

Synthesis of 4-(2-bromoacetyl) benzoic acid (L5a): 2-Bromo 0

4 6 angacetophenone (2.0 g, 8.93 mmol) was suspended in a mixture of 10 Br

ml acetic acid and 15 ml conc. HCI. The mixture was heated on an olil

to 100°C. During the heating perioall of the starting material went into on

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 mgnd 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 (84 %).
NMR (400 MHz, ¢-DMSO) ti (ppm): 13.42 (bs, 1H), 8.18.01 (m, 4 H), 5.26 (s, 2 H}’C

NMR (400 MHz, ds-DMSO) U (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 ofO-ethyl S-2-oxo-2-(benzoic acid}ethylcarbonodithioate s o {

(L5b): 4-(2-bromoacetyl) benzoic acid (1.00 g, 4.11 mmol) was 0Oy

suspended in 70 mécetonitrile. Potassium -®©thyl carbonodithioate ¥

(0.99 g, 6.18 mmol) was added and the solution was refluxed for 2.5

Then the solvent was removed under reduced pressure. Ttheeresas  ©"

suspended in 100 ml diluted HCI and extracted with diethyl ether (3 x 100 ml). The combined
organic phases were washed with brine and dried over MdBS@ solvent was removed under
reduced pressure and the residue was dried under high vacuuryst&gzation from diethyl

ether afforded the title compound as colourless powder. Yield: 0.82 g, 3.02 mmol (78 %).
NMR (400 MHz, a-DMS O)  : 13.44 (bsy )l H), 8.15 (d,= 8.4 Hz, 2Hi 8.10 (d,J = 8.4,

2H), 4.90 (s, 2 H), 4.56 (4] = 7.0 Hz,2), 1.26 (t, J = 7.0 Hz, 3 H'*C NMR (400 MHz, d-
DMSO) U: 213Wp, 192.29, 166.55, 138.85, 134.91, 129.65, 128.49, 70.71, 42.88 and
13.41. ESIMS: [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)*8%: O-ethyl S2- o
oxo-2-(benzoic acidethylcarbonodithioatgL5b) (300 mg, 1.06 mmol) S’(S

was suspended in 8 ml BtCHCL 1:3. Perblroic acid (70 %, 0.90 ml, =

10.4 mmol ) was added and the mixture was heated up to @3ut@g the ©

heating period albf the starting compound went into solution. After 1 h a!

creamcoloured precipitate started to form. The mixture was kept at 65 °C for additional 7 h.
Then the precipitate was filtered out, washed witf©E6 ml) and dried under vacuum. The title
compound could be obtained as creamtoured powder. Yield: 162 mg, 0.680 mmol (64 %).
'H-NMR (400 MHz, ¢-DMS O)  ii: 13.06 fosn H), 8.01 (d, J = 8.2 Hz, 2H), 7.85 (s, 1 H),
7.68 (d, J = 8.2, 2 H*C-NMR (400 MHz, ¢-DMS O)  : 19199 165.64, 135.70, 132.17,
130.93, 130.21, 126.20, 116.81. B&$: [M-H]: found 236.9688 calc. 236.9680.

10.6.5d Amide Bond Formation*®?
Synthesis of aminofluorescein 42-oxo-1,3-dithiol -4-yl) benzoate +e

0.2 g (0.6 mmol) ofaminofluorescein was taken in a Schlenk flask_7 -0

fitted with a condenser under,;Natmosphere.Then 15 mL of O
anhydrous pyridine was added to the flask undeatithosphere and °
0.7 equivalens of SiCl, were added tothe above reaction mixture. The reaction mixture was
refluxed at 115 € for 3h and then it was poured into crushed ice and stirred for 10 mins. The
yellow precipitate was filtered and recrystallized with hot EtOH. Then grecipitate was
filtered out, washed with ED and dried under vacuum. The title compound could be obtained as
yellow-coloured powderYield: 0.34 mmol 57 %). Elemental analysis: calcd. FogdEl1/NO;S;:

C, 63.48; H, 3.02; N, 2.47; S, 11.3%und: C,61.89; H, 3.08; N, %68; S,10.95.'H-NMR (300

MHz, ds-DMSO) U (ppm):10.85 (s, 1H), 10.14 (bs, 1HHY, 889(d, J = 4.9 Hz, 1H), 8.6d, J =

1.9 Hz, 1H), 8.11d, J = 8.7 Hz, 3{ 7.87 (s, 1H),7.77 (d, J = 8.7 Hz, 2H), 7&(d, J = 8.7 Hz,

1H), 6.69 @, J = 2.3 Hz, ), 6.58 (m, 4H)**C-NMR (300 MHz, ¢-DMSO) i (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 HGAVER.

(ESI): m/zcalculated foiCzoH17/NO;S; [M+H]": 568.0446, Bund 568.0523.

10.6.6.P Y R © p higanidt(L 6)"8”

0.07g (0.3 mmol) of 4(benzoic acidjl,3-dithio-2-one and0.08 g A C 5.0

(0.3 mmol) of 1-pyrenemethylamindiydrochloridewas taken in a C NH v
Schlenk flask fitted with a condenser under d&imosphere. Then O

10 mL of anhydrous pyridine was added to the flask undgr N

atmosphere and Ogtjuivalens of SiCl, wereadded tahe above reaction mixture. The reaction
mixture was refluxed at 115 °C for 3h and then it was poured into crushed icéraattifer 10
mins. Thepaleyellow precipitate was filtered artdturatedwith hot EtOH. Then the precipitate
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was filtered out, washed with & and dried under vacuum. The title compound could be
obtained as y@w-coloured powder. Yield: 0.1681mol (% %). *H-NMR (400 MHz, d-
DMSO) U (ppm): 9.98 (s, 1M), 8.537.66 (m, 13H),7.81 (s, 1H)5.26 (d, 2H).HRMS (ESI):
m/zcalculated foIC,7H1/NO,S, [M+Na]™: 474.0701, Found: 474.0614.

10.6.7N | o p higadd (L7)%?

10.6.7a Formation of imide bond (L7a)

Synthesis of 1(phenyl-4-napthaleneimide) ethanone (L7a): 1,8 0

naphthalic anhydride (0.396 g, 2 mmaind 4aminoacetophenoneN4<:>_/<O

(0.297 g, 2.2 mmol) were heated at rei under nitrogen in dry DMF

(20 mL) for 24 h. The solution wasooled to room temperature atite

product precipitated with the addition ®0 mL diethylether The precipitate was collected by
filtration and dried under a reducprkssure to produce a pale creenfored crystalline solid.
Yield: 0.53 g (84 %)'H NMR (300 MHz,CDC}) & (ppm): 8.66 (dd, J
= 8.3 Hz, 2H), 8.15 (m, 2H), 7.82 (dd, J = 8.1 Hz, 2H), 7.46 (m, 2 (s, 3H)*C-NMR

(300 MHz, CDC}) 0 :(19v2,m64.1, 139.8, 137.134.6,131.8,1294, 1292,1271, 122.5,

26.8 ppm. IR (KBr pellet): @cm™) = 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)294 (m), 1261 (s), 1235 (vs), A2 (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 W8. (EI): m/z calculated for
CooH13NO3: 315.3, Found: 315.9Crystal data: CyoH13NOs; M, = 315.31; monoclinic, space
groupP2;; a=5.2549(11)p = 14.469(3),c = 9.7212(19) A;U= 90,6 = 99.57(3),0=90 °;V =
728.8(3) R; Z=2; T=170(2) K;aMoy y= 0.71073 A;Dcaca = 1.437 gerit; € = 0.097 mnt. A

total of 7124reflections were collected, of which 3609 were unidrg € 0.0394);R; = 0.0438,
WR,=0.1106fol >2 0 ( | )

10.6.7b Bromination 2334

Synthesis of 2-bromo-1-(phenyl-4-napthaleneimide) ethanone 0

(L7b): The imide compound7a) (0.315 g, 1.0 mmol) an@6 ¢ L O N@_@

bromine 0.5 mmol) were stirred together for 3 h at 60 °C in 40 @ Br

acetic acid. After this time further bromin2 6 , 6.4 mmol) was ©

added, and the mixtuneas stirred forfurther 3 h at 60 °C. The mixture was cooled to room
temperature, and the precipitate that formed was collectedtayidih. Deionized water (20 mL

was added to the filtrate causing further precipitation, and the solid was collectedatbipriiltr

The product was separated by column chromatography using a mixture of solvents as an eluant
(95 mL CH.CI,, 5 mL ethyl acetate]0 drops of methanol) over a silca gel support leaving a pale
cream solid Yield: 0.045 g, (1.%). Elemental analysis: calc For GoH1.BrNOs: C, 60.93; H,

3.07; N, 3.55; FoundZ, 61.33; H, 3.54: N, 3.32H NMR (300 MHz,CDC}) U (ppm): 8.
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= 6.8 Hz, 2H), 8.31 (d, J = 7.9 Hz, 2H), 8(, J = 8.3 Hz2H), 7.82 , J =7.7 Hz, 2H), 7.8 (d,
J = 8.3 Hz2H), 4.51(s, 2H). *C-NMR (300 MHz, CDC}) U :(1§0., 1640, 140.5 134.6,
1339, 131.8,131.7, 130.0,1296, 127.1, 122.5,30.8 ppm. MS (EIl): m/z calculated for
CooH12BrNO3 [M] - 393.2, Found: 393.8.

