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Chapter 1 provides a brief summary of the previously
reported electrochemical behaviour of metal bis—
dithiochelate complexes (M = Ni,Pd,Pt) and a general
outline of the topics discussed in each chapter of this

thesis.

Chapter 2 initially describes the preparative routes to
the parent systems [M(Sz=CsRHR')>=] and [M(S=CHNR%"=>=1,
followed by a detailed account of the syntheses of the
hybrid complexes [ M{(S=CsRHR') (S=CNR"=>1 (M = ¥Ni,Pd,Pt;
R,R'" = CHz,Ph,CFs; R® = CHs,CzHs,i-Cs3H->,CaHs; but not
all possible combinatiomns). Infra-red, nmr, electronic
and mass spectroscopic studies of these 1,1-dithio-1,3-

dithio complexes are also extensively reported.

Chapter 3 is concermed with X-ray crystallographic studies
of [FNi(S=CsCHzHCH=>) (S=CH(CzHs)>=>1 and

[ FNi (S2CsCF=HCH=) (S=2CN(i—-CsH»)=2)>1. These structural
results suggest that with the exception of the MSa core,
the geometric parameters of the (S=CsRHR') and (S=CNR"=)
hybrid moieties are relatively umnaltered from those found
in the respective parent complexes [ Ni(S=CsRHR')>=]1 and

[Fi (S=CNR"=>=1.



Chapter 4 discusses the voltammetric behaviour of the
hybrid systems [M(Sz=CzRHR') (S=CNR"=>1, which all display
one isolated reversible reduction. Our electrochemical
data strongly supports predominant 1,3-dithio—fB-diketonate
character in the redox—active orbital involved in this

reduction.

Chapter 5 describes the syntheses and spectroscnéic
characterisations of the asymmetrically-substituted
systems [ M(SzCaCF=HCH=) (S=CoCH=HCH=>1 (M = F¥i,Pd,Pt).
Voltammetric investigations, in conjunction with our

[ M(S=CoRHR') (S=CHR"=2)1=“1— data, suggest that the two
observed one—electron ligand-mediated reductions of the
mixed complexes are, at least, consistent with localised

electron—acceptance.
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Extensive electrochemical studies by Gray, Schrauzer
and Holm'™%, and subsequently summarised by McCleverty<,
have shown that the resonance-stabilised transition metal
dithienes, [M{(SzCzRz)=2]1, have a remarkable capacity for
sequential ligand-based one—electron uptake, followed by
a one—electron reduction involving the metal centre.

This redox behaviour is demonstrated below for the
sequence of the nickel bis—maleonitrile—dithiolate
complex. [Ni(mmt)=1 (I):—

[NiTT(mt)2]l°F [Fi** (mtl=]1"- S [Ni** (mt)=1=2"

I

[Ni* (mnt)=]1=3—

(I) [Ni(mmt)=]1 = [Ni{(S=2Cz=(CRN)=)=]

Our general interest in structural variations of such
1,2-dithiochelates has promoted a re—examination of the
planar dithio—B—diketonates, [M(S=CzRHR')>=1 (II),
resulting in the recent preparation of many new palladium

and platinum complexes through the studies of Joan

Leslie™.




[ M{(S=C=sRHR'>=1 <(ID

The planar monomeric metal 1,3-dithiochelates where
R=R'=CH=, were originally prepared by Martin and Stewart®
in 1966, by use of a ligand-trapping reaction involving
acetylacetone, H=S and the appropriate metal salt under
acidic conditions. This resulted in the production of
the complexes [ M(SzCsCHsHCHs)=1, where M = Co,Ni,Pd and
Pt which were assigned the trivial terminology of
H(SacSac)= complexes with SacSac = dithioacetylacetonate
(Figure 1.1)>. The application of the elaborate Martin-—
Stewart procedure was necessary, as free monomeric
dithioacetylacetone (SacSacH) does not exist,
preferentially forming a chemically inert tetrathia-
adamantane type dimer, CioHie&Sa.

Extension of this original synthetic principle has
resulted in the complexation of other metal centres e.g.
MXI*T = Co,Rh or Ir ©® and Fe,Ru or Os '°. Various
alternatively substituted 1,3-f8-diketones have also been
successfully employed in the synthesis of a wide series
of nickel complexes [Ni(S=CsRHR')>=1, with R,R' = Bu*,Bu?%;
CHs, Ph; Ph,Ph; CHs,CF=z and CFs,Ph ''7'=, The

corresponding palladium and platinum systems, which have
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been previcusly menticned”, were produced and
characterised in this laboratory.

Two early and contrasting predictions were made
concerning the possible redox behaviour of the metal bis-—
dithio—B-diketonates. McCleverty suggested that the
[M(S=C=RHR'>=] systems would exhibit similar ligand—based
electron—-transfer processes to those observed in the
dithienes [M(SzCzR=>=2]. This postulate was contradicted
by Schrauzé;? who emphasised the topological distinction
between 'even' (1,2-dithio) and 'odd' (1,1-dithio and
1,3-dithio) resonance—stabilised ligands and suggested
that well-defined reduction steps like those associated
with the dithiene complexes would not be discovered in
the 'odd' systems. Early molecular orbital calculations
appeared to strengthen Schrauzer's claim that the 'odd’
systems would reveal only metal—-based cathodic behaviour,
by identifying the nature of the lowest acceptor orbitals
in both the (1,1-dithio) and (1,3-dithio) ligands as
significantly antibonding.

Nevertheless, intial polarographic investigations
into planar dithio—f-diketonates’'s in acetone,
consistently displayed two successive one—electron
reductions. The first reduction of [Co(S=CsCHsHCH=)=]
was relatively easy and designated a Co**/Co* transition.
The cathodic behaviour of the d®-triad complexes {(whether
metal or ligand-based) was uncertain until the E°

potentials obtained for a series of [ Ni{(Sz=CzRHR')=]



systems were shown to be strongly dependent upon the
Hammett substituent parameters of R and R' 'S:'7,

Heath and Leslie'® provided further evidence that
both reductions of the dithio—B—diketonates of Ni,Pd and
Pt were ligand-based. The E° values changed little on
changing the metal centre from nickel through to
platinum, for constant R,R'. Moreover, a roughly
parallel linear dependence of E° versus substituent
inductive parameters existed for [Ni(S=CsRHR')>=1 and
[Ni (S2C=zRR')>=] systems, strongly supporting the view that
in both cases these reductions result in essentially
ligand—based radical anions. Therefore the two
reductions observed in the d®-(1,3—-dithio) complexes are

considered to be:-—

[M*T (S2CaRHR" ) 2] "2 [ M* T (S2CsRHR' )21 ' 2 [ M* * (S=CsRHR" ) =213~

In contrast to the resonance—stabilised (1,2-dithio)
and (1,3-dithio) complexes, resonance—stabilised 1,1-
dithiochelates such as [HM(S=CNR"=)>=] have been shown via
esr studies to accept an electron only at more negative
potentials with the reduction of the metal centre'®, thus
conforming to the 'odd' ligand criterion of Schrauzer.
[M**(S=CRR"=)=]1" — I[M*(S=CN R"=)=1'"

Ve have now prepared and characterised (Chapter 2) a

range of hybrid (1,1-dithio) (1,3-dithio) complexes of the



type [M(S=CsRHR') (S=CHR"=>1 (III>, where ¥ = ¥i,Pd and
Pt, which make an interesting contrast with the

‘isomeric' bis—(1,2-dithiene) systems.

(ITI> [M{(S=CsRHR"') (S=CRR"=)1]

These resonance-stabilised hybrids once again conflict
with Schrauzers 'odd-even' distinction by revealing
cathodic behaviour that corresponds to an isolated one—
electron reduction of the single (S=CsRHR') ligand. This
takes place at more negative potentials than observed in
the corresponding parent bis—1,3-dithio complex,
[M(S=zC=RHR' >)=1=“'— (Chapter 4).

The reinforcement of mutually complementary M-
acceptor (SzCsRHR') and T-donor (S=CNR=> ligands lead to
the hybrid systems gaining additional overall stability.
X-ray structural studies show that the MSa cores
of these momomeric composite complexes though strongly
non—square, are still strictly planar.

In addition to answering many questions regarding
electronic structural and electrochemical properties of
the SacSac ligand in isolation, these hybrid products
also demonstrate the ability of the dithio—f-diketonate

ligands to readily participate in ligand-scrambling



processes. Such interesting transformations have been
largely neglected in the case of 1,3-dithiochelates, in
contrast to 1,1-dithio— and 1,2-dithiochelates. Various
reactions between these smaller ring systems have
provided numerous examples of composite (1;1~dithio)(1,1—
dithio) complexes =°~=', hybrid (1,1-dithio) (1,2-dithio)
systems='"=4 and mixed (1,2-dithio) (1,2-dithiao)
complexes®=. [M(S=zCsRHR') (S=CFR"=)] systems represent
the first observed class of (1,1-dithio) (1,3—-dithio)
hybrids, thus supplementing the asymmetric (1,3-—

dithio) (1,2-dithio) compound,

[BuaN][ Ni (S2CsCH=HCH=) (S=C=(CH>=>], reported by
Hendrickson, Hope and Martin's,

Although the voltammetric investigations into the
dithio—-f-diketonates reveal two ligand-based single—
electron reductions, it is not possible to determine in
the parent systems [ M(SzCsRHR'>=] whether the electroms
involved in the successive redox steps enter acceptor
orbitals delocalised over the whole molecule, as
previously suggested by Bond and co-workers'S, or,
alternatively are each situated in a localised orbital
associated exclusively with an individual 1,3-dithio—
chelate ring. We therefore examined this problem via the
preparation, characterisation and reduction of the first
asymmetrically-substituted bis (1,3-dithio) systems
[ M(S=C=CFzHCH=) (S=CsCHsHCH=>1, where M = Ni,Pd,Pt. Our

oObservations on the limited extent of electronic inter-—




ligand communication in these planar bis—1,3-dithio

complexes are reported in Chapter 5.
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2.1 Introduction to [M(SzCoRHR')>=>]1 Systems

Although the chemical and structural properties of
metal 1,1-dithiochelates "= and 1,2-dithiochelates <=
have been extensively compiled, similar attention has not
been devoted to metal 1,3-dithio—B-diketonates, despite
their initial synthesis twenty years ago by Martin and
Stewart. Only one informative review of metal 1,3-
dithio—fB-diketonates has appeared, prepared by Lockyer
and Martin® in 1980. This identifies the relevant
physical properties and reactions so far discovered in
the systems [ M~ (S=CsRHR').] with particular emphasis, M =
Fe,Ru,0Os,Co,Rh, Ir, Ni, Zn.