10.6.7c Xanthate-Step(L7c)

2-broma 1-(phenyt4-napthalenemide) ethanone (0.045 g, 0.1 0

mmol) and potassium -@3opropylxanthate (026 g, 0.15 :;ﬁl 4@_{%_0 {
mmol) were stirred together ianhydrous acetoné20 mL) Q 5 S
overnight After thatthe white precipitatef KBr was filtered

off and the filtrate was concentrated in a rotary evaporator andh tbessolved in
dichloromethane. The organsolventwas washed three times wittleionizedwater (50 mL),
combined, dried over N8O, and the solvent was evaporated on a rotary evaporator at 40°C
yielding apaleyellow solid. Yield: 0.03 g (60 %)Elemental analysis: calcd. FOpfE1gNO4S;:
C, 64.12; H, 4.26; N, 3.12; S, 14.27; Fou@d65.10; H, 4.93; N, 2.93; S, 136'H NMR (300
MHz, CDCk) U :(8®f(dd,)) =7.6Hz, 2H), 8.31dd, J =8.3Hz, 2H), 8.22(m, 2H), 7.82
(dd, J =8.1 Hz, 2H), 7.49 i, 2H),5.74 (spt, J= 6.2 Hz, 1H3.69 (s, 2H) 1.39 (d, J = 6.0 Hz,
6H). *C-NMR (300 MHz, CDC§) U (228916, 164.0, 14@, 135.8,134.6,131.8,
131.7,129.6,129.5, 128.5127.1, 122.578.9,43.3, 213 ppm.

10.6.7d Ring closure (L7d)16 338

CompoundL7c (0.03 g,0.07 mmol) was slowly added to a solution o 0

conc. HSO, (20 mL) that had been pmoled in an icesalt bath. The Q N@_i\(o
resulting solution was stirred for 30 min, theiisalt bath was removed S : S

and the solution was stirred for a further 90 min. This solution was

cooled in an ice bath and slowly poured into-coeled H,O (250 mL) and neutralized with
NaHCG;. After stirring for 15 min, the solution was extracted with,CH (3 x 50 mL), dried

over NaSQO, and concentrated on a rotary evaporator to produce a cream yellow colored product.
Yield: 0.023 g(84 %). Elementalanalysis: calcd. For £H1:,NOsS,: C, 64.76; H, 2.85; N, 3.60;

S, 16.47; Found: C, 63.94; H, 2.49: N, 3.89; S, 16 30\MR (300 MHz,CDC}) U (ppm) : 8
(dd, J = 72 Hz, 2H), 8.® (dd, J = 8.3 Hz, 2H)7.82 (dd, J = 8.3 Hz, 2H), 26m, 2H), 7.0 (m,

2H), 6.93 (s, 1H). MS (EIl): m/zcalculated foiC,;H11NOsS,: 389.4, Found: 389.9.

10.6.8.tldt-Ligand (L8)

10.6.8a Bromination

Synthesis of 6Amino-2-bromo-3,4-dihydro-1(2H)-naphthalenone (L8a) 0
6-Amino-3,4-dihydro-1(2H)-naphthalenon€0.08 g, 0.5 mmol) and O3 Br

(0.083 g, 0.6 mmol) were stirred in 10 ml G& whichliquid bromine (0.25 HoN

e L, 0.5 mmol) was added sl owly at room tempe

solution was allowed to stfor an houy thenit turnedpale yellow. It was then filtered to remove
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the precipitated KBr and the solution was concentrated riotary evaporatorThe 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 affordswa babored liquid
which was then recrystallized from ethanol. Yiél@9 g 0.375mmol, 75 %). HRMS (El): m/z
calculated foiC1oH10NOBr: 238.9946, Found: 238.9942.

10.6.8b Xanthate-Step (L8b)

To a solution of 6-Amino-2-bromao3,4-dihydro-1(2H)-naphthalenone

(0.72 g, 3 mmol) in 25 ml EtOH, was added a solution of potas€ium Q YO{
isopropylxanthate (0.52 g, 3 mmal) 25 ml EtOH. The mixture was /@’
heated at 60 °C for one hour and the precipitated KBr was filt#fed H:N

The collected yellow solution was concentratedairrotay evapowtor and the yellow oil
obtained was dissolved in dichloromethane. The solution was washed three times with water and
50 mL brine solution, dried over MgQODichloromethane was evaporated under reduced
pressure and the residue was driedaurhigh vacuum to obtain the pafellow solid. Yield 0.62

g (2.09 mmol, 70 %). HRMS (ESI):m/zcalculated foiC14H1/NO,S, [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 comp(Lia) ’/<0
(0.62 g, 2.09 mmol) and stirred for 15 h at room temperature. The resultant 0%
brownish solution was slowly added to excess of ice water while Vigyl‘OHSN“

stirred, which affords a highly ydrophobic and soft pale brown solid. It was

then filteredthrougha 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%). *H NMR (300 MHz, CDC}) U (ppm): 2. 46 (t, 3H), 3.11 (t, 3H), 7.8512

(m, 3H).HRMS (ESI): m/zcalculated foiC11HoNOS; [M+H]*: 236.3253 Found:236.325Q

10.6.94-P h e n T o pigang ¢LD)

10.6.9a Click Reaction

Synthesis of 3(p-bromoacetyl benzene) 4-phenanthrene

triazole (L9a): 9-ethynylphenanthrene (0,02 g, 0,1 mmol) in O 5
10 ml dry acetonitrile was almost dissolved whebr@mao1-
(p-azidghenyl) ethanone (0,024 g, 0,1 mmol) was added -~ N’@JQ’BF
without much exposure to light. After everything was

dissolved, a mixture of Cu(OA£]0,4 M in water, 0,004 mmol, 1€1) and NaAsc (1 M in water,
0,05 mmol, 5Cl) was added. The mixture was stirred overnight before solesnoval. The
residue was then dissolved in EDTA solutionl(M, pH 10) and chloroform. The extraction
with chloroform gave, after drying over p&0, and solvent evaporation, some unclear NMR,

N=N
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which includes at least the starting materiafdisESI HRMS themass peak is visible at12,05
'H NMR (600 MHz, DMSO-Dg) ti (ppm): 5.30(s, 2H), 8.23-8.31(m, 13H), 9.53(s, 1H).

10.6.9b Xanthate-Step (L9b)

CompoundL9a (0.026 g, 006 mmol) and potassium -O
isopropylxanthate (0X2 g, 007 mmol) were stirred oS o
together in10 mL anhydrous acetone overnight. After tha _ N’O/klj’ 7/

the white precipitate of KBr was filtered off and the filtrate N=N

was concentrated in a rotary evaporator and then dissolved

in dichloromethane. The organic solvent was washed three times with deionized5@atdr),
combined, dried over N8O, and the solvent was evaporated on a rotary evaporator at 40°C
yielding a pale yellow solid. Yield: 01® g (63 %). '"H NMR (600 MHz, DMSGDg) Ui (ppm):

1.38 (d, J=6.2 Hz 6H), 4.67 (s, 2H), 5.74spt, J=62 Hz, 1H, 8.23-8.80 (m, 13H), 938 (s, 1H).

10.6.9c Ring Closure (L9c)

1 mL of sulfuric acid was slowly added to a solution of
compound L9 (0.019 g, 0.038 mmol) in a 1.1 ether
dichloromethane solvent mixture (total 10 mL) and was stirre
for 10 h. After that this solution was cooled in an ice bath and N=N

slowly poured into ice&eooled HO (20 mL). After stirring for 15 min, the solution was extracted
with CH,Cl, (3 x 30 mL), dried over NgSO, and concentrated on a rotary evaporator to produce
acrude product whiclwasimpossibleto isolate from the reaction mixture due to the presence of
the acid sensitive triazole ring the compound.

10.6.10. Ligand L10

10.6.10a Condensation

Synthesis of 4,Eimethylcarboxylate 1,3-Dithiole-2-thione (L10a):*  oume

Dimethyl acetylenedicarboxylate (1.23 mL, 10 mmo§nd ethylene o S
trithiocarbonate (1.36 g, 10 mmolyere heated to reflux for 7h under; N, | S>:S
atmosphere in 6 mL anhydrous toluene. After refluxing for a minimum of 7 h thg,,

solution was cliled and the first crop was collected, successive concentration of

the liqguors gave additional crops of material which was less pure, but adequate for subsequent
hydrolysis. Combigd total yields amounted &12 g 85 %). *H NMR (300 MHz,DMSO-Dg) Ui
(ppm): 3.84.2°C-NMR (300 MHz,DMSO-D6) Ui (ppm): 208.6, 157.6, 138.2, 540rystal data:
C7He04S3; M, = 250.30; monoclinic, space grolg2,/c; a = 13.159(3),b = 9.3935(19),c =
8.0062(16) A;U=90,b = 102.92(3),0=90 °;V = 964.6(3) &; Z=4; T = 170(2) K; Moy )=
0.71073 A:Dcaica = 1.724 gcrit; € = 0.751 mnT. A total of 10547 reflections were collected, of
which 2591 were uniqudRf; = 0.0546);R; = 0.0700WR, = 0.2508 fol >2 0 ( | )
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10.6.10b Ester Hydrolysis

Synthesis of 4,5bis(hydroxymethyl)-1,3-dithiole-2-thione (L10b):**3 A oH
solution of 4,5-dimethykarboxylatel,3-Dithiole-2-thione (L10a)(2.12 g, 8.47
mmol) in THF (10 mL) was added dropwise to a solution of NaBH17 g,
57.34mmol) and LiCI(0.21 g, 5mmol) in 15 mL of MeOldnd 5 mL of THF. oH
The solution was maintained a.¢10 °C by external cooling whilthe diester was added. A
substantial evolution of gas accompanied the addition. The reaction mixture was stirred
vigorously at 010 °C for 3 h after the addition was complete; chilled water (60 mL, 5 °C) was
thenadded. The resulting mixture was extracted with chilkbgleacetate-(L0 °C, 50 mL) The
combined organic extractwere washed with brine (50 njL dried over Mg®, and
concentrated. The yellow crude product was recrystallized from dry acetone and toegiee
yellow needleshaped microcrystallin@roduct. Yield: 1.19g (72 %).*H NMR (300 MHz,
DMSO-Dg) Ui (ppm): 445 (d, J = 6 Hz, 4H) 5.89(t, J = 6 Hz, 2H). *C-NMR (300 MHz,
DMSO-Dg) U (ppm): 57.9, 143.6 and 213.6 MS (EIl): m/z calculated for @HeO,S;: 194.29,
Found:1939.

S
| >=s
S

4-methylcarboxylate-5-hydroxymethyl 1,3-Dithiole-2-one (L10c)*¢38 A on
solutionof 1g mercuric acetate ari® ml of glacial acetic acidrasadded to the | S>:O
4, 5bis(hydroxymethyh1,3-dithiole-2-thione (L10b) dissolved in 10 mL of o S
CHC1I;. The suspensiowasstirred for 2.5 h and filteredut through elite. The  ome
organic partwaswashed wth saturatedNa,CO; and water and dried ovelNa,SO, to obtaina
paleyellow oil as product after removing the solvent in a rotatory evaporhan 2 mL of
hexane was added to the crude product and stirred for 5 maiaim a light yellowish white
colored solid as pure produéd NMR (300 MHz, DMSQGDg) Ui (ppm): 3.87 (s, 3H), 4.93 (d, J
=6 Hz, 2H) 5.8 (t, J = 6 Hz, 1H). Crystal data: CsHsO4S;; M, = 206.23; monoclinic, space
groupP2;/n; a = 3.8936(8),b = 9.1518(18)c = 22.568(5) A;U= 90, b = 93.07(3),0=90 °;V =
803.0(3) &, Z=4; T=170(2) K;aMoy y=0.71073 A;Dcarca = 1.706 gerit; € = 0.631 mnt. A
total of 7550 reflections were collected, of which 2142 were uniBge=0.0488);R; = 0.0336,
WR,=0.0730fol >2 0 (| )

10.6.11. Ligand L11

10.6.11a 4, 5bis(bromomethyl)-1,3-dithiol -2-one (L11aj3**3¢

Redish brown crystalline compourt5-dimethyt1,3-dithiol-2-one (L1b) (1.1 g, g,

7.5 mmol) was dissolved in 30 nof dry CCl, together with NBS (® g, 1128 S
mmol) andthe mixturewas refluxed over white light for 1 Wfter the reaction was | S>:0
complete, it wagzooled down taoom temperature andgeionized water was adde i

to complete the reaction. The product vex$racted withCH,Cl, andthe organic

phase was dried over p80Oy. The solvent was evaporated arotary evaporatoto yield brown
crystals. Further purification was done using column chromatograjiica (gel, EtOAc/pet
ether 1:5) and the first fraction was recrystallizeith hexaneto obtain snowflake shaped
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crystalssuitable for single crystal Xay diffraction *H NMR (300 MHz, CDC}) (ppm): 4.35
(s, 4H).Crystal data: CsH4Br,0S;; M, = 304.02; monolinic, space gro@2/c; a=14.901(5)b
= 7.8584(16)c = 7.4649(15) A;U= 90, b = 104.88(4),0=90 °;V = 844.8(4)A% 2=4,T =
170(2) K; aMox ) = 0.71073 A;Dcacg = 2.390 gerit; € = 10.017 mrit. A total of 4511
reflections were collected, of which 1142 were unideg € 0.1112);R; = 0.0614 wR, = 0.1455
forl >20 (1)

10.6.11b 4, 5-bis(dibromomethyl)-1,3-dithiol -2-one (L11b)1>?
4,5dimethyt1,3-dithiol-2-one Q.24 g, 1.64 mmol) was dissolved ii5 ml dry Br

CCl, together with NBS{.87649, 4.92mmol) and was refluxed over white lighg;, S

for 3.5 h. The mixture was cooled dowa room temperaturand deionized g, | s>:0
water was addetb quenchthe reactiorand the mixture was extracted with 30 5

mL of CH,Cl,. The organicphase was separated, dried ovep3@ and the

solvent was evaporatedn a rotary evaporatorThe product was purified byolumn
chromatography with silica gel and DClhd obtaired as white solid'H NMR (300 MHz,
CDCl;) U 6, 8Q@rystél slata: @ HY BrsOS,; M, = 461.83; triclinic, space group-1; a =
8.5452(17)b = 11.985(2),c = 12.179(2) A;U= 104.82(3),b = 105.80(3),0 = 103.43(3) °}V =
1097.5(4) B, 2= 4; T =173(2) K;aMoy )= 0.71073 A;Dcaica = 2.795 genit; € = 15.000 mr.
A total of 11953 reflections were collected, of which 5877 were unifye £ 0.1042);R; =
0.0624WR,=0.1632fol >2 0 ( 1 )

10.7. Synthesis of Nibis(dithiolene) Complexe$" 17" 199

10.7.1.Synthesis of [K][Ni(dmdt),] (1a)

0.146 g (1.0mmol) of4, 5dimethyt1,3-dithiol-2-one(L1b) wassuspended witR.5 equivalents

of KOH (0.14 g, 2.5mmol) in 15 mlof degassed methanol and stirred under nitrogen for 1 h at
50 °C, afording an orange solution. 3 m&olution of NiC6H,O (0.12 g 0.5 mmol) in
methanolwas added, and the resulting reaction mixture was stirrezhfiiher0.5 h.Then t was
concentrated to about 5 maffording thedarkbrown coloredprecipitate The target product was
obtained by filtration and recrystallization from chloroform. The single crystals were obtained
from a solvent mixture of TH#&acetonitrileby slow diffusion but the crystal quality was not good
enoughfor single crystal Xray diffraction Yield: 0.153 (46 %). Elemental analysis: calcd. For
CgH12KNIiS,: C, 28.75; H, 362; S, 38.37 Found: C,29.55; H, 3.18; S36.98 Mass spectrum:
calcd. For CgH1oNiS, [M]™ 293.92, Found:293.86. UV-Vis (CHCN): ama, nm ) M*em?) =

918 (3960)

10.7.2.Synthesis of [PRP][Ni(dmdt),] (1b)

0.146 g (1.0dnmol) of4, 5dimethyt1,3-dithiol-2-one(L1b) wassuspended witR.5 equivalents

of KOH (0.14 g, 2.5mmol) in 15 ml degassed methanol and stirred under nitrogen for 1 h at 50
°C, affording an orange solutiofhena 3 mL solution of NiCb6H,O (0.12 g 0.5 mmol) in
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methanolwas added, and the resulting reaction mixture was stirredrfother0.5 h. The
solutionturned darkbrown Then 3 ml solution oPhPCI (0.37 g 1.0 mmol) in methanolwas

added to thereaction mixture under nitrogen atmosphered the reaction mixture was
continuou$y stirred for an additional 0.5 h. Then it was conceattao about 5 ml, affording

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 acetdfii@ldy the

slow diffusion method but the crystaks not suitable foXRD. Yield: 0.23g (37 %).Elemental
analysis: calcd. Fo€3H3:NIPS,: C, 60.57; H, 5.08; S, 20.21; Found: €1.55; H,4.92 S,

19.98 Mass spectrum: calcd. F@gH12NiS, [M] ™~ 293.92, Found: 2980. CV (in CH;CN, 25°C,
BusNPFs, vsFc/FC): 04 =17106V; 0 =10.41V, 0 =10.61V.

10.7.3.Synthesis of [Nifimdt),] (1c):

0.146 g (Immol) of 4, 5-dimethyt1,3-dithiol-2-one (L1b) was suspended with 2.5 equivalents
of KOH (0.14 g, 2.5mmol) in 15 ml degassed methanol and stirred under nitrogen for 1 h at 50
°C, affording an orange solutioithen, 3 ml solution of NiCJA 6,® (0.12 g 0.5 mmol) in
methanolwas added, and the resulting reaction mxtwas stirred for another 0.5 h atick
solution turned dark browr8 ml solution of 4 (0.253g, 1 mmol) in acetonitrilewas added and
the reaction mixture was continudysstirred for 0.5 h resulting in the formation afblack
colouredprecipitate. The target product was obtained by fittratand washed with MeOH,
Et,0. Yield: 011 g (38%). '"H NMR (300 MHz, CDC§) U ( p p m)2H). *2-NMR2(300 S ,
MHz, CDCk) U ( pl® fO=C(CH4i8), 2.12 (CHs). CV (in THF, 25°C, BuNPFs, vs
Fc/Fd): 05 =7115V; O =710.35V, 0 =i052V.