The substitution of oxygen by sulphur in the
monothio— and dithio— metal complexes effectively
prevents polymerisaiton, in comparison to its common
occurence in the divalent first row transition—metal
diketonates. Nickel<(II), zinc(II) and cobalt<(II)> 1,3-8-
diketonates exist in trimeric 72 (Ni,Zn) and tetrameric
2,79 (Co) geometric forms in the solid state. By
contrast, [Pd(0=C=sCH=HCHs)>=] and [Pt (0=CsCH=zHCH=):z=) are
both planar monomeric species '', due to the large ligand
field stabilisation energies associated with the second
and third row metals which stabilise the planar 4 form.
Clearly the associated LFSE exerts a greater influence
than the factor of co—ordinative saturation, dominant in
[ Ni (0=C=CH=HCH=)>=] and other first-row metal 1,3—-8-

diketonates. Inhibition of oligomerisation by thio-

18



substitution in the first row metal complexes is amply
demonstrated by the observation that the variously
substituted FiSz0=, FNiSz0 and NiSa. systems are without
exception planar, monomeric compounds.

Gerlach and Holm '=:'= further investigated the
stereochemical consequences of replacing O by S in the

series of structurally related chelates:-—

1 X:Y¥O; p—diketone, 2> X=0, Y=S; monothio—f-diketomne,
3> X=0, Y=NR; B-ketoamine, 4> X=S, Y=RKR; B-—aminothione
The PB-ketocamines (3) and B-aminothiones (4) proved to be
useful in illustrating that sulphur—-ligated metal
complexes of nickel(II) prefer {(compared to O-ligated
analogues) to exist in square—planar configurations, as
previously discussed for the NiS=0=, to NiS. systems.
Nickel B-ketoamines and fB—aminothiones both display
tetrahedralc— planar equilibria in non—co-ordinating
solvents (chloroform and carbon tetrachloride). The
proportion of the planar isomer is greater in the B-
aminothione nickel compounds than that observed in the

corresponding nickel f-ketoamines, once again reinforcing
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the tendency for sulphur to stabilize the planar form of
monomeric complexes.

The chemistry of metal "SacSac" complexes i.e. their
reactions once prepared, is largely unresearched,
Investigations into possible ligand substitution
processes of metal 1,3—-dithio—B8-diketonates have, until
recently, been largely limited to three topics:

i) The refusal of [Fi(§:CsCHsHCH=)=1 to react with
Lewis bases such as pyridine, to yield the
anticipated axially co—ordinated adducts '4.'S,

i1 Reactions of [H™ (S=CsCH=HCH=>.]l] complexes with
nitrosyl and carbonyl ligands '77'®, to form
complexes such as [Co{(SzCzCH=HCHs)>=(N0O>] and
[ Fe (S=CsCHsHCH=) = (RO =1 .

iii) Ligand—sqrambling reactions between parent
[Fi (S=C=0ORHCH=)>=]1 and [Ni(SzCsNRzHCHz)=] systems
to yield mixed-ligand nickel bis-1,3-dithio—f8-
diketonate complexes
[ Fi (S=Cs0RHCH=) (S=CsNR=HCHz>1"'*<,

These —'OR' substituted derivatives are a subset of our

own electrochemically studied [M(SzCsRHR')>=] systems

(M=Ri,Pd,Pt; R,R'=Bu*,CHs,Ph or CFs) with substantial

contribution from the canonical form,
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and therefore are not characteristic of all metal bis-—
1,3-dithio—f—-diketoneates.

Recently, these areas of investigation have been
augmented by the preparation and study of catalytically
active mnickel complexes, containing 1,3-dithio—B8-
diketonate ligands of the general type
[Ni (S=CsRHR') (PR=")>C1l] (R=R'=CHs; R=CHz, R'=CFs; R" =
CzHs, CzH», CsHs) =2°. These square-planar sixteen-—
electron systems are currently being extensively examined
with respect to their ability to function as effective
oligomerisation and double—-bond shift isomerisation
catalysts under mild conditions, when activated with an
alkylaluminium co-catalyst. Imnitial results reveal that
the catalytic activity is dependent upon the particular
1,3—-dithio—B8-diketone, the phosphine and the temperature.

Cavell, Masters et. al. have completed X-ray
structural determinations of
[ Ni (S=2CsCH= (CH=CH=CH=)CH=)C1 (P(CzHs)>=>]1 *' and
[ Fi (S=C5CHzHCH=)Cl (P{(CaHs)=)1 =%, in order to correlate
geometric parameters with those discovered in
[ Ni (S=CsCHsHCH=)C1 (P(C=zHs)s)] prepared and studied by
Fackler and Masters®= in 1979. Interestingly, this
complex exhibited fluxional proton nmr behaviour, with
the two methyl resonances displaying magnetic
inequivalence only at low temperatures, parallel to the
fluxionality observed in the analogous 1,1-dithio-

complexes [ M(SzCNR=)>X(PR'z>] (M=Ni,Pd; R=C(CHz)s, C=zHs).

16



Therefore the range of known reactions open to metal
1,3-dithio—B-diketonates is significantly extended by our
preparation of numerous hybrid complexes,

[ M(S=CsRHR"') (S=CRR"=>1 (M=Ni,Pd,Pt; R,R'=CHz,Ph or CFsz;
R"=CHs, CzHs, i-CsH»> or CaHs). This establishes the
wide—spread ability of the parent bis—1,3-dithio systems
to participate in scrambling processes iﬁ non—co-—
ordinating media, such that 1,3-dithio-ligands are
transferred without degradation from one metal ion to

another, as discussed below and in Chapter 5.

2.2 Synthesis and Characterisation of [M(S=C=RHR'>=]
Systems

a) Possible Preparative Routes

The Martin—-Stewart metal-trapping process (Figure
1.1 remains the major preparative route in this study to
synthesise metal bis—1,3-dithio—f-diketonate complexes,
although three further possible synthetic schemes can be
considered. The complexes of the nickel triad,
[ M(S=CsRHR')>=] (M=Ni,Pd,Pt), where R,R'=t-Bu, Ph,CFs and
CHz (but not all possible combinations) were successfully
obtained by the general Martin—Stewart procedure except
that the syntheses were carried out at Z03K, rather than
ambient temperatures as originally used in the
preparation of the [M(SzCzCHzHCHs)=] complexes (which
were assigned the trivial terminology of [ M({SacSac)=1 by

Martin and Stewart).
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Method 2

Monothio—fB-diketones, R(COXCH=(CS)R', can be readily
prepared and isolated as stable solids or oils, which can
subsequently be deprotonated in combination with relevant
metal ions, to yield the corresponding complex
[M{(SOC=RHR')>=] =%.2¢ Treatment of this monothio—complex
with H=S in an ethanolic HCl medium yields the fully
sulphurated MSa compound. This procedure is particularly
helpful in preparing dithio— derivatives with bulky R/R’'
substituents, for example in considering the dithio-
analogue of dibenzoylmethane, where the MS. product is
obtained in much greater yield for [M(SOCsPhHPh)>=1 than

in a direct Martin—-Stewart operation.

C=H=s0OH/HC1
? M

H=S

2 2

[ M{(SOCsPhHPh) =1 [ M(S=CsPhHPh) =]

Method 3

This route was not explored here but involves the
reduction of a 1,2-dithiolium cation with Na BHa. to yield
directly the required ligand *7. The presence of the
appropriate metal ion in the mixture enables the

formation of the desired metal bis—1,3-dithio—f-
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diketonate complex to proceed immediately, before the

thermally unstable free ligand decomposes.
=
+4e 3 2 >‘H
S
RI
+2 Cl0a—
MOID

[H(S=CsRHR' ) =]

(M=Ni, Fe,Co, Zn; R=Ph,R'=CHsz)

The dithiolium salts are separately available by

literature methods=3=.

Method 4

This synthetic pathway was not investigated as it is
limited to the production of [M(S=Cz0RHCH=)=1 (R=CzHs) ==
and [ M(S=CsNHzHNH=)=1 =°:3' complexes. Here, unusually,
thé free ligands are available (resistant to

polymerisation) and the complexes are obtained through
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the direct 2:1 interaction of the free 1,3-dithio—B-

diketonate ligand with the appropriate metal (II)> salt:-—

[ TR
RI \C/\ R HI h o o) /
\C/ / >
2 : C R=R'=NH= X
or \\
“ “ R=CHs, R' =0C=Hs
S S
L —

However, these particular systems were not required for
incorporation in mixed complexes in the present work.

Therefore with the exceptions of [Ni (SzCzCHzHCHz) =]
and [ Ni{(S=CsPhHPh)=], the complexes listed imn Table 2.1
were all obtained by the Martin—Stewart technique carried
out at 203K. For [Fi(SzCsCHzHCH=>=1 itself, the Martin-—
Stewart procedure at ambient temperatures mainly produces
the intermediate product [Ni(Sz=CzCH=HCHs) (SOC=zCH=HCH=)>1,
rather than the required symmetric planar NiSa complex.
In order to convert this mixed ligand product to the
desired [Ni(SzC=CHsHCH=)=] complex, the following

reaction devised by Blejean®= was carried out.

CH=CHN, 80°C,3hrs _
HBr (trace) ]

2L Ni (S=CsCHsHCHs) (SOCsCH=HCH=) 1

[ Ni (S=CsCH-HCH=>=1 ! + [Ni(SOCsCHsHCH=)=]
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Fortunately, the bis—SO complex is relatively
soluble in acetonitrile, facilitating the separation of
the insoluble [FNi(SacSac)=zl. The ‘'scrambling' reaction
in CH=CN is cleaner and results in a higher yield of the
NiSs product than the older method of protracted HC1l and
H=S treatment of the NiSs0 species at 323K. Other
[ M(S=C=RHR' )>=]1 complexes produced by the Martin-Stewart
method tend not to 'stick' at the NiSz0 stage.

The general implication that B-dithio—-ligands can be
exchanged between metal centres without degradation in
such ligand—scrambling processes, as that discovered by

Blejean, is vital for this thesis.

(b)> Experimental

Suitable starting materials were NiCl=.6H=0 and
M(PhCRN>=Cl= (M=Pd,Pt), rather than the corresponding
palladium or platinum chlorides, because of the enhanced
solubility of bis—benzonitrile salts in ethanol and the
additional factor that PhCN is a superior leaving group.
Dry ethanol was prepared by refluxing over magnesium
turnings, with a few crystals of iodine added, followed
by distillation immediately prior to. use. HCl was
generated by dropping concentrated éulphuric acid onto
concentrated hydrochoric acid with vigorous stirring.
The resultant HCl gas was dried by bubbling through
concentrated H=S0a. H=S was generated via a modified

Kipps apparatus, by dropping a 1:1 concentrated HCI1:
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water mixture onto ferrous sulphide sticks. The H=S
produced was dried by passage through three anhydrous
CaCl= towers. The appropriate B-diketonate ligands were
obtained commercially and used without further
purification.

A typical low temperature synthesis (203K) is
outlined below for [Pd{(Sz=CsCHzsHCHz)>=1.
Pd(PhCR)>=Cl=(0.20g) was dissolved in dry ethanol <10 ml)
containing excess acetylacetone (1.5 ml). The system was
then cooled to 203K and flushed with nitrogen for a
period of five minutes. HCl was conveyed through the
system for twenty minutes. H=S was then passed for
forty—-five minutes via a fritted bubbler, whilst
maintaining a small positive pressure of nitrogen
throughﬁut.