10.7.4.Synthesis of [K][Ni(mdt),] (2a)

4-methyt1,3-dithiol-2-one (L2¢) (1.19 g, 9mmol) wassuspended with @.equivalentsof KOH

(1.01 g, 18 mmol) in 15 mif degassed methanol atite solution wastirred under nitrogen for

1 h at 50 °C, affordingn orange solution. A 3 ml solution of N&H,O (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 obtaitgdfiltration and recrystallizi from chloroform.
Yield: 1.01g (37 %). Elemental analysis: calcd. F@QzHsKNIiS,: C, 23.54; H, 2.63; S, 41.89,
Found: C, 2.25; H, 3.08; S,39.78. Mass spectrum: calcd. F@sH12NiS, [M]™ 265.89, Found:
267.86.CV (in CHCN, 25°C, BuNPF;, vsFc/F¢): 04 =1 1.02V; O =i10.39V, Oy =70.57

V.

10.7.5.Synthesis of [PRP][Ni(mdt),] (2b)

4-methyl1,3-dithiol-2-one (L2c) (1.19 g, 9mmol) wassuspended with @.equivalentsof KOH

(2.01 g, 18 mmol) in 15 ndf degassed methanol atite solution wastirred under nitrogen for

1 h at 50 °C, affording an orange solution. A 3 ml solution of €O (1.07 g 4.5mmol)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 oPhPCI (337 g, 9 mmol) in methanol was added to the
reaction mixture under nitrogen atmosphere and the reaction mixtuntasuously 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 metfiafth| 2.36 g

(43 %). Elemental analysis: calcdror C3oH2gNiPS,: C, 59.41; H, 4.65; S, 21.15; Found: C,

60.29; H, 3.98; S,20.27. Mass spectrum: calcd. FQgH1:NiS, [M] ™ 265.89, Found: B5.80. CV

(in CHCN, 25°C, BUNPF;, vsFc/FC): Oy =11.05V; O =1021V, O =1049V.

10.7.6.Synthesisof [Ni(mdt),] (2c)

4-methyt1,3-dithiol-2-one (L2¢) (1.19 g, 9mmol) wassuspended with @.equivalens of KOH
(1.01 g, 18 mmol) in 15 ml degassed methanolthedolution wastirred under nitrogen for 1 h
at 50 °C, affording an orange solution. A 3 salution of NiCb6H,O (1.07 g 4.5 mmol) in
methanolwas added, and the resulting reaction mixture stiaed for 0.5 h. The solution turned
dark brown and then 3 ml solution of,l (2.28 g, 9mmol) in acetonitrilewas added and the
reaction mixture wastirred continuousy for 0.5 h resulting in the formation of dark green
precipitate. The target product was obtained by filtration and washed with MegIH, \&eld:
0.985¢g (41%)'H NMR (300 MHz, CDCY) U ( p p m2H), 2.72 (S®H). “*C-BIMR (300
MHz, CDCh) U (1B6GCFC(CH3)i S), 166.5(CHI S), 24.32(CHs). UV-vis (CHCN):
anax NM ( M™cm™) = 250 (31560), 914 (6597¢V (in THF, 25°C, BUNPFs, vsFc/Fc): O =
11.13V; O =1029V, O =10.55 V.

10.7.7.Synthesis of [K][Ni(ntdt),] (3a)

At room temperature-naghthyl-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 Ni€l6,® (0.12 g 0.5 mmol)in methanowas

added and the resulting reaction mixture was stirred for another 0.5 h. The switriih dark
brown. Then it was concentrated to about 5 ml, affording the dark red precipitate. The target
product was obtained by filtration amdashed with water and methanol. The single crystals
suitable for Xray analysis were obtained from a solvent mixture of acetorlt}l® by slow
diffusion. Yield 0.048 mmol (48 %)Elemental analysis: calcd. FopE16NiKS,: C, 54.34; H,

3.04; S, 24.18Found: C,54.55; H, 3.18; S2398 IR (KBr pellet): @/cm™) = 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 (CHsCN): amax nm( U, 'c =

225 (70220), 315 (18560), 936 (2960).

10.7.8.Synthesis of [PRP][Ni(ntdt) 2] (3b)

4-naphthyl-1,3-dithiol-2-one (L3b) (0.2 g, 0.82mmol) and KOH (0.115 g2.05 mmol) were
suspended in 15 ml degassed methanol and stirred under nitrogen &r5D RG affording an
orange solution. A 3 ml solution of Nigl 6,8 (0.097 g 0.41 mmol) in methanolwas added,
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and the resulting reaction mixture was stirred fort).5he solution turned datkkown Then a 3

ml solution of PyPCI (0.307 ¢0.82mmol) in methanolwas added under nitrogen atmosphere,
and the reaction mixture wasirredcontinuou$y for another0.5 h.Then it was concentrated to
about 5 ml, affordinghe dark red precipitate. Tharget product was obtained by filtration and
washed with water and methanol. The single crystals suitable-fay ¥nalysis were obtained
from a solvent mixture of acetonitriet,O by slow diffusion Yield: 0.38gm (56 %). Elemental
analysis: calcd. Fo€4sH3eNIPS,: C, 69.40; H, 4.37; S, 15.4€0und: C, 68.89; H, 4.50; S,
14.71 IR (KBr pellet): @cm?) = 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 (CHCN): amay N M ¢ hE= 24049760,
318 (28140, 936 {460). CV (in CHCN, 25°C, BuNPFR;, vsFc/FC): O =112 V; O =1
031V, Op =710.52 V. Crystal data (with coordinated CBCN): CsoH3oNNIPS;; M, = 871.74;
triclinic, space groufP-1; a = 13.1065(7)b = 13.3733(8)c = 13.5327(8) A;,U=88.978(5)p =
74.052(4)p = 68.540(4) °V = 2113.5(2) R; Z=2; T=170(2) K;aMoy )= 0.71073 A;Dcarca =
1.370 gen®; € = 0.731 mnT. A total of 18682 reflections were collected, of which 8909 were
unique Rnt =0.0957);R; =0.0521,wR, =0.0609 forl >2 0 ( | )

10.7.9.Synthesis of [N{ntdt) ] (3c)

4-naphthyl-1,3-dithiol-2-one (L3b)(0.2 g, 0.82mmol) and KOH(0.115 g, 2.05mmol) were
suspended in 15 ml degassed methanol and stirred under nitrogen &r5D RG affording an
orange solution. A 3 ml solution of NigH,O (0.097 g 0.41 mmol) in methanolwas added,
and the resulting reaction mixture watsred for 0.5 h. The solution turned ddmown Then a 3

ml solution of } (0.21 g, 0.82mmol) in acetonitriliewas added and the reaction mixture was
stirred continuou$y for 0.5 h resulting in the formation of a dark green precipitate. The target
product vas obtained by filtration and recrystaléid from chloroform. The single crystals
suitable for Xray analysis were obtained from a solvent mixture of -EHd&tonitrileby slow
diffusion. Yield: 0.32 mmol(39 %). Elemental analysis: calcd. For#8eNiSs: C, 58.67; H;
3.28; S:; 26.10; Found: C, 58.16; H; 3.27; S:83. IR (KBr pellet): @/cm™) = 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): &nax nm ¢ thE= 287H57980),
306 (48120), 862 (23920LV (in DMF, 25°C, BuNPF, vs Fc/F¢): O =11.21 V; O =1
0.25 V, O =10.32 V.Crystal data: Co4H16NiS4; M, = 491.32; monoclinic, space groé./c;
a=20.335(4)b = 6.0510(12)c = 8.0039(16) A:U=90,b=96.13(3),0=90 °;V=979.2(3) &,
Z=2;T=170(2) K;aMoy }=0.71073 A:Dcarca = 1.666 gcrit; € = 1.426 mnT. A total of 9931
reflections were collected, of which 2516 were unidrg € 0.0746);R; = 0.0437 wR, = 0.1022
forl >20 (1)
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10.7.10. Synthesis of [K][Ni(cmdt),] (4a)

4-coumarinl,3-dithiol-2-one (L4b)(0.053 g, 0.2mmol) and KOH (0.028 g, 0.Bhmol) were
suspended in 10 ml dry methanol and stirred under nitragé&® °Cfor 1 h, affording a red
brown colored solution. A 3 msolution of NiCpA 6,8 (0.024 g 0.1 mmol) in methanolwas
addedand the resulting reaction mixture was stirred for 0.5 h. The soltiroed dark brown
andthenit was concentrated to about 5 ml, affordedark red precipitateéThe target product
was obtained by filtration and washed with methaivoéld: 0.09 mmol(45.0 %. Elemental
analysis: calcd. For £H1:KNiO4S,: C, 46.65; H, 2.14 S, 22.65 Found: C,46.97; H, 2.56; S,
21.43. MALDI-TOF MS: calcd. For &H12NiO4S4 [M] ™ 525.9, Found52583. UV-vis (CHCN):
amax NM O M'cm?) = 275 (18183, 308 (15885, 410 (11050), 951 (5865. CV (in CHCN,
25°C, BuNPFs, vsFc/FC): 04 =17102V; 0Oy =10.17V, O} =10.31V.