The resultant solution was allowed to slowly revert
to room temperature and stand for twenty—four hours under
N=, to yield a bright-red precipitate, which was
collected via filtration and washed with ethanol. The
[ Pd (S=C5CHsHCH=)=] complex was then recrystallised from a
2:1 mixture of methanol: methylene chloride {(as were all
other [M{(S=CsRHR')>=] complexes), to produce 0.125g of
[ PA(S=CsCH=HCH=)>=1 (65%).

The [M(Sz=CsRHR')=] compounds are all intensely
coloured and generally of limited solubility iﬁ CH=Cl=
(best), CHCls, CHsCOCH=, CeHsCHs and CsHs, but
essentially insoluble in other organic solvents such as

alcohols, alkanes and ethers. The complexes, prepared
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and recrystallised as described, are found to be
analytically pure and non-conducting in a range of
organic solvents. The [HM(Sz=CzRHR')=z=] systems were
characterised by i.r., uv/vis and mass spectroscopic
techniques, involving direct comparisons with éstablished
results. Tabulation of the spectroscopic parameters of
the [M(S=CzRHR')>=] 'parent' complexes is deferred to
Tables 2.3-2.6, where they are compared with those
obtained for the hybrid systems [ M(S=CsRHR') (S=CRR"=)1.
Elemental analyses and mass spectroscopic data are
shown in Table 2.1. Mass spectra of the [M{(S=CzsRHR')=]
complexes all exhibit a medium-intensity parent iom
[ML=1"- signal, and a stronger dithiolium ion [L™]
signal, which invariably dominates the spectrum, along

with its characteristic fragmentation pattern==.

2.3 Preparation and Properties of [M(S=CRR"=)-]
oo . M=Ni.Pd.Pt

Nickel bis—dialkyldithiocarbamates were initially
reported by Delepine in 19084, when he discussed
[Ni(S=CN(*Bu)=)>=] and [Ni(S=zCN{H)=>=1, having earlier
examined [Pt (S=CN(*Bu)=)=1=%, Systematic investigations
into a series of nickel bis—N,N—dialkyl—-dithiocarbamates
were not completed until 1924, through the studies of
Vhitby and Matheson®<. Palladium and platinum bis-

dialkyl—-dithiocarbamates have largely been studied and
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crystallographically characterised by Amanov et.al.=7 and
Beurskens et.al. ==,

Two basic preparative methods were used to obtain
the metal bis—dialkyl-dithiocarbamato complexes in the
course of this present study. For [M(S=CER"=)-=]
complexes where R"=CHz or CzHs, the metal bis-
dithiochelates were prepared via the direct 2:1 molar
interaction of an aqueous solution of the commercially
available sodium dialkyldithiocarbamate salt, Na.S=CRR"_-,
with an aqueous solution containing the required metal
ion. NiCl=.6H=0 was used as a source of nickel ions with
K=PtCla and PdCl=z providing Pt(II) and P4d(II)> ions. The
aqueous insoluble complexes were then collected and
recrystallised from chloroform, with the exception of the
dimethyi substituted complexes which are virtually
insoluble in all solvents.

Nickel bis—N,N—-di-isopropyldithiocarbamate,
[Ni(S=CN(i—-CsH»)=)=1, and platinum bis—N, R—di-isobutyl-
dithiocarbamate, [Pt (S=CN{(i—-Cas4Hs)=)=1, were both
synthesised by a modified Whitby and Matheson procedure,
initially pursued by Cavell and Sugden®®. This method
essentially involved the synthesis of the sodium dialkyl-
dithiocarbamate salt in solution, followed by direct
introduction of the relevant transition metal ion, to
form the target complex. The first step of the
preparation concerned the mixing of CSz(0.05 moles)> with
an aqueous solution of 20% KOH (0.05 moles), followed by

the slow dropwise addition of the requisite secondary



amine ((i-CaHs)>=FNH or (i—-CsH»>)=NH, 0.05 moles), whilst
cooling and constantly agitating the reacting system.

The resulting solution waslthen gradually allowed to
combine with an aqueous mixture containing sodium acetate
(0.15 moles) and NiCl=.6H=0 or K=PtCl. (0.05 moles), as
required. The precipitated complexes were then collected
and recrystallised from chloroform.

In organic media, the relative solubilities of the
metal bis—N,F—-dialkyldithiocarbamato complexes improve as
the magnitude of the alkyl chain is increased. Infra-red
spectroscopy is extremely useful in studying
[ M(S=CRR"=)=]1 systems, with the V(C-N> vibration of the
S=C—NR"= bond between 1550-1480cm™ ' receiving particular
attention. This section of the spectrum has been
labelléd the "thioureide™ vibrational region by Randle“®
and further shown by Chatt“4' to demonstrate the important

role played by canonical form (3> in [ M(SzCNR"=)=]

complexes:
S\ /R"(_> -S\ /R" "S\ ;F/R"
—N C—TN. L— C=—N
—S/C \R' S/ \R" "S/ \R"

As V(C-N) for these dithiochelates lies at
intermediate frequency to the vibrational regions
assigned to V(C-N) single bonds (1350-1250cm~')> and

}(C=H) (1690—-1630cm— '), it can best be explained as a
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vibration of a C=N"< species. Variation in the alkyl
chain also affects the relatiVe'position of the Y(C-N
band (R®"=CHz=1535cm™ ', CzHs=1515cm~', CsH»>=1485cm™').

The longer the alkyl chain, the lower the frequency
associated with the thioureide vibration. The i.r,
spectra of corresponding Ni, Pd and Pt systems are almost
identical throughout the spectral range.

Proton nmr data shows very slight changes on moving
from Ni to Pt centres with constant R" substituents.
Equally for constant metal centres and differing R"
groups (e.g. CzHs, i-CsH»; M=Ni), the electromnic spectra
are almost identical. Mass spectra of metal bis—N, R—
dialkyldithiocarbamato—complexes are dominated by intense
parent ion m/e signals and by fragmentation through a
series of isothiocyanate ions. Some possible assignments
for the most frequently encountered isothiocyanate m/e

signals (Table 2.2) are as follows:

CzHs CzHs
+;//// +-//////,
\“x\\ " & ﬁx&“mmm
C=Hs

S=C=N
C=Hs
m/e 116 m/e 102
CHs CH=
+- / +./
S=C=N,\\\\ S=C=B'\\\\
CH=CH= CHs=
m/e 100 m/e 88
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2.4 =C= ! L
The basic preparative route to these hybrid

complexes is shown in Scheme 2.1 below.

S S =
/\/\\ /
M

R-

\ 7
H + F— S

7.oed NE N

R® S S

R“
[ M(S=CsRHR" ) =] [ M(S=CRR"=)=1
Room Temp
Toluene Inert
110°C, N=
N
™ ]

Equimolar amounts of the appropriate starting materials
were heated in toluene (e.g. 0.2 mmole of each complex in
50 ml)>, under a nitrogen atmosphere. The reaction time
was dependent upon the metal centre and the alkyl
substituents (R and R') of the 1,3-dithio—f-diketonate

ligand. The reaction times varied between 10 and 90

hours. All hybrid complexes are stable
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during the purification or isolation procedures,
conducted at room temperature, and outlined below.

In the preparation of the hybrid systems where
R=R'=CHs, the reaction mixture requires chromatographic
treatment in order to separate the three constituents,

[ M(S=CsCHsHCH=)=1, [M(S=CNR"=)=] and

[ M(S=CsCHsHCH=) (S=CFR"=>]. This separation procedure
involved the use of silica—-coated thin—-layer
chromatographic plates or silica—packed chromatographic
columns with a 70:30 petroleum ether (60/80): chloroform
mixed eluent. Strikingly, the comparable hybrid complexes
where R or R'=CFs or Ph did not require any
chromatographic procedure, as the reactants were
completely converted to the composite compound, that is

the equilibrium position lay entirely to the right:-—

[ M(SzC=RHR')>=] + [M(S=CNR"=)z] =2

2L M(S=CsRHR' ) (S=CRR" =) 1

This alteration in the equilibrium distribution resulting
from the introduction of electron—withdrawing
substituents (R or R'=CFs,Ph) is further discussed in
section 2.5.

Mass spectroscopic studies for the hybrids reveal
two major signals in every case, corresponding to the

parent ion [MLL']* and the dithiolium ion (S=CsRHR')>™,



derived from the 1,3-dithio—f-diketonate ligand, with the
dithiolium ion m/e trace slightly more intense. The
detection of isothiocyanate m/e signals are hindered by
strong m/e traces arising from the further fragmentation
of the dithiolium ion in the m/e region below 120.

Since these [M(S=CNR"=) (S=zCsRHR')] species are all
new compounds and represent a new category of complex,
the particular experimental methods used to obtain each

specific complex are reported in detail below.

[Ni(S=CN(CH=)=>1 (0.040g, 0.13mmole) and
[ Ni (S=CsCHzHCH=)=1 (0.043g, 0.13mmole) were dissolved in
nitrogen—flushed toluene (40ml). The resulting solution
was then slowly stirred and the passage of Nz maintained
whilst the system was heated to 110°C for a périod of
twenty hours. The solvent was then removed to produce an
air-stable wine—coloured solid. The hybrid product was
isolated from the two reactants using a silica—packed
chromatographic column and a mixed eluent of 60/80
petroleum ether: chloroform (70:30). The hybrid species,
[ Ni (S=CR(CH=)=) (S=CsCH=zHCH=)1, is notably more soluble
than the parent [Ni(S=CN(CHz)=>=] and was recrystallised
from a dichloromethane: 60/80 petroleum ether mixture in

air.
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Equilibrium yield=75%, Recrystallised yield: 0. 063g{(75%)

Mass spectrum: m/e 309[ Fi (S=CsCHzHCH=) (S=CN(CH=)=)1";
m/e 131[ (S=CzsCH=HCH=)>1~™

El bl _Amaiveie NiCaH1aSaN: —

Calculated: %C=31.0, %N=4.5, %H=4.2

Observed: Not obtained

The composite complex was prepared by a directly
analogous experimental method to that discussed
previously in the synthesis of
[ Ni (S=CR(CH=) =) (S2CsCH=zHCH=>1. [Ni(S=CN{(CzHs)=>=1
(0.0863, O.24mméle) and [ Ni(S=CsCHsHCH=>=1 (0.078g,
0.24mmole) were heated in Nz flushed toluene (50ml) at
110°C for a period of ten hours. Subsequent columm
chromatographic isolation of the hybrid product and
recrystallisation from a mixture of dichloromethane:
petroleum ether (60/80) in air yielded wine—coloured
crystals of the desired [Ni(Sz=CsCHzHCH=) (S=CN(CzHs)>=)1
product.