10.7.11. Synthesis of [PhP][Ni(cmdt),] (4b)

4-coumarinl,3-dithiol-2-one (L4b) (0.053 g, 0.2mmol) and KOH (0.028 g, 0.Bhmol) were
suspendedn 10 ml dry methanol and stirred under nitroggr60 °Cfor 1 h, affording a red
brown colored solution. A 3 msolution of NiCbA 6,® (0.024 g 0.1 mmol) in methanolwas
addedand the resulting reaction mixture was stirred for 0.5 h. The solutroedto dark brown
andthen a 3 ml solution oPhyPCI (0.075 ¢g0.2 mmol) in methanolwas 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-lbeawn coloredprecipitate. The product was
obtained by filtration under nitrogen and washed with dry methatield: 47.3 % (0.082 g). IR
(KBr pellet): @cm™) = 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. FordH3,NiO4PS;: C, 63.75; H, 3.72; S,
14.80; Foud: C, 62.97; H, 3.56; S, 14.4BIALDI-TOF MS: calcd.For Cy,H1oNiO4S, [M]”
525.9, Found525.703.UV-vis (CH:CN): amax M M cm™) = 269 (19380), 309 (17240), 411
(11540), 950 (5680)CV (in CHCN, 25°C, BuNPFR;, vsFc/FE): O, =10.99V; Oy =10.14
V, 0 =10.28V.

10.7.12. Synthesis of [N{cmdt);] (4c)

4-coumarinl,3-dithiol-2-one (L4b)(0.053 g, 0.2mmol) and KOH (0.028 g, 0.Bnmol) were
suspended in 10 ml dry methanol and stirred under nitragé&® °Cfor 1 h, affording ared
brown colored solution. A 3 ml solution of Ni&l 6,® (0.024 g 0.1 mmol) in methanolwas
addedand the resulting reaction mixture wstsrred foranother0.5 h. The solutioriurned to
dark brownandthen a 3 ml solution o0f;1(0.05 g, 0.2 mmol)n acetonirile was added and the
reaction mixture wakeptstirring for 0.5 h resulting in the formation of a dark green precipitate.
The target product was obtained by filtration and recrystallization from chlorofGetd: 0.23
mmol (46 %).Elemental analysicalcd. For GoH1:NiO4Ss: C, 50.11; H, 2.29; S, 24.32; Found:
C, 49.25; H, 2.40; S, 23.7R (KBr pellet): @cm™) = 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 (CH:CN): amax nm € M™*cm™) = 298 (10880), 360 (9000),
855 (5960).CV (in DMF, 25°C, BuNPFR;, vsFc/F¢): O =11.05V; Oy =10.16 V, Op =1
0.25V.

10.7.13. Synthesis of [BUN][Ni(S2C.H(A F  p h),] (ba)

Compound_5d (0.0567g, 0.1mmol) andC s O H@ (8.042g, 0.25mmol) were suspended in 15
mL of degassed methanol and stirred under nitrogen for 1 h at 50 °Cdiadf@n orange
solution. A 3 mLsolution of NiChoH,O (0.012g, 0.05mmol) in methanolwas added, and the
resulting reaction mixture westirred foranother0.5 h. The solution turnebdrown with some
brown precipitate. Then a 3 ml methanol solutiod®xiyNCI (0.0278 g, 0.1mmol) was added
under nitrogen atmosphere, and the reaction mixturekeyaisstirringfor 0.5 h. The solvent was
removed by vacuum and degassed water was added to the precipitate anfdtéregswashed
with degassed water and dried undgtreme vacuum overnighElemental analysis: calcd. For
C74H70N3NiO15Ss: C, 64.39; H, 5.11; N, 304; S,9.29 Found: C,70.27; H,5.14; N, 2.18, S, 7.08.
Due to theambiguouselemental 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(SC:H(A F  p h),] (bl)

Compound_5d (0.0567g, 0.1mmol) andC s O H@ (8.042g, 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 NiGI6H,O (0.012g, 0.05mmol) in methanol was added, and the
resulting reaction mixture was stirred fanothe 0.5 h.The solutionturned to dark browand
then a 3 ml solution 0f;1(0.05 g, 0.2 mmol)n acetonitrile was added and the reaction mixture
waskeptstirring for 0.5 h resulting in the formation of a dark green precipitatee precipitate
wasfiltered, washed with degassed water and dried under extreme vacuum ové&ieigiental
analysis: calcd. For 4gH34CsN2NiO1.S,: 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 theambiguouselemental analysis reuand very poor
solubility of the resulting compound, further characterization was not possible.

10.8. Synthesismono oxcbis(dithiolene) Complexesof Molybdenum and Tungsten(*6%17@

10.8.1.Preparation of KzNa[MoO,(CN),]-6H,0 (63)

This complex was prepared by followitige reported proceduf&? Na,MoO,-2H,O (7g, 0.03
mol), KBH, (3.0g, 0.063 mol) and KCKb.0g, 0.077 mol) were dissolved in water and cooled to
5 °C, followed by the dropise additionof acetic acid (5 ml, 0.08 njoover 10 min. Moe KCN

(59, 0.077 mol) was theadded, followedoy the dromvise addition of another aliquot of acetic
acid (5 m| 0.08 mol)over 10 min. A mixture of NaOH (10 g, 0.25 mol) and KOH @, 0.25
mol) was added slowlip the Mo(V) solution followed by slow addition of ethan(@0 ml). The
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pink crystals were washesliccessively, in small portions with an ethanol/waget,(600 ml)
mixture. Recrystallizationwas performed by dissolving the crystalsanminimum of water,
additionof NaOH and KOH (1g of each) and precipitation agNI{[MoO,(CN)4]-6H,0O by the
slow additionof ethanol.Typical yield: 14.5 16 mmol (491 53 %). Elemental analysis: calcd. For
CsH1oKsMoNyNaGs: 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]-6H20 (6b)

This canplex was prepared by followinthe similar procedure adopted for compouied)
NaWO,-2H,0 (9.54g, 0.03 mol) , KBIH(3.0g,0.063 mol) and KCN (5.0g, 0.077 mol) were
dissolved in water and cooled to°G, followed bythe dropvise addition of acetic acid (5 ml,
0.08 mol) over @ min. More KCN (5g, 0.077 moljas then addedollowed by the drowise
addition of another aliquot of acetic acid (5, @08 mol) over 10 min. A mixture of NaOH (10
g, 0.25 md and KOH (14 g, 0.25 mol) wasdded slowly to the W(IV) solution followed by
slow adition of ethanol (30 ml). Thgellowish brown crystals were washed successively, in
small portions with an ethanol/waté:1, 600 ml) mixture. Recrystallizatiomas perfomed by
dissolving the crystals in a minimum of water, addition of NaOH and KOH (1g of each) and
precipitation of KNa[WO,(CN),]-6H,O by the slow addition of ethandlypical yield: 1415
mmol (460i 51 %). Elemental analysis: calcd. FG4H1,K3N4sNaGsW: C,8.45; H, 2.13; N, 9.86;
Found: C, 8.73; H, 2.17; N, 10.03.

10.8.3.Synthesis of [PhP];[MoO(dmdt),] (7a)

0.03 g (0.2 mmol) of 48imethyl1,3-dithiol-2-one (L1b) was taken in a Schlenk flask and to
this 4 mL of 0.125M (2.5 equivalents) KOH solution in methanalas added under ;N
atmosphere and stirred for 1 The solution turned light yellow and to this a blue solution of
K3Na[MoO2(CN)y] A H0048 g, 01 mmol) dissolved in degassed wat&rril) was added
under nitrogen atmosphere. The reaction mixture wadtfor 3 h at 50C. Then the reaction
mixture was cooledlownto room temperature and concentrated in vacuum to dryness. It was
then dissolved in 10 ml of degassed water and washed three timedegassedhloroform to
remove the unreacted organic quunds. The aqueous layer was separated in another Schlenk
flask and dried over vacuum to remove any trace of GG the mixture. Now, a solution of
PhPCI (007 g, 0.2 mmol) dissolved in degassed water (10 ml) was added-wlis®p to the
mixture whilestirring. The orange browprecipitatewas filtered, washed with degassed water
and dried under extreme vacuum overni§averal #empts for crystallizatiomeremadeusing
solvent mixtures (DML O, CHCN- Et,O) by slow diffusion method, but there was no
suitable crystal for Xay diffraction.Yield: 0.138 mmol(69 %). 'H NMR (300 MHz, CDC}) U
(ppm): 2.71 (S, 12H),7.898.81 (m, PhP). Elemental analysis: calcd. FQssHs,M0OR,S;: C,
65.48; H, 5.10; S, 12.4%ound: C, 64.58; H, 4.72; S, 12.2R (KBr pellet): @/cm™) = 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 (MBBO (vs). UV-vis (CH;CN): @nax, nm ) Micm™) =

266 (16560, 347 (6940).CV (in CHsCN, 25°C, BuNPFRsvsFc/FC): Eyp= 0.84 V.
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10.8.4.Synthesis of [PhP],[WO(dmdt),] (7b)

Compound/b was synthesized by the similar procedure describeddaaosing 0.2 mmol oft,5
dimethy}1,3-dithiol-2-one (L1b). Yield: 0.127 g (57 %). *H NMR (300 MHz, CDC{) & ( pp m) :
269 (S, 12H), 768-8.87 (m, PhP) Elemental analysis: calcd. FoggBs,WOP.S,: C, 60.32 H,
4.70; S, 1.50 Found: C, 6.58; H, 5.2; S, D.98 CV (in CHsCN, 25°C, BuNPFs vs Fc/FC):
E1/2: 0.8 V.