Equilibrium yield=80%, Recrystallised yield=0.118g(70%)

Mass spectrum: m/e 337[ Ni (SzCsCHsHCHs=) (S=CR(CzHs)=)]
m/e 131[ (S=CoCHaHCH=)1~

Elemental Analysis for NiCioHi12Sal

Calculated: %C=35.5, %N=4.1, %H=5.1

Observed: %C=35.5, %N=4.2, %H=5.2
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The hybrid complex was prepared in a manner
analogous to that conducted in the synthesis of
[Ni (SzCN(CH=z) =) (82CsCHzHCH=)1. This involved the direct
interaction of [Ni(SzCN({i-CsH>)=>=1 (0.039g, 0.12mmole)
and [Fi(SzCsCH=HCH=)=1 (0.05g, 0.12mmole) in N= flushed
toluene (45ml) at 110°C for a period of 13 hours.
Following column chromatography and recrystallisation of
the hybrid complex from a mixture of dichloromethane:
petroleum ether (60/80) in air, wine—coloured crystals
were obtained.
Equilibrium yield=75%, Recrystallised yield=0.054g(60%>
Mass sfectrum: m/e 365[ Ni (S=CsCH=zHCH=) (S=CR(i~CsH>)=>1"

m/e 131[ (S=C=CH=HCH=>1™

Elemental Analysis for NiCi=H=:1SaN
Calculated: %C=39.4, %R=3.8, %H=5.8

Observed: %C=39.1, %K=4.1, %H=5.5

[Fi(S=C=PhHCH=) (S=zCN (i-Calz)=)] NiCirzHaaSaN

The hybrid complex was synthesised by repetition of
the basic experimental method employed in the preparation
[ Ni (S=CsCH=HCHs) (S=CKR{(i—-CsH»>=>1. [ Ni (SzCN{(i—-CzH»>=)=1]
(0.047g, 0.1l1lmmole) and [Ni(SzCsPhHCH=>=1 (0.051g,

0.11mmole) were dissolved in oxygen—free toluene (50ml)
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and heated for eleven hours at 110°C. Evaporation of the
solvent produced a purple o0il which yielded a solid when
taken up in petroleum ether. ¥No chromatographic
treatment was required for the solid product as it
consisted of only the desired [Ni(S=CzPhHCH=, (S=CN{i-
CzH>»)=2)]1 composite complex. The solid was then
recrystallised as before from a mixture of
dichloromethane: petroleum ether (60/80) in air to yield
a violet microcrystalline product.
Equilibrium yield=100%, Recrystallised yield=0.069g(70%>
Mass spectrum: m/e 4270 Ri(Sz=CsPhHCHz=) (S=CN{(i—-CsH>>=>1"
m/e 193[ Ni (S=CsPhHCH=)>1™
Elemental Analysis for NiCizH=aSaN
Calculated: %C=47.7, %N=3.3, %H=5.4

Observed: %C=47.5, %N=3.2, %H=5.5

L¢dithiat ] £] by O a4 1
1ithi 1 bninickal CEIF
] ﬂj S&! ﬁEhHEh! SSZ! Esj—!;.-'Hz!z! | E]-!;;E'ZHEESIE

The above complex was synthesised by an analogous
procedure to that used to obtain [Ni(S=CsPhHCHs) (S=CN{i-
CzH>)>=)]1. [FHi(Sz=CN{(i-CsH»>=>=] (0.033g, 0.08mmole)> and
[ Ni (S=CsPhHPh)=1 (0. 045g, 0.08mmole) were dissolved in
oxygen—fréé toluene (45ml) and heated for a period of 15
hours at 110°C. Removal of the solvent once again
produced a purple oil, which was taken up in ether to
produce a purple solid. This solid was recrystallised as

previously reported for [Ni (S=CsPhHCH=) (S=CN{(i—CsH»>=>1.
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Equilibrium yield=100%, Recrystallised yield=0.064g(80%)

Mass spectrum: m/e 489[ Ni (S=CsPhHPh) (S=CR{(i—CsH>)=>1+
m/e 255[ (S=CzPhHPh)1~

El il Arnalosta: £ NiCooHocSaN

Calculated: %C=53.9, %N=2.9, %H=5.1

Observed: %C=52.5, %N=2.8, %H=5.4

isopropyldithiocarbamatolnickel (113
[Ri (S=2CaCFaHCHR) (S2CN(I—Cal>)=)]  NiCi=HiaSaFalN

A method analogous to that employed in the synthesis
of [Ni(S=CsPhHPh) (S=CN(i—CsH>)=>]1] was followed.
{Ri(S=CR(i—CsH>>=>=]1 (0.041g, O0.10mmole) and
[Ni (S=CsCFzHCHz)=1 (0.043g, 0.10mmole) were reacted imn
bailiné toluene (45ml, 110°C) for a period of ten hours
under a nitrogen atmosphere. The hybrid complex was
treated with ether in order to convert it from an oil to
a solid purple product. The solid was then
recrystallised from a dichloromethane: petroleum ether
(60/80) mixture in air to obtain the hybrid complex as
fine violet acicular crystals.
Equilibrium yield=100%, Recrystallised yield=0.056g(65%)
Mass spectrum: m/e 419[Ni(Sz=CsCFzHCHz) (S=CR({i-CzH>)>=)1"

m/e 185[ (S=CaCFsHCH=)1™

El tal Analysi £ NiCyzH1aSaFaN
Calculated: %C=34.3, %N=3.4, %H=4.3

Observed: %C=34.1, %F=3.1, %H=4.6
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The hybrid campiex was synthesised by the general
experimental method employed above. This involved the
interaction of [Ni(SzCN{i-CzH»>=>1 (0.032g, 0.08mmole)
and [Ni(Sz=CsCFzHPh)>=1 (0.04g, 0.08mmole) in toluene
(40ml)> at 110°C for a period of twenty hours. The hybrid
product existed as a purple o0il, but was apparently pure
according to electrochemical and spectroscopic evidence.
Equilibrium yield=100% hybrid product
Mass spectrum: 482[ Fi (S=CN(i-CzH»)>=) (S=C=CFsHPh)>1™

2470 (S=C=CF=zHPh> 1™

This hybrid complex was prepared via the general
experimental method employed in the synthesis of the
corresponding [ Ni (S=CsCHsHCHs) (S2CR(CzHs)=>1.

[ PAd(S=CN(C=zHs)=>=]1 (0.055g, 0.137mmole) and
[[PA(S=C=CHsHCHz)=1 (0.05g, 0.136mmole) were allowed to
interact in toluene (50ml) at 110°C for a priod of 16
hours u#der a nitrogen atmosphere. On the removal of the
solvent, the resulting solid was separated into its three

constituents by column chromatography. The hybrid was
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then recrystallised from a dichloromethane: petroleum

ether mixture in air, yielding orange crystals.

Equilibrium yield=80%, Recrystallised yield=0.058g(55%)

Mass spectrum: m/e 385[Pd(SzCN(CzHs)=) (S=CsCH=HCH=)>1*
m/e 131[ (S=CsCH=HCH=)>1™

Elemental Analysis for P4C,oH)=SaN

Calculated: %C=31.1, %H=3.6, %H=4.4

Observed: %C=31.0, %B=3.7, %H=4.5

The synthetic procedure was analogous to that
carried out in the synthesis of [ Ni{(Sz=CsCFzHCHsz) (S=CN{i-—
CzH>»)=>1. [Pd(S=CN(CzHs)>=>1 (0.043g, 0.106mmole) and
[ PA(S=CsCF3HCH=z)>=1 (0.051g, 0.106mmole) were dissolved in
toluene (50ml) and reacted under a nitrogen atmosphere at
110°C for a period of twenty hours. Removal of the
solvent once again produced an o0il which was converted to
a solid product via treatment with ether.
Recrystallisation from a mixture of dichloromethane:
petroleum ether in air yielded scarlet rhombic crystals.
Equilibrium yield=100%, Recrystallised yield=0.048g(50%>
Mass spectrum: m/e 4390 Pd(S=CN(CzHs)=) (S2CsCF=HCH=>1™

m/e 185[ (SzCsCF=HCH=>1™
Elemental Analysis for PdCioH:aSaFaN
Calculated: %C=27.3, %N=3.2, %“H=3.2

Observed: %C=27.9, %N=3.2, %H=3.4
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The platinum complex was prepared by an analogous
procedure to that used in the synthesis of the
corresponding [ Pd(S=CN(CzHs) (S=C=CH=HCH=)1.

[Pt (S=zCsCH=HCH=)>=1 (0.069g, 0.15mmole) and

[Pt (S=CN(Cz2Hs)=>=1 (0.074g, 0.15mmole) were dissolved in
toluene (55ml) and heated at 110°C for a periocd of 80
hours. The resulting solid was then separated into its
three components by columm chromatography. The hybrid
product was isolated as a scarlet powder, but not
recrystallised.

Equilibrium yield=65%, Mass obtained=0.022g(15%>

Mass sﬁectrum: m/e 474[Pt(S=CN(CzHs>=) (S=CsCH=HCH=>1"

m/e 131[ (S=CsCHsHCH=21™

[ (dithio—acetylacetonato) (N, N—
Bt L EH t teyEtati (117
[Pt (S2CaCHaHCH=) (S2CN(Calsd=2>]  PtCiral=sSalN

The synthetic path to this complex was similar to
that employed in the preparation of
[Pt (S=CN(C=zHs)=) (S=zCzCH=HCH=>1. [Pt(SzCN(CaHs)=)=]
(0.030g, 0.05mmole) and [Pt (SzCaCH=HCHs>=1 (0.023g;
0.05mmole) were mixed in toluene (35ml)> at 110°C under a
nitrogen atmosphere for a period of 72 hours. The
resulting solid product was then separated into its

relative components by columm chromatography. The hybrid
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complex was isolated as a scarlet powder but not
recrystallised.

Equilibrium yield=60%, Mass obtained=0.012g(25%)

Mass spectrum: m/e 530[Pt(S=CN(CsHs)=) (S=C=CH=zHCH=>1*

m/e 131[ (S=C=CH=HCH=)>1™

The experimental procedure was parallel to that
employed to obtain [Pt (S=CN(CzHs)=) (S=CsCFzHCH=>1.
[ Pt (S2CsCFzHCH=)>=1 (0.031g, 0.055mmole) and
[Pt (S=CN(CzHs)=)=1 (0.027g, 0.055mmole)> were added to
40ml of toluene and heated at 110°C under a nitrogen
atmosphere for 30 hours. On evaporating the toluene,
system became a red oil which was readily converted to
the required solid hybrid product on the addition of
ether. No chromatography was required.
Equilibrium yield=100%, Mass obtained=0.032g(55%>
Mass spectrum: m/e 528[ Pt (S=CHN(CzHs)=) (S=CsCFsHCH=)1™

m/e 185[ (S=CzsCFzHCH=)>1™
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As mentioned earlier, the rate at which the

equilibrium distribution between reactants and hybrid
product is achieved is dependent upon the reactant
concentrations and the inductive effects of the alkyl
substituents R and R' of the 1,3-dithio—fB-diketonate
ligand, but not significantly influenced by the choice of
dialkyldithioéarbamate ligand. In the mixed complexes
where R,R' = CHs,CFs; CHs,Ph; Ph,Ph and Ph,CFs, the
hybrids were obtained more speedily than the analogous
asymmetric complexes where R=R'=CHz and in qualitative
yield.

This is attributed to the additional stability
gained from the reinforcement of mutually complementary
T—acceptor (Sz=CsRHR') and T-donor (S=CKR"=) chelates.
The larger Taft inductive parameters associated with CFs
and Ph substituents, in comparison to that of CHa (see
electrochemical discussion, Chapter 4>, and thus, their
greater electron—-withdrawing ability, enable CF=s or Ph
substituted chelates to act as more efficient T—
acceptors.

The relative influence on the equilibrium yield of
the hybrid derived from the introduction of electron-—

withdrawing groups (CFs and/or Ph) to the 1,3-dithio—B-

40



diketonate ligand is clearly demonstrated in the examples

shown below:—

CH{(CH=>=

N

CH(CH=)>=

[ Ni (S=CsCHzHCH=) (S=CR(i—-CsH>)=2)]1 = 75% Yield at
Equilibrium <(110°C>/13 hours

CH{(CH=) =

v
AN

CH(CH=)=

[Ni (S=CsCFzHCH=? (S=2CN(i—-CsH»)=21 = 100% Yield at

Equilibrium (110°C)>/10 hours

Investigations into the effect on the rate of the
scrambling process on replacing CHz substituents by CFs
or Ph is most dramatically displayed by contrasting the
two platinumcentred hybrids,

[ Pt (S=CsCHsHCHs) (S=CN(C4Hs>=)] and

[ Pt (S=CsCFzHCHs) (S=CN(CzHs)=>]. The production of these
complexes involved similar reactant concentratiomns,
0.05mmole and 0.055mmole respectively but the rate of
hybrid attainment was greatly enhanced when CFs replaced
one CH= group on the 1,3-dithio—f-diketonate ligand.

[ Pt (S=CsCH=HCH=) (S=CN(CauHs)=)1 was obtained in a 60%

equilibrium yield after reacting [Pt (SzCN{(CaHs>=)=1 and
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[Pt (SzCsCH3HCH=)=1 in boiling toluene for 72 hours, much
slower than [Pt (S=CsCFzHCHsz) (SzCN(CzHs)=)] which achieved
its product distribution of 100% hybrid complex after 30
hours. Alteration of the alkyl groups on the
dithiocarbamate ligand has little effect upon the
position of equilibrium. However, the longer the alkyl
chain, then the greater the solubility of the metal bis-
N,F—-dialkyldithiocarbamate starting material <(and
correspondingly the more soluble is the synthesised
hybrid complex). Suspended reaction mixtures may be
additionally sluggish by reason of heterogeneity.

The relative proportions of the reactants and hybrid
complex present in the final solvent free reaction
mixture, before chromatographic separation, were
determined by 'H nmr spectroscopy. In situ monitoring of
the interacting system was also achieved by electromnic
spectroscopy. The progress of the synthesis to the
hybrid product developed two new bands in the visible
region which differed from those visible absorption bands
of the two reactants, as exhibited by the reactiomn
profile with time for the synthesis of
[ Pt (S=2CN(C4Hs) =) (S=CsCHsHCH=)1 (Figure 2.1).

A detailed account of the spectroscopic properties
of the hybrid complexes, making direct comparisons with
those features assigned to the parent complexes,

[ M(S=C=RHR')=] and [M(S=CNR"=)>=1, is presented in the

following section. The X-ray structural parameters of
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Figure 2.1 - Visible Spectra with Elapsed

Reaction Time (T_) for the Process :-

[Pt (5,CCHHCH,) )] + PE(S,ON(CHg)5) )] v+

—_—

2 [Pt (S,C,CH,HCH ) (52CN(C4H9_)_2LL

Final Spectrum Obtained

After Chromatographic

Separation.

o

e

400 500 nm 600

43



[ i (S=CaCF=HCH=) (S=CN(CzHs)=2)1 and
[ Ni (S2CsCFsHCH=) (S=CN(i-C=aH»)=2)]1 are contained in
Chapter 3.

Electrochemical studies, in a dichloromethane
medium, reveal a single one—electron reduction for all
the hybrid complexes, situated at intermediate potentials
relative to those observed for the first ligand-based
reduction of the associated [M(Sz=CsRHR')=] complex and
the more négative metal-based reduction of [M(S=CNR"=)=1.
Remarkably, voltammetry can often b¢ a superior,
sensitive and convenient test of the integrity of the
product, or the composition of a mixture of these dithio—
species. The implications of the electrochemical
behaviour of the [HM(SzCRNR"2) (S=2CsRHR'?>1 hybrid systems

are discussed in Chapter 4.

2.6 Spectroscopic Properties of [M(S-CRR"2) (SoCaRHR' )
Hybrids

(a> Infra-red Spectroscopy
Infra-red spectroscopic examinations of the hybrid

systems reveal spectra that consist of almost exact
summations of the bands observed in the two parent
compounds, [M(S=CsRHR')=] and [M(S=CHNR"=2)>=2]1. The three
spectra in Figure 2.2 demonstrate this cumulative effect
in the hybrid [ Ni (Sz=C>PhHCHs) (S2CN{i-CsH>)>=2)1.

The complexity of the hybrid infra-red spectra limit

our attention to six vibrational modes (Table 2.3)>, with
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Figure 2.2 - Comparison of Parent and Hybrid

Infra - red Spectra.

2000 1500 1000 (e 500

[Ni(S;C,Ph HMe),]

2000 1500 1000 M 500

[Ni(S,C,PhHMe)(S,CN(Pr), )]

2000 1500 1000 M- 500

INi{S,CN(Pri),), )
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the analogous parent complex vibrational bands presented
in parenthesis. For the newly discovered hybrid
compounds, the most remarkable feature is the position of
the V(C/=F) dithiocarbamate band which consistently
shifts to higher energy, by approximately 15cm~' in the
Fi(II> complexes, compared to the parent bis—N,N—-dialkyl-
dithiocarbamates. This suggests that the participation
of canonical form (3) below is enhanced in the hybrid
complexes, compared to its importance in the

[M(S=CRR"=)=] compounds.

S r" -S R" -S R=
\c— / \C—N/ \-c=x
o R = A

-S R" S R" -8 R"
1L (2> 3

This positional shift is not sensibly dependent upon
the inductive effects of the peripheral substituents R
and R' of the adjacent 1,3-dithiochelate, as the
introduction of two very strong electron—withdrawing
groups to the (S=CsRHR') ligand doiﬁ&iut progressively
increase the hybrid WC==N) versusLQ(Ciliﬂ) shift to
higher energy. (Compare compounds 3,4,5,6 in Table 2.3).

The close similarity of the other hybrid and parent
system vibrational frequencies suggest that the electron

density distributions within both hybrid 1,1-dithio— and

1,3-dithiochelate rings are relatively unchanged from the
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parent compounds, showing that similar bond orders exist
in both symmetric and mixed ring species. Although the
positions of these vibrational bands in the hybrids
generally mirror those found in the parent systems, many
absorptions undergo vast intensity reductions in the
hybrid, particularly those dithiocarbamate vibrational
bands below 600cm ' and to a lesser extent all bands
below 900cm~'. This observed decrease may be partly
attributable simply to halving the demnsity of
dithiocarbamate groups, but more fundamentally we suspect
to the larger dipole moment changes associated with
asymmetrically coupled vibrations of the bis—N, -
dialkyldithiocarbamate planar chelates.

The very small alterations observed in the hybrid
vibrational frequencies with respect to the parent
absorptions are documented in Table 2.3 for some specific
vibrations. These vibrational modes have largely been
identified through the studies of Barraclough et al“=® and
Siiman and Fresco<®, for metal bis—1,3-dithio—B-
diketonates, and Chatt<' and Ojima“< for mgtal bis—H}H;

dialkyldithiocarbamates.
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(b> 'H Nmr Spectroscopy

Proton nmr spectroscopy proves to be a very useful
technique by which the relative proportions of reactants
and hybrid product can be readily identified, both during
the reaction and in the final toluene—free reaction
mixture. Moreover, interpretation of the hybrid
resonances can be pursued, based on the small but
systematic changes that occur relative to the chemical
shifts of characteristic parent complex proton resonances,

Firstly, the parent metal bis—dithiocarbamate
complexes exhibit alkyl resonances which are shifted to
slightly higher frequency in comparison to those positions
normally occupied by alkyl groups in saturated
hydroéarbons, due to the influence of electronegative
nitrogen. Equally, the parent metal bis-1,3—-dithio—B-
diketones show spectra that are consistent with the T-
delocalised nature of the six—-membered metallo-chelate
ring. The introduction of stronger electron—-withdrawing
substituents, in place of CHz, at positions 3 and 5 of the
1,3-dithio-ring results in further downfield shifts of the

methine ring proton (attached to C-4 on the ring).

[ M(S=CsRHR"' ) =]
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The variation in chemical shift of the methine proton
between the diamagnetic nickel, palladium and platinum
1,3-dithio complexes has been linked with presumed
variations in the T—-electron density of these delocalised
ligands. In this respect, rather than invoking any
special metal—-chelate 'aromaticity', recognition must be
given to the dominant deshielding effect of the sulphur
atoms, in conjunction with the relative inductive effects
of the substituents R and R'.

The relatively small effect of the complexing metal
ion is clearly demonstrated by comparing the methine
proton resonance for MSz0z and MS. systems with the
corresponding resonances for the free protonated ligands.
Thus for [Ni(SOCs(OCzHs)HCHz)>=1 and [M(Sz=Cs(0CzHs)HCH=) =]
cumpleﬁes, where M = Ni,Pd,Pt, investigated by Hendrickson

and Martin==.45% in CDCls, one finds:-—

Il

i) [Ni(SOC=(0C=zHs)HCH=)z=1] 5.76 ppm and free HSO ligand

= 5.75 ppm.
ii) [Ni(S=C=(0OCzHs)HCH=)=]1] = 6.59 ppm,
[ PA(S=C=(0C=zH=)HCH=)>=] = 6.59 ppm,

Il

[ Pt (S=Cs (OCzHs) HCH=) =1 6.58 ppm and free HS= ligand

= 6.44 ppm.

The collection of comprehensive nmr data (particularly
12C) for the metal bis—1,3-dithio—f-diketonates has proved
challenging. Indeed, earlier workers were defeated by the

relative insolubility of many of these complexes, even in




CD=Cl=, the most suitable solvent. By contrast, nmr
studies of most metal bis-N,§-dialkyldithiocarbamates can
be completed in a range of deuterated solvents. In the
present study, the spectra of many parent 1,3—
dithiochelates have largely been elucidated after helpful
comparison with the spectra of the freely soluble hybrid
complexes.

The 'H nmr spectra of the hybrids exhibit signals
readily related to those observed in the two parent
complexes. Figure 2.3 shows the spectrum of
[ Pt (S2CsCHsHCH=) (S=CR(CzHs)=2)1 a typical system.