10.8.5.Synthesis of [PhP];[MoO(mdt),] (8a)

0.24 g (1.8 mmol) of 4nethyt1,3-dithiol-2-one (L2c) was taken in a Schlenk fila and to this

2.5 equivalentsof KOH (0.25 g) dissolved in 10 mL dry methanol was added under N
atmosphere and stirred forhl The solution turned light yellow and to this a blue solution of
KsNaMoO»(CN);] AH0.43 g, 0.9mmol) dissolved in degassed water (5 ml) was added
under nitrogen atmosphere. The reaction mixtureretigxedfor 4 h at 50°C.Then the reaction
mixture wascooleddownto room temperature and concentrated in vacuum to dryness. It was
then dissolved in 10 ml of degassed water and washed three timegegébsedhloroform to
remove the unreacted organic compounds. The aqueous layer was separated in dnetiier Sc
flask and dried over vacuum to remove any trace of Gf@n the mixture. Now, a solution of
PhPCI (0.67 g,1.8 mmol) dissolved in degassed water (10 ml) was added-wlis®p to the
mixture while stirring. The orangerown precipitatewas filtered,washed withdegassed water

and dried under extreme vacuum overni@averalattempts for crystallizatiomveremade using
solvent mixtures (DMFELO, CHCN- Et,0) by slow diffusion, but there wawsecipitation for
eachtrial. Yield: 0.84g (47 %). Elemental analysis: calcd. Fos84sMoOPRS,: C, 64.92; H,
4.84; S, 12.84; Found: C, 64.31; H, 4.80; S, 12'F6BNMR (300 MHz,DMSO-Dg) d (ppm):
8.34 (s, 2H),7.70-7.99(m, PhP),2.14 (S, 6H).IR (KBr pellet): @cm™) = 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 (vsSUV-vis (CH:CN): amax NmM ) M™cm™) = 266 (14760), 357 (6148. CV

(in CHsCN, 25°C, BuNPFsvs Fc/F¢): Eyo= 1.08 V.

10.8.6.Synthesis of [PhP][WO(mdt),] (8b)

CompoundBb was synthesized by the similar procedure describeflafaising 1.8 mmol (24 g)
of 4-methyt1,3-dithiol-2-one (L2c). Yield: 092 g (47 %). Elemental analysis: calcd. For
CsaHagWOP,S,: C, 59.67 H, 445, S, 11.80; Found: C, @.11; H, 5.04; S,9.9. 'H NMR (300
MHz, DMSO-De) U (8.83dsm2H),7.71-7.95(m, PhP), 215(S, 6H).

10.8.7.Synthesis of [PhP],[MoO (ntdt) ;] (9a)

0.096 g (0.393 mmol) of-Aamthyl-1,3-dithiol-2-one(L3b) was taken in a Schlenk ik and to
this 2.5 equivalentsef KOH (0.055 g) dissolved in 10 mL dry methanol was added under N
atmosphere and stirred for 1Thhe solution turned light yellow and to this a blue solution of
KsNaMoO»(CN);] AMH0.094 g, 0.2 mmolgissolved in degassed water (5 ml) was added
under nitogen atmosphere. The reaction mixture was stirred for 3 h &€.50hen 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 éredocim to

remove the unreacted organic compounds. The aqueous layer was separated in another Schlenk
flask and dried over vacuum to remove any trace of GG the mixture. Now, a solution of
PhPCI (0.1473g, 0.393mmol) dissolved in degassed wated (hl) was added drewise to the
mixture while stirring. The precipitated orange brown solid compound was filtered, washed with
degassed water and dried under extreme vacuum overSeyeral attempts for crystallization

were made using solvent mixturdMF-Et,O, CHCN- Et,O and THF Et,0) by slow diffusion

but there was no suitable crystal forray diffraction.Yield: 0.19g (39 %). Elemental analysis:

calcd. For GHssMoORS,: C, 70.69; H, 4.61; S, 10.48; Four@; 69.85; H, 4.34; S, 102 *H

NMR (300MHz, CDCk) U (6@ (m R bl 7.32 (d,2=6.9 Hz, 2 H), 7.4T7.44 (m, 4 H),
7.71:7.81 (m, 2 B, 7.99 (it,3J=8.4 Hz, 2 H) 8.35 (m, 4 H)R (KBr pellet): @cm™) = 503 (w),

546 (w), 651 (w), 679 (w), 699 (w), 744 (m), 787 (m), 813 (m), 856 (w),(8R1959 (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)623m), 2872 (m), 2930 (m), 2959 (m),

3051 (w), 3186 (w), 3232 (w), 3366 (w), 3398 (w), 3426 (w), 3429 MS (EI): m/zcalculated

for Co4H16M0OS; [M+H] 546.91, Found: 58.90. UV-vis (CH;CN): amax nm ) M*em?) = 278
(20930), 337 (8110), 394 (7530}V (in CHsCN, 25°C, BuNPFs vs Fc/FC): Eyp = 0.89V

(Fc/FS).

10.8.8.Synthesis of [PhP],[WO(ntdt) ;] (9b)

0.096 g (0.393 mmol) of-Aahthyl-1,3-dithiol-2-one (L3b) was taken in a Schlenk fila and to

this 2.5 equivalentsf KOH (0.055 g) dissolved in 10 milry methanol was added undes N
atmosphere and stirred for 1hhe solutionturnedlight yellow and to this a blue solution of
KsNaJWO,(CN),] A®KD.11 g, 0.2 mmoljlissolved in degassed water (5 ml) was added under
nitrogen atmosphere. The reaction mixture weftuxed 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 dgassed 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 Gft@n the mixture. Now, a solution of
PhPCI (0.1473 g, 0.393mmol) in degassed water (5 ml) was addedwdsepto the mixture

while stirring. The precipitated orange brown solid compound was filtered, washed with
degassed water and dried under extreme vacuum overyiight: 0.21g (41 %). *H NMR (300

MHz, CDCL) U (662(sn H), 7.26 (d)=2.6 Hz, 2 H), 7.3/.45 (m, 4 H), 7.69.81 (m,

2 H), 8.02 (tt3J=8.7 Hz, 2 H), 8.38 (m, 4 HElemental analysis: calcd. F6r,HssWOPS,: C,

65.95; H, 4.30; S, 9.78; Found: C, 67.35; H, 4.098.97.IR (KBr pellet): @cm™) = 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),5D1 (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 (El): m/zcalculated foiC4H16WOS, [M+H] 632.96, Found: 6389. UV-vis (CH;CN):

amax NM ) M*cm™) = 384 (46540), 502 (8120LV (in CHCN, 25°C, BuNPFR): Ey, = 0.99

V (Fc/Fc).

10.8.9.Synthesis of [PhP];[MoO (cmdt),] (10a)

4-coumarinl,3-dithiol-2-one (L4b) (0.026 g, 01 mmol) and KOH (0.@4 g, 025 mmol) were
suspended in 10 ml dnpethanol and stirred under nitrogen for hAth0 °C, affording a red
brown colored solutionTo this a blue solution of #aMoO,(CN)] A®H0.4 g, 005
mmol) dissolvedin degassed water (3 ml) was added under nitrogen atmosphere. The reaction
mixture was stirred for 3 h aD3C. Then the reaction mixture was cooled to room temperature
and a solution of RRCI (0037 g, 0.1 mmol) in degassed water (5 ml) was added avge to

the mixture while stirring.Then the solvent was removed under reduced pressure and the
precipitate was extracted with acetonitrilene solid product was collectedfter drying the
solvent on a rotary evaporato¥ield: 0.065 g (52 %).Elemental aalysis: calcd. For
CnoHs2M0OsP,Ss: C, 66.76; H, 416; S, 10.18 Found: C, 675; H, 457; S, 10.97. IR (KBr
pellet): @cm?) = 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), 17549@0)(w), 2057

(m), 2342 (m), 2388 (m), 2736 (w), 2871 (s), 2933 (s), 2959 (vs), 3049 (w), 343BB(EI):

m/z calculated forCyH1o2M00OsS, [M+H] 582.86, Found: 5880. CV (in CH;CN, 25°C,
Bu;NPFR;vs Fc/F¢): Ey,= 0.95 V.