Dithiocarbamate N—alkyl resonances are shifted to
higher frequencies in the hybrids, A§ <(hybrid—-parent) =
+0.05 to +0.14 ppm, reinforcing our previous postulate of
greatér weight of the Z—SQC=;R'2 canonical form of the
1,1-dithio-ligand, in the hybrid. This enhancement arises
from electron—donation from the dithiocarbamate ligand to
the 1,3-dithiochelate ligand opposite, which in turmn
causes the methine proton to shift to bhigher frequency
from its original position in [ M(S=CsRHR')=].

In examining the hybrid 'H nmr chemical shift data for
the methine proton in the systems [Ni(S=CsRHR®') (S=CN{i-
CsH»Y2)>] {(from R,R' = CHs,CHs to CFs,Ph), we have
discovered a previously unconsidered 'neighbouring-ligand’
contribution to the observed chemical shift of the methine
proton in the [M(S=CsRHR')=] systems. Thus, if we
arbitrarily assign the methyl substituents as offering

zero contributions, we find that the Ph and/or CFa
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substituents on the ligand opposite make small but
quantifiable 'neighbouring—ligand' contributions which
help determine the observed chemical shift of the methine
proton in [M(S=CsRHR')=]. Therefore, the greater
difference in chemical shift, ASn, found between the
methine proton resonances of any two metal bis—1,3-dithio-
f-diketonates [M(S=CsRHR')>=] and [M{SzCzRca>HR¢wn>>=1, in
comparison to the difference in methine proton chemical
shifts between the correéponding hybrids {(constant
dithiocarbamate ligand), can be explained by the
neighbouring ligand substituent (R,R') contributions in
the bis—parent, which are absent in the hybrid.

Our results for a series of nickel hybrids, where the
ligand opposite is fixed, i.e. uniformly (S=CR{i-CzHz)=),
have eﬁabled the 'neighbouring—ligand' contribution of Ph
and CF= substituents in the [Ni(Sz=CsRHR')>=] complexes to

be evaluated as shown below: -

Substituent = =  Direct Effect = = FNeighbouring—Ligand
in Bis—Complexes
{ppm>
CH= 0 0
Ph +0.32 +0. 02
CF= +0.35 +0. 06

The additive effect of these ‘neighbouring

substituent' parameters is displayed in Figure 2.4, by the
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greater spread of bis-resonances. Predictions of methine
resonances in new hybrids based on known [ Ni (S=CzRHR'®')=1
chemical shifts can also be undertaken precisely, now that

this 1s understood.

Experimentally, [Ni(S=CsPhHPh) (SzCN(i-CzH»)=)] resonance =
7.95 ppm.
For [Fi(S=CsPhHPh)=1, & = 7.84 ppm.
Thus the predicted methine chemical shift in the
hybrid = 7.84
+ 0.16 (aquisition of the dtc instead of
(S2C2CH=HCH=) >
= 0.02 (- remote Ph)
- 0.02 ¢~ remote Ph)

7.96 ppm

These 'neighbouring—ligand®' substituent contributions
to the methine proton chemical shift had not previously
been recognised in the proton nmr of the bis—parent
complexes. Further 'H nmr results consistent with these
quantified 'neighbouring-ligand' substituent contributions
have also been observed in the
[ M(S=CsCF>HCHs) (S=CsCHsHCH=s)1 complexes (M=Ni,Pd,Pt),

examined in Chapter 5.

A notable aspect of these hybrid proton nmr studies
concerns the persistent shifts to lower frequency of the

methyl resonances of the 1,3-dithio-chelate, in moving

from the bis—parent to the hybrid (lower frequency shifts
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not anticipated whers T-elsctron dsnsify bas
increased). These shifts are rather puzzling, especially
the relatively large displacements of the platinumcentred
species [Pt (S=CzCH=HCHsz) (S=zCN(CzHs>=)1 and

[ Pt (S=CsCFzHCH=) (S=CN(C=zHs)=>1, which shift by 0.20 and
0.40 ppm from their respective bis—1,3-dithiochelates (see
Figure 2.5).

Discontinuous methyl proton chemical shift behaviour
of the Dd derivatives, compared to the 34 and 4d
congeners, has also been encountered in the tris—complexes
[M(SacSac)sl, M=Co,Rh, Ir <. Thus, while a "5d
amplification factor™ is familiar, this does not explain
the unexpected contrast between the methyl chemical shift
of [M(S=CzRHCHz>=1 and the corresponding hybrid complex
for any one metal (Ni, Pd or Pt).

In Table 2.4, proton nmr data collected for the hybrid
systems are compared with the cérresponding resgnances
measured for the two parent complexes [ M(S=CsRHR')>=] and

[M(S=zCNR"=)=1.
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Figure

2.5 - Comparison

A =[M(s,c cH

2.7 b=

2.6 |

of Methyl Proton

Chemical Shifts

=[m(s,c cn 3HCH,) 5 ]

3

HCH3)

(Schfcsz)z)]

(@) =[M(s C4CF4HCH,) , |

A= [M(s C4CF 4HCH,)

(s CNR" )I

\

: 4.‘R"=C2H5

Ni P4
(34) (4d)

-

Pt Ni
(54) (34)
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[ Ni (S=CsCH=HCH=)
(S=CH(CH=)=)1

[ Ni (S=C=zCH=HCH=)
(S=CN(C=zHs)=)1

[ Pd (S=C=CH=HCH=>
(S=CR(C=H=s)>=)1

[ Pd (S=C=CF=HCH=)
(S=CRN{(CzHs)=)1]

[ Pt (S=CsCH=sHCH=?
(S=CR(C=zH=s)=)1

[ Pt (S=CsCFzHCH=)
(S=CN(C=Hs)>=>1

[Pt (S=C=CH=-HCH=>
(S=CN{(CaHs2>=>1 (b

[ Ni (S=C=CH=HCH=>
(S=CN{(i—-CzsH>>=)1

[ Ni (S=CsPhHCH=)
(Sz=CRN{(i—CzH=>)>=>1

[ Ni (S=CsPhHPh)
(S=CN(i—-CzsH>>=>1

[ Hi (S=CsCF=zHCH=)
(S=zCN(i-CzH>>=>1

[ Wi (S=zCsPhHCF=)
(S=zCR(i—-CzsH=)>=>1

7.09

7.31

7.63
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3.715

3.805

3.705

3.735

~4,

~4.

.79

.56

.58

.58

(c)

3. 27

1.47
1.39

2
.43

[y

|l

.21

.53
.44
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[M(S=CaRHR")=] Complex CH CH=

[Fi (S=CsCHzHCH=> =1 7.15 2.:.35
[ Ni (S=C=PhHCH=) =1 7.49 2.46
[ Ni (S=CsPhHPh) =] 7.84 ==
[ Ni (S=zC=CFzHCH=>=1 7.56 2.48
[Hi(ézCePhHCFs)z] 7.4 wr
[ PAd (S=CsCH=zHCH=) =1 7. 20 2.51
[ PA (S=C=CFzHCH=) =1 7.60 2.67
[ Pt (S=CsCH=zHCH=) =1 7.10 2.13
[ Pt (S=C=CFzHCH=) =1 7.50 2. 22
[M(S=CRR"2)=-] Complexes CH= CHa
[Ni(S=CN(CH=)=) =] = 3,17
[Ni (S=CN{(C=zH=s)=)=1 3.595 1.22
[ PAd(S=CN(C=zHs)=>=] 3,715 ¥ 4o
[Pt (S=CN(CzHs)=)=1 3.595 1.29
CH Cl=
[Ni(S=CN{(i-CzH>>=)=1] 4.47 1.43
1.35
Rotes

The integral ratios of the respective proton
resonances were found to be as expected in the hybrids and
the parent complexes. The results in the above table were

obtained on a Bricker WP80 spectrometer, operating at a

60



fisld strsangth of 802.13 ¥H=., CD=Cl= sclvesnt wos ussd
invariably and the operating temperature was 297K.

(a)> The methylene and methyl resonances refer to the
centres of the respective quartets and triplets.

(b> [Pt (S=CsCH=HCHs) (S=zCN(C4Hs)=>] was dissolved in CDCls.
(c) The —-(CHz)s—CHs system produces a complex pattern
which is difficult to accurately interpret.

(d> The proton resonances noted at 4.47 to 4.6 ppm
represent the centres of the septet obtained for the di-
isopropyl group:-—

CH=

CH=
47 Pt—H C 13 c 1 l
The coupling constants for the interaction of the
metal centre with the methyl protoans of the 1,3-
dithiochelate are almost identical (marginally increased)

to those found in the parent complexes.

Complex 2 Pt—-CHa

[Pt (S=CsCH=HCH=) =1 8.4 Hz

[Pt (S=CzCH=zHCH=> 8.9 Hz
(S=CN{(C=Hs)>=)1

[ Pt (S=C=CH=HCH=> 8.9 Hz
(SzCN(CaHs)=)1

[ Pt (S=CsCFzHCH=) =1 7.7 H=z

[ Pt (S=C=CF=zHCH=)? 7.9 Hz
(S=CN{(C=Hs)=>1]
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The platinum satellites associated with the methine ring

proton are not observed as the signal strength is too weak.
(c) 1=2C Nmr Data

As previously mentioned, the solubility limitations of
the parent [H(S=CsRHR').] systems have seriously hindered
the collection of their '3C nmr data, with [ M(S=CsCHsHCHx)=1]
(M=Ni,Pd,Pt)47 and [Rh(Sz=CsCHsHCH=)214® the only systems for
which partial data are available. Our synthesis of the more
soluble hybrid complexes [ M(S=CsRHR') (S=CNR"=2)] will enable
us to study the dependence of '3C chemical shifts on the
congeneric 3d, 4d and 5d central ions and on perturbing
substituents introduced to the periphery of the 1,3-
dithiochelate ring; The effects of Ph and CFz substituents
are dennnstratéd for the series of complexes
[ i (S=CoRHR' ) (S=CN(i-CzH>)=2)]1 (R/R' = CHa/CHs; CHs/Ph;
Ph/Ph; CF=/CH=) in Table 2.5 and Figures 2.8 and 2.9. 3¢
chemical shift distinctions between the hybrids
[ Ni (S2CsCHaHCHs) (S=CHNR"=>] (R" = C=zHs, i-CsH>») and the
relevant parent systems can also be readily evaluated from
this table.

These proton decoupled spectra, were all obtained at
200 MHz, in CD=Cl= at 303K. Figure 2.6 shows the '=C
spectrum of [ Ni(Sz=CsCH>HCH») (S=CN(C=Hs)=)] which displays

features typical of the other hybrid systems.
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Table 2.5 FECLYHY 3

R
Resonance (ppm) a) (B () d> {e) >
Complex
[Ni(S=CR(Cz=Hs>=)=] 206. 44.15 12.4
(CH=> (CH=z>
[Ni (S=CN(CzH7z>=>=] 206, 5 | 19.8
(CH> (CH=»>
[ Ni (S=CsCH=zHCH=) =1 184.4 131t.8 32.7
[ Ni (S=C=sCH=HCH=> 180.8 ~132. 7 38.2 203. 44.5 12.4
(S=CN(CzHs)=>1] (CH=> (CH=)
[ Fi (S=CsCH=HCH=) 180.85 132.7 33.35 202, 51.6 19.8
(S=CR(i—CsH»>=)1 (CH> (CH=>
[ Ni (S=CsCF=HCH=> 185.8 130.1% 34.6 201. - 19: 8
(S=CN{(i—-CsH»>=) (CH=>

‘# 3Jc_cr= (quartet observed) = 36.4 Hz
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The '=C signals were assigned by either retaining the
proton coupling or by DEPT (Distortionless Enhancement by
Polarization Transfer) experiments, which can distinguish
between primary, secondary and tertiary '=C resonances, via
changes in the flip angle 8 4®. Thus spectra obtained at
360 MHz, for both [Ri(S=CsPhHCHs) (S=CN(i—-CsH»>=>1 and
[Fi (S=CsPhHPh) (S=CN{(i-CzH>>=>1, have identified all the '=C
resonances, including those ortho, meta and para signals
associated with the phenyl substituents. One—-bond C-H
coupling constants ("Jecwn) measured for these aromatic rings
are in close agreement with the 158.5 Hz found by Maciel et.
al.=< for benzene. More importantly, the methine proton
'Jen coupling constants for [Ri(S=CsPhHCHs) (S=2CR(i-CsH»)=2)1
(157.5 Hz) and [ Ni(S=CsPhHPh) (S=CR(i-CzH»>=>1 (157.8 Hz>
suggeét that the extent of electron delocalisation within
the [Ni(Sz=CzPhHR)] framework might be similar to that of
benzene. This postulate is further strengthemned by the '=C
chemical shift similarities of the tertiary carbons (bonded
to methine proton) and benzene. The 'Jecwn couplings are
listed below and shown in Figure 2.7 for
[ Ni (S=CsPhHCH=) (S=CN(i-CzH»)>=)]1. Further '3C nmr studies
are planned to determine the effect of the 4d and 5d iomns
(Pd, Pt) on the chemical shifts of the carbon resonances in

the hybrid systems.

65



1

2>

CH

oH

(methine proton)
(Ph substituent)
(Ph substituent)

(Ph substituent)

157.5 H=z

161.9 H=z

161.3 H=z

160.7 Hz

B &

&

(methine proton?
(Ph substituent)
(Ph substituent)

(Ph substituent)

157.8 Hz

161.8 Hz

161.4 H=z

160.7 H=z
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(d> Electromnic Spectroscopy of Metal Dithio-Complexes

(1> [M(S=C=RHR">=] Systems

Extended Huckel molecular orbital calculations for
[ M(S=CsCHsHCH=>=1, M = FNi,Pd,Pt and Co, conducted by Siiman
and Fresco'“ in 1970, assigned largely metal-based character
to the lowest unoccupied orbital. Recently however, a more
advanced molecular orbital study of the analogous
[FNi(S=CzHz)=] complexS', emphatically predicts the redox-—
active orbital to contain virtually no metal character.
This predicted ligand—based character of the LUMO is
supported by our own electrochemical investigations, which
reveal two ligand—based reductions for the
[ M(S=CsRHR')>=]1=""" and [M(S=zCzRHR'>=]1'""=" processes.

Comprehensive electronic spectroscopic investigations
for these metal bis—1,3-dithio—fB-diketonates have shown the
UV/visible behaviour to be largely controlled by the
identity of the ligand, with relatively slight alterations
observed on changing the metal centre (Ni,Pd,Pt). The
ultra-violet regions are dominated by intense LUI-LT* ligand
transitions above 31 000 cm™ ', with M2LT* and to a lesser
extent further intra-ligand transitions situated in the
visible region of the spectrum. These charge transfer bands

tend to obscure the weaker forbidden d—-d transitions

expected in the visible region.
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(ii) [M(S=CRNR"=>21] Systems

Detailed assignments of the electronic spectra of metal
bis—dialkyldithiocarbamates based on full M.0. calculations,
have not been seriously attempted, due to difficulties
caused by low energy charge—transfer bands which tend to
obscure the expected weaker d-d transitions. Palladium and
platinum bis-dialkyldithiocarbamates only show absorptions
bands in the range between 22 200 — 45 400 cm ', with the
corresponding nickel systems revealing additional extremely
weak d-d transitions in the visible region with energies
below 17 000 cm~'. Alteration of the N—-alkyl groups have
little influence on the spectrum obtained for a constant
metal centre.

The most intense high energy absorptions occurring at
approximately 40 000 cm™' in these complexes have been
assigned to LT-LT* transitions®= (as in [H(S=CzRHR')>=1), and
relatively unaffected on changing the central metal iont
[M(S=CNR"=)=]1 charge—transfer bands occur in the region of
28 500 — 32 300 cm' but their positive assignment as M-2L or

L-M transitions bhas not yet been completed.

iii)> [M(S=CsRHR'> (S=CHR"=>2>] Systems

The most striking feature of the hybrid spectra is the
usual appearance of two absorption bands in the visible
region, which generally do not coincide with the spectral
bands of the starting compounds. Figures 2.10 - 2.12 show

the spectra of the complexes [M(SzCzCHsHCHs) (S=CN(CzHs)>=)1
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(K = Ni,Pd,Pt) and the contrasting spectra of the parent
bis—dithio complexes, at similar concentrations (5x10—<M).
The Ni and Pt systems clearly depict the two new bands but
the second visible region absorption in the Pd hybrid is
obscured by the strong absorption centred at 33 900 cm ' and
therefore only exists as a weak shoulder at 27 930 cm'.
Reassuringly, the mixed system

[ Pd (S=zCsCFsHCH=) (S=2CN(C=zHs)=>]1 clearly displays two visible
bands at 18 790 and 24 040 cm™'.

Overall, the hybrid spectra show a greater dependence
upon the identity of the 1,3-dithio—f-diketonate ligand than
the adjacent dialkyl-dithiocarbamate ligand, where
alteration of the N-alkyl groups has virtually no effect on
the observed hybrid spectrum. The hybrid bands in the
visible region shift slightly but progressively to lower
energy as the cumulative electron—withdrawing influence of R
and R' increases, parallel to the behaviour previously
encountered in the parent [M(S=CzRHR')>=] systems. This
similarity is schematically depicted in Figure 2.13 for
[ Ni (S=CsRHR') (S=CN(i—CsH»)=)]1 and [Ni(SzCsRHR')=1. {The
reader should concentrate on bands 1 and 2>. These trends
are alsc found in the palladium and platinumcentred hybrids
(for our limited data).

Examination of the currently available hybrid spectra
reveals an analogous band pattern in each case, regardless
of M,R,R' or R". Corresponding bands have been identified,
as far as possible, using the labels 1> to 5) in Table 2.6.

Fo doubt these band envelopes conceal a great deal of
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Figure 2.10 - Visible

Spectra of Nickel

Bis-Dithio-Ring Complexes.

in Dichloromethane.
: [ANEREESNREEEERN Ni (SngEEHCHB} (82CN (CZES)_Z)
% e

Ni (S,C,CH,HCH.) , ]

....9 . m.-e--

)
*,
gy, 6 "
----_--r- 9- ] —-Gﬂru- =
"'"lill EREENEREERENEEER
T U 1 '
25 000 cm

12 500

73



lllllllllllllllllllllllllll

MLl

Figure 2.11 - Visible Spectra of Palladium

Bis-Dithio-Ring Complexes in

Dichloromethane.
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Figure 2.32 - Visible Spectra of Platinum

Bis-Dithio-Ring Complexes

in
Dichloromethane.
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complexity, but in the visible regicon at lesast ({25 000cm 7>
the hybrid spectra seem closely related to the parent

'SacSac' compounds (Figure 2.13).
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(S=CN(C=Hs2=22]1 (S=2CR(C=Hs)22] = =  (S=CN(CzHs>=22]

1> 16 860 <(3.09) 1) 20 240 (2.94)> 1) 19 270 (3.52
2) 21 230 (3.38)> 2) [27 9301 2) 24 750 (3.55
[28 4101
3> 30 770 (4.64) 4> 33 900 4.02 3) 29 850 4.17
4) [37 4501 5) 40 160 (3.79 4) [36 2301
5) 41 320 4.57)> 5) 41 150 (4.64)
[Ri(S=CaCF=HCH=) [ P4 (S=CoCF=-HCH=) [Pt (S-CoCFHCH=)
(S=2CRG-CaHz222] (S=2CNG—CzH22=2] (S=CRNG-CzHz2=01]
1> 14 900 (3.30> 1> 18 790 <4.09) 1) 17 540 (3.51)
[19 5301
2) 19 120 (3.05 2) 24 040 (3.68> 2) 22 830 (3.62)
[28 4101 [31 3501 [26 8801
3> 30 960 4.72> 4) 34 360 (5.38) 3> 30 670 (4.39
4) 37.170 4.72> 5) 39 840 4.73)> 5) 41 320 4.75>
[43 4801
<& SSZ!;HS£:|HE!22I SSZE;ES]‘—!;EEZZ__’!I
1> 17 040 1> 19 230 (3.42) 1) 16 720 (3.11)
2) 21 320 2) 24 690 (3.44> 2) 21 100 (3.39)
3> 30 860 3) 20 760 4.08> 3) 30 670 (4.68>
45037 3101 4>[ 35 9701 . 4>L37 0401
5) 41 490 5) 40 980 (4.55) 5) 41 150 4.66)>
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=Ca = LNi (S=C=PhHPh) [Ni (S2C=PhHCF=)

1> 15 770 (3.14> 1> 14 990 «(3.05 1> 14 160

2) 20 080 (3.52> 2) 19 050 (3.50 2) 18 250

[27 9301 [27 0301 [27 0301

3) 29 040 4.71 3) 26 850 4.64) 3> 30 400
£31 6501

5) 40 820 4.54) 4) 35 710 <4.01> 52040 9801

5) 40 490 4.31>

Notes

i) The spectra were collected on a Pye—Unicam SP8-400

spectrometer, over a spectral range of 45 000 - 11 000 cm™'.

iii)> The absorptions presented in square brackets indicate

shoulders.

iv) The parenthesised values refer to logice, where e =

extinction coefficient (mol~"' dm™ cm').

a) The complex [Ni(Sz=CsCHsHCH=) (S=zCN(CH=2>=] was contaminated

with a small amount of [Ni{(Sz=CN(CHz)=>=1.

b) [ Ni{(S=CsPhHCF=z) (S=CN{(i—CsH>>=)] exists as a purple oil

and extinction coefficients have not been determined.



10.

11,

12.

13.

14.

15

Referemces — Chapter 2

D. Conconyvanis, Prog.Inorg.Chem., 1970, 11, 233.

D. Concouwvanis, Prog.Inorg.Chem., 1979, 26, 301.

J. Willemse, J.A. Cras, J.J. Steggerda, and C.P.
Keijzers, Structure and Bonding, 1976, 28, 83.

J.A. McCleverty, Prog.Inorg.Chem., 1968, 10, 49.