10.8.10. Synthesis of [PhP];[WO (cmdt),] (10b)

Compoundl10b was synthesized by the similar procedure described.@arusing 0.1 mmol
(0.026 g) of compound-coumarinl,3-dithiol-2-one (L4b). Yield: 0.06 g 48 %). Elemental
analysis: calcd. For gHs;WOsP.S,: C, &.41; H, 3.89; S, 9.52, Found: C, 6.15; H, 410; S,
8.98. IR (KBr pellet): @cm?) = 541 (w), 624 (w), 690 (W), 750 (s), B7 (s), 8D (s), 86 (m),
910 (8), B9 (W), 95 (w), 10& (w), 118 (w), 115 (w), 1169 (m), 126 (w), 1246 (m), 1310
(w), 135 (w), 138 (s), 144 (vs), 1B85(s), 1542 (m), 159 (m), 1646 (m), 1725(w), 1754 (w),
1918 (w), 2067 (m), 234 (m), 23& (M), 273 (w), 287 (s), 29 (s), 295 (vs), 3049 (w), 343
(br). CV (in CHCN, 25°C, BuNPR;vs Fc/FS): Eyp= 1.04 V.

10.8.11. Synthesis of [PhP];[MoO (dt ph AF);] (11a)

0.113 g (0.2 mmol) of ligand ldbwas taken in a Schlenk fila and to this 2.5 equivalent$

KOH (0.028 g) dissolved in 10 mL dry methanol was added ungatmhbsphere and stirred for

1 h. The solution turned yellowisgreenand to this a blue solon of KsNaJMoO>(CN);] A®H

(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 vacuurdrimess. 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 separateal Sohlenk flask and dried over vacuum to
remove any trace of CHgfrom the mixture. Now, a solution of ERCI (0.07 g, 0.2 mmol)
dissolved in degassed water (10 ml) was added-drsp to the mixtug while stirring. No
precipitation wa®bserved and evaporation of solvent at high vacuudrtola brown solid which

was dried futher at high vacuum for overnighn attempt for crystallization was made using a
solvent mixture (DMFELO) by slow diffusion, but there was no suitable crystal fera)X
diffraction. Elemental analysis: calcd. FQ%ioeH7saMON2O13P,S,: C, 68.09; H, 3.99N, 1.50; S,

6.86; Found: C, 820; H, 4.8; N, 3.08; S, 618. MALDI-TOF MS: calcd. For
C58H34MON201384 [M+H] 11%00, Found: 11989.

10.8.12. Synthesis of [PAP],JWO( dt p H (1W)F )

Compoundllb was synthesized by the similar procedure describedfamusing0.2 mmol of
compound L5dElemental analysis: calcd. FordgH7AWN2013P.Ss: C, 66.03; H, 381, N, 143,

S, 655, Found: C54.74; H, 6.15; N, 2.98; S,10.32. Due to theanonymouslemental analysis
resultand poor solubility of the resulting compoundmost of the organic solvent except DMF,
further characterization was not possible.

10.9. Synthesis of Molybdenum and Tungstendioxo-bis(dithiolene) Complexes

10.9.1.Preparation of [PPh4]2[MoO 2(NCS),].CH.Cl, (12a)

This complex was prepared by following the reporpedceduré?®? To a 4 mL agueous
solution of NaMoO4 (1.21 g, 5 mmol) and KSCN (2.1 g, 22 mma&l) mL of 1 N HClwas
slowly adaed with stirring The deep yellow mixture was stirred for 1 h and tvasmixed with
20 mL CH.CI; solution containing PREI ( 4.0 g, 10.6 mmol). Vigorous mixing for 5 min
resulted in an orange organic phase which was isolated, dried over anhydrous, MgSO
concentrated to 20 mL, and allowed to stand overnighP@PC. The orangeed crystalline
precpitate was filtered off and recrystallized from &M, to give 9.5 g orangeed colored
crystalline product Typical yield was 60%. m.p. 236232 ‘C. Elemental analysiscalcd. For
Cs4H2N4OP,S,CloMo: C, 56.64; H, 3.77; N, 4.98, 11.4]1 FoundC, 5541; H, 348, N, 5.43
S,11.29.

10.9.2.Preparation of [PPhy],[WO 2(NCS)].CHCl, (12b)

This complex was prepared by following the similar procedure adopted for compoundld.2a).
a 40mL aqueous solution of N&/Oy4 (1.65 g, 5 mmol) and KSCN (2.1 g, 22 mma0) mL of 1

N HCI was addedslowly with stirring. The deep yellow mixture was stirred for 1 h and then
mixed with 20 mL CHCI; solution containing PREI( 4.0 g, 10.6 mmg! Vigorous mixing for 5
min resulted in an orange organic phase which was isolated, driecaohgdrous MgSQ
concentrated to 20 mL, and allowed to stand overnigh2@&iC. The orangeed crystalline
precipitate was filtered off and recrystallized from ££H to give 52% orangeed colored
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crystalline productElemental analysis: calcd. Fors840N4sO.P.S4W: C, 55.42; H, 3.58; N,
4.97; S, 11.38Found: C55.16; H, 3.87\N, 5.07;S, 11.17. Crystal data:Cs;H4oN4OP.S4W; M,

= 1126.91; triclinic, space group-1; a = 11.686(2),b = 13.430(3),c = 18.845(4) A;U =
87.80(3),b = 82.95(3),0 = 67.07(3)°; V = 2703.1(11) & Z = 2; T = 293(2) K; Moy ) =
0.71073 A;Dcacq = 1.385 gerit; € =2.391 mnit. A total of 15864 reflections were collected, of
which 7977 were uniquédRf; = 0.0667);R; = 0.0574wWR, =0.1452fol >2 0 ( | )

10.9.3.Synthesis of [PRP];[MoO »(dmdt),] (13)

0.146 g (1.0mmol) of 4, 5dimethyt1,3-dithiol-2-one (L1b) and 0.14 g (2.5 mmol) of KOH
weredissolved in 10 mlof dry methanol under nitrogen and stirred for 1h at 40TH&. solution
turned light yellow and to this a orange solution[PPh],[MoO,(SCN),] (0.52 g, 0.5mmol)
dissolved in dry DCM (20 ml) was added under nitrogen atmosphere.The reaction mixture was
stirred for10 h atroom temperature aritienconcentratedo drynessy vacuumAfter that10
ml of dry acetonitrile was added (the complex is soluble in acetonitrile bstaltegmaterias
arenot) and was stirred for 30 min. undep.N'henit was filtratedto another schlenk flask and
was cacentrated to dryness by vacuum to obtiight brown coloued solid product.Yield:
0.43 g (41 %). Elemental analysis: calcd. FogsBs5:M00O,P.S,: C, 64.48; H, 5.02; S, 12.30;
Found: C, 6.16; H,4.87; S, 2.07. '"H NMR (300 MHz, CDC}) i ( p(®n)L2H), B2
8.75 (m, PhP).IR (KBr pellet): @cm™) = 3445 (br),3048 (w),2360 (w), 2054 (w), 1634 (w),
1483 (w), 142 (m), 1302 (w), 1109 (m), 1023 (w), 997 (w), 935 (w), 910 (88 (w), 755 (w),
724 (m), 690 (m), &5 (vs).

10.9.4.Synthesis of [PRP];[MoO »(mdt),] (14)

0.2649g (2.0 mmol)of 4-methyt1,3-dithiol-2-one (L2c) was taken in a Schlenk flask undes N
andsuspended witb mL of dry MeOH. 2.5 equivalent®.28 g, 5 mmolpf KOH dissolved in 5

mL dry methanol in another Schlenk was addieavly to thereactionmixture andstirred for 1h

at 40 °C.The solution turned light yellow and to this a orange solutidi®Bfy],[MoO2(SCN)]

(0.52 g, 0.5mmol) dissolvedin dry DCM (40 ml) was added under nitrogen atmosphere. The
reaction mixture was stirred fdi0 h atroom temperaturand thenconcentrateda drynessby
vacuum 10 ml of dry acetonitrile was added (the complex is soluble in acetonitrile but the
starting materials are noand was stirred for 30 min. undep Btmosphere. Then the solution
was filtratedto aschlenk flask and was concentratedltgness by vacuum to affotwht brown
colour solid product. Ambiguous characterization results were observed possibly due to the
instability of the product in aerobic conditiornd analysis at inert gas conditions also did not
provide proper characieation results.

10.9.5.Synthesis of [PhP][MoO »(ntdt) ;] (15)

0.122 g (0.5 mmolpf 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 foiTtb. solution turned light
yellow and to this a orange solution [6fPh][M0oO,(SCN)] (0.26 g, 0.25 mmoljlissolved in
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dry DCM (20 ml) was added under nitrogen atmosphere.The reaction mixture was stidt@d for
h atroom temperature and concentratedirynessoy vacuum.The product was extracted with

10 mL of dry acetonitrileand evaporation of solvent by vacuum pump gave the product as light
brown colouedsolid. Yield: 0.24g (38 %). Elemental analysis: calcd. FGr,Hs6M0O,P,S,: C,
69.78; H, 4.55S, 10.35;Found: C, 6.16; H, 3.87; S, Q. 3 7. | R (KBH) =Ml | et ) :
(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). *H NMR (300 MHz, CDC}) U  (7pIp(sn2 H), 728 (d, 3J=6.9
Hz, 2 H), 739-7.44 (m, 4 H), ©9-7.80 (m, 2 H), 789 (tt, 3J=8.4 Hz, 2 H) 83(m, 4 H).CV (in
CHsCN, 25°C, BuNPR; vs Fc/Fé): 12.33V (O§),10.40V (Of), 0.14V (Op).

10.9.6.Synthesis of [PRP];[MoO ,(cmdt),] (16)

Compound 16 was prepared by the similar procedure described for compd@éndBut
ambiguous characterization results were observed possibly due to the instability of the product in
aerobic conditionsgluring characterization

10.10. Waste Disposal

The solvents were removdxyy distillation or condensed in cold traps. Natychble solvents

were thrown away to the halogenated and-halbgenated solvent waste container accordingly
provided by the central disposal. Acetone, which was used for cleaning glass devices was
colleced and recycled by distillation. Sodium, used for solvents drying purpose, was
decomposed with ispropanol or ethanol, andtused forthe alkaline cleaning bath. Other dry
residues such as KOH and@®, were transferred to the base or acid waste accdydiAgid

baths were neutralized with pa0O; andcollected inthe central disposabntainer 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),] (3¢),
[Ni(ntdt) 5" (3b), [Ni(cmdt),] (4c) and [Ni(cmdt),]' (4b).

Table 11.1 Isocontour plots and energiekfrontier molecular orbitals fdiNi(ntdt),] (3¢) in
DMF calculatedwith the Gaussian NBO Version 3.1.

MO # MOs (0.02 isocontour value) NBO Analysis
number Occupancy
Energy (eV) Energy (Hartree)
LUMO LP*( 1) C 17
122 1.03085
-4,314 -0.15855
HOMO LP( 2)S 15
121 1.51882
-6,706 -0.24643
HOMO-1 LP( 2)S 29
120 1.51882
-6,706 -0.24643
HOMO-2 BD( 2)C 5C 10
119 1.52663
-6,741 -0.24771
HOMO-3 BD( 2)C 20-C 25
118 1.52663
-6,741 -0.24771
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HOMO-4 BD ( 2)Ni 13-S 14
117 1.55475
-7,089 -0.26052
HOMO-5 LP( 4)Ni 13
116 1.70651
-7,151 -0.26281
HOMO-6 BD( 2)C 8C 9
115 1.72499
-7,177 -0.26376
HOMO-7 BD( 2)C 23 C 24
114 1.72499
-7,177 -0.26376
HOMO-8 BD( 2)C 6C 7
113 1.73450
-7,197 -0.26447
HOMO-9 BD( 2)C 21-C 22
112 1.73450
-7,197 -0.26447
HOMO-10 BD( 2)C 11-C 12
111 1.74747
-7,293 -0.26801
HOMO-11 BD( 2)C 26 C 27
110 1.74747
-7,293 -0.26801
HOMO-12 BD( 2)C 3C 4
109 1.68795
-7,305 -0.26847
HOMO-13 BD( 2)C 18 C 19
108 1.68795
-7,305 -0.26847
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HOMO-14 LP ( 1)Ni 13
107 1.99650
-7,906 -0.29052

HOMO-15 BD( 2)C 1 C 2
106 1.68134
-8,178 -0.30053

Table 11.2 Isocontour plots and energies of frontier molecular orbital§Ngntdt),]' (3b) in

CHsCN calculated with the Gaussian NBO Version
MO # MOs (0.02 isocontowalue) NBO Analysis
number Occupancy
Energy (eV) Energy(Hartree)
alphaLUMO LP*( 1)C 5
123 0.50015
-2,826 -0,10384
alphaHOMO LP( 1)C 10
122 0.50574
-2.857 -0,10498
alphaHOMO-1 wd ~od LP( 1)C 25
o @R°, P ‘o 250 2°
121 * pe, @ " 29 J 9 0.50574
5 o il J‘ >
J 9
-2.857 5 s -0,10498
alphaHOMO-2 0d 2 03 » LP( 2)S 29
o 92 2.9 99
120 e P e 0.91361
¥ > “ s @ ‘J
-6.419 ? ? -0,23589
alphaHOMO-3 o4 2 d LP( 2)S 15
s 99 ;o @ o 99
119 e P%° >d P 0.91361
¥ ""J ¥ J‘)
-6.419 ¢ s -0,23589
alphaHOMO-4 % ,‘“, -y % ;‘ P LP( 2)S 28
118 i WP -, %d P 0.89983
J ¥ "J s @ ‘J
-6.468 ? ? -0,23768
betaLUMO " ad BD*( 1)S 14-S 28
‘oo 2 ' o S
122 o PP &% 4 9 0.60643
9 @ * ] J‘,
-5.832 § e ‘ -0.21432
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betaHOMO 2  » LP ( 4)Ni 13
Vo2 ‘o- »%,4
121 2% 3 900 > 0.51369
J"‘ @ 7“ d ‘, J‘ J‘ P
4.757 I 9% 3 ? 0.17481
betaHOMO-1 2 » LP( 1)C 5
J‘ ‘; ‘,) & a *‘ 9
120 e 2 @9 % 0.50286
-2.842 ¥ -0.10444
betaHOMO-2 ’ . ;‘ P LP( 1)C 20
@ P é‘/}d & -9
119 ) f, "5 99,3 0.50286
-2.842 y -0.10444
betaHOMO-3 i s ' ;“, BD( 2)Ni 13-S 15
@ 29 ».9 @ " )
118 = :‘ g ? ’f o 0.80511
5.673 ’ -0.20848
betaHOMO-4 W BD( 2)Ni 13-S 29
9 2 9 ol
117 93,5 S e%ye, 3 0.80511
5.673 "3‘,‘, g -0.20848

Table 11.3 Isocontour plots and energie$ frontier molecular orbitals fopNi(cmdt),] (4c) in

DMF calculatedwith the Gaussian NBO Version 3.1.

MO # MOs (0.02 isocontour value) NBO Analysis
number Occupancy
Energy (eV) Energy (Hartree)
LUMO " . b BD*( 2)C 1-C 2
°
130 o0 ol o0 %% 0.36623
9 o9 J 29 o
-0,702 2 JJ o 9 -0.02581
HOMO + i BD( 2)Ni 12-S 27
9 )
129 . od gi el P ey 1.56509
29 9 J o0
-6,655 9 29V @ -0.24455
o S
HOMO-1 ; P BD ( 2)Ni 12-S 14
Wt 3
128 2.9°07 @R L 5 1.56509
Pl | L “J b
-6,655 ? e 5o 9, -0.24455
oo 3
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HOMO-2 3 eg? LP( 2)S 13
I
127 PR &‘ 8 1.45751
- $
-6,793 A 2 & W N -0.24964
o b L
HOMO-3 ] oo LP( 2)S 26
| ‘ ») N} <
126 P ,J‘ :‘; W0 1.45751
-6,793 = T = R -0.24964
HOMO-4 Q BD( 2)C 6C 7
=)
125 ) 00 21 4° > 1.68943
9
> ‘a ‘ﬁﬁﬂ‘—o‘ ?
7,321 0% -0.26903
9
HOMO-6 3 eg® BD( 2)C 8C 9
J‘ )
123 PAe%e%820 0,3 2. 1.66987
7,345 ’ I ,0 -0.26990
HOMO-8 , .’ LP( 2)O 42
o
121 s 3 9 >N 2 1.83630
J‘;‘ f’l—r"j_’-a““‘
-7,604 300" -0.27945
o 9

Table 11.4 Isocontour plotgnd energies of frontier molecular orbitals fidi(cmdt)z]' (4b) in
CHsCN calculatedwith the Gaussian NBO Version 3.1.

MO # MOs (0.02 isocontour value) NBO Analysis
number Occupancy
Energy (eV) Energy (Hartree)
alphaLUMO g ° o . BD*( 2)C 25-0 42
131 o 7:‘ v 4 f‘f 22, ) ¢ TN 0.14610
10,045 : 4 i ™ 10.00166
alphaHOMO ,‘; i 0" 5 LP( 2)S 27
y 9

130 o2 a‘,‘/f 29, 0 0.91260
3 S |
6,450 © %% i 10.23703
alphaHOMO-1 g . s LP( 2)S 14
&
129 -4 2 e ;‘ag} W, v 0.91260
s 9
6,450 ‘e S -0.23703
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alphaHOMO-2 LP( 2)S 13
128 0.89871
6,485 -0.23832
alphaHOMO-3 LP( 2)S 26
127 0.89871
-6,485 -0.23832
alphaHOMO-4 ) »‘; . 0‘.‘, ( 2)C 7-C 8
126 A X e 200 4 ‘ 0.80966
9 9
-7,016 3 -0.25785
alphaHOMO-5 > ; " ; BD( 2)C 21-C 22
o & r o
125 IS A 29, 0% 0.80966
7,016 i a-* B -0.25785
alphaHOMO-6 vd » ® . ; BD( 2)C 5C 6
124 - ‘ 0.80254
-7,103 -0.26103
betaLUMO BD* 1)S 13 S 27
130 0.59412
5,517 -0.20273
betaHOMO LP ( 5)Ni 12
129 0.10985
1,698 0.06241
betaHOMO-1 BD( 1)S 14 S 26
128 0.87165
-6,068 -0.22300
betaHOMO-2 BD( 1)S 13 S 27
127 0.87165
-6,068 -0.22300
betaHOMO-3 LP ( 4)Ni 12
126 0.85171
6,479 -0.23811
betaHOMO-4 BD( 2)C 7-C 8
125 0.80879
7,012 -0.25767
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