R. Eisenberg, Prog.Inorg.Chem., 1970, 12, 295.

T.N. Lockyer and R.L. Martin, Prog.Inorg.Chem., 1980,

27, 223.

G.J. Bullen, R. Mason, and P. Pauling, Inorg.Chem.,
1665, 4, 456.

M.J. Bennett, F.A. Cotton, R. Eiss, and R.C. Elder,

Bature, 1967, 213, 174; M.J. Bennett, F.A. Cottomn, and

'R. Eiss, Acta.Cryst., 1968, Bz24, 904.

F.A. Cotton and R.H. Soderberg, Inorg.Chem., 1964, 3,

F.A. Cotton and R.C. Elder, Inorg.Chem., 1965, 4, 1145.

J.P. Fackler Jr., Prog.lInorg.Chem., 1966, 7, 361.

R.H. Holm, D.H. Gerlach, J.G. Gordon, and M.G. McRamee,
J. Am. Chem. Soc., 1968, 20, 4184.

D.H. Gerlach and R.H. Holm, J.Am. Chem.Soc., 1969, 91,
3457.

O. Siimannand J. Fresco, J.,Am.Chem.Soc., 1970, 92,
2652.

N.N. Kazanova, I1.I. Antipova—-Karataeva, O.M. Petrukhin,

and Y.A. Zolotov, Chem.Abstr., 1973, 78, 150031.

80



16.

: i 2

18.

19.

20.

21.

22.

23.

24.

25,

26.

27.

28.

29,

30.

A.R. Hendrickson, J.M. Hope, and R.L. Martin,
Inorg.Chem., 1976, 15, 1118.

M.0. Broitman, Y.G. Borodko, T.A. Stolyarova, and A.E.
Shilov, Bull.Acad.Sci, USSR Div.Chem.Sci., 1970, 889.
G.A. Heath and R.L. Martin, Aust.J.Chem., 1970, 23,
22097.

A.R. Hendrickson, R.K.Y. Ho, and R.L. Martin,
Ipnorg.Chem., 1974, 13, 1279.

K.J. Cavell and A.F. Masters, J.Chem.Res., 1983, 72.
K.J. Cavell, D.G. Hay, A.F. Masters and G.A. Villiams,
Aust.J.Chem., 1984, 37, 273.

K.J. Cavell, D.G. Hay, A.F. Masters, and G.A. Villiams,
Aust.J.Chem., 1985, 38, 3609.

J.P. Fackler, Jr. and A.F. Masters, Inorg.Chim.Acta,

‘1980, 39, 111.

J.P. Fackler, Jr., 1.J.B. Lin, and J. Andrews,
Inorg.Chem., 1977, 16, 450.

M. Cox and J. Darken, Co—ord.Chem.Revs., 1971, 7, 29.
S.E. Livingstone, Co—ord.Chem.Revs., 1971, 7, 56.

Y. Takahashi, M. Nakatani, and A. Ouchi,
Bull.Chem. Soc. Jap., 1969, 42, 274; Chem.Abstr., 1970,
73, 94182. |

H. Prinzbach and E. Futterer, Adv.Heterocyclic Chem.,
1967, 7, 39.

A.R. Hendrickson and R.L. Martin, Inorg.Chem., 1973,
12, 2582.

R.L. Martin and A.F. Masters, Inorg.Chem., 1975, 14,

885.

a1



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44 .

45,

J.—M. Bret, P. Castan, and J.-P. Laurent, J.Chem.Soc.

Dalton Traps., 1984, 1975.

C. Blejean,

Aust.J.Chem., 1976, 29, 257.

M. Delepine,

and A.F. Masters,

M. Delepine, Compt.Rend., 1907, 144, 1125.

G.S.

11D,

WVhitby and G.L. Matheson,

1924, 18, 111.

Irans,Roy.Soc.Can. (Sec

Inorg. Rucl.Chem. Lett., 1971, 7, 1011.

C.G. MacDonald, R.L. Martin,

Bull.Soc.Chim. France, 1908, (4), 3, 643.

A.Z. Amanov, G.A. Kukina, and M.A. Porai—-Koshits,

Zh.Strukt.Khim., 1967, 8(1>, 174; Chem.Abstr.,

66,

P.T.

109217.

Beurskens, J.A. Cras, T.V.

Noordik, J.Cryst.Mol.Struct.,

H.J.

H.M. Randle, R.G. Fowler, N. Fuson and J.R.

Cavell and S. Sugden,

"Chem, Abstr., 1973, 78, 8920.

J.Chem. Soc.,

1971, 1, 253;

1667,

Hummelink, and J.H.

1935, 621.

Daugl,

Infrared Determination of Organic Structures, Van

Nostrand, New York, 1949, 5.

I

Chatt, L.A. Duncanson,

1956, 177, 1042.

and L.M. Venanzi,

C.G. Barraclough, R.L. Martin and 1.M. Stewart,

Aust.J.Chem., 1969, 22, 891.

0. Siimann and J. Fresco,

I.

Inorg.Chem., 1969, 8,

Nature,

1846.

Ojima, T. Onishi, T. Iwamoto, N. Inamoto, and K.

Tamaru,

Inorg. Nucl. Chem. Lett.,

1970, 6, 65.

A.R. Hendrickson and R.L. Martin, Inorg.Chem.,

14,

979.

82

1875,



46.

47.

48.

49.

50.

Bl.

52,

G.A. Heath and R.L. Martin, Aust.J.Chem., 1971, 24,
2061; Chem.Commun., 1969, 951.

J.H. Leslie, Ph.D. Thesig Upniv. of Edinburgh, 1983.
I.H. Anderson, Honours Project Report, University of
Edinburgh, 1982.

D.M. Doddrell, D.T. Pegg, and M.R. Bendall, J. of
Mag.Res., 1982, 48, 323.

G.E. Maciel, J.VW. Mclver, Jr., N.S. Ostlund, and J.A.
Pople, J.Am.Chem.Soc., 1970, 92, 1.

U.T. Mueller—Vesterhoff, Z.S. Herman, R.F. Kirchner,
G.H. Loew, A. Nazzal, and M.C. Zerner, Inorg.Chem.,

1982, 21, 46.

M.L. Shankaranarayana and C.C. Patel, Acta.Chem. Scand. ,

1865, 19, 1113.

a3



84



3.1 Introduction

Crysfallographic examinations of metal 1,3-dithio—B-
diketonates have been almost exclusively conducted by
Beckett and Hoskins. These studies involved the complexes
[ M (S=C5CH=HCHs)1, where M=Ni(II> ', Co<(II) ', FedIII)> =
and Rh{(III> =, The familiar substituted metal 1,3—-dithio—
B—diketonates [HM"(S=CsRHR')>.], where R,R'=Bu*, Ph, CFs=,.
have been ignored with respect to crystallographic
investigations, although the structures of the substituted
systems [Zn (Sz=Cs(0CzHs)HCH=>=1 and [Ni (SzC=NH=HRH=)>=] have
been determined<:- s,

The X-ray diffraction data collected from our nickel
hybrids [ Fi (SzCsCHzHCH=) (S=CN{(C=zHs>=>1 and
[ Ni (S=CsCFsHCHs) (S=CN(i—-CsH>»>=>]1 provide the first
reported examples of crystallographically determined 1,3-
dithio—1,1-dithio mixed—-ligand complexes. These results
allow the correlation of structual and geometric
parameters discovered in the hybrid ligands, with those
found in the parent campléxes [ Ni (S=C=CH=HCH=>=1 and
[ Ni (S=CNR"=>=]. Moreaver the second example provides the
first structural determination of the asymmetric
(S=CsCFsHCH=) ligand in any chemical context.

The crystallographic analysis of
[ Ni (S=C5CH=HCHs) (S=CN(C=zHs)=2)] (I)>% is readily
interpreted, as full crystal structures are available for

the parent compounds [Ni(Sz=CKR(CzHs)=)=] (II) (Bonamico et



al.?” and [ Fi{(S=CzsCH=HCH=2=1 (III) {(Beckett and Hoskins)'.
However, an analogous detailed analysis of

[ Ni (S=2CsCFzHCH=) (S=CN(i—-CsH»>=>1 (VI)'° cannoct be
undertaken, as the X-ray structure of the parent bis-
complex [FNi(SzCsCFsHCH=)=] has not yet been reported,
although a comprehensive crystallg;graphic study of
[Ni(S=CN(i-CzH»)>=)=] (VII) has been completed by Newman
and Vhite''.

Structural and geometrical examinations of the second
hybrid were attractive, with regard to establishing
whether a stronger electron—withdrawing ligand would have
a pronounced effect on the geometry of the neighbouring
1,1-dithiochelate, in comparison to (S=CsCH=HCH=) in
[ Ni (S=CsCH=HCH=) (S=CN{(C=zHs)=>1. Furthermore, the hybrid
[ Ni (SzCsCFzHCH=) (S=CN(i—-CsH»>=>]1 was useful in
simultaneously determining the influence of the CFs
substituent upon the geometry of the asymmetric six-—
membered metallo—chelate ring, contrasted with the
symmetric SacSac ring reported in hybrid I, and the
possibility of any structural trans- effects in the Ni-S

bond lengths of the dithiocarbamate.



(a) Experimental

The hybrid complex [HNi (SzCzCHzHCH=) (SzCN(CzHs)>=>1 (ID
was prepared as previously reported in Chapter 2. Single
crystals suitable for X-ray diffraction studies were grown
by slow evaporation from a dichloromethane/60-80 petroleum
ether mixture. A subsequent crystallographic examination
(conducted by Dr. M.D. Walkinshaw) on one of these
monoclinic plates of dimensions 0.35 x 0.25 x 0. 15mm,
showed the molecule to lie along a crystallographic two—

fold axis.

Crystal Data — CioH1>NNiSa, M = 338.2, monoclinic, space
group C2/¢, a = 13.561(3), b = 12.700(2>, ¢ = 8.677(2) A=,
B = 98.22(2)=, V = 1479 A==, Z = 4, Dc = 1.519 gcm =, MoKa
radiation (. = 0.71069 A=), pu = 18.4 cm~', T = 203K, R =

0.027.

The fractional co—ordinates for all atoms are given in
Table 3.1. Bond lengths and angles are presented in Table
3.2 and a drawing of the asymmetric molecule is shown in

Figure 3.1.
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(b)> Results and Discussion

The crystal is composed of discrete neutral molecules
of complex I, with the anticipated essentially planar but
strongly asymmetric NiSa co—ordination. A two—fold
crystallographic rotation axis passes through N(1), C4),
Ni, C(3)> and H(31l) and the measured in;hwation of the two
ligand planes, defined by Ni, S(1), C<4), S'(1) and ¥Ni,

S2y, €1y, €3y, (1), S'2Yy, €1, S'&), is 3.9°

(i) The Nickel Co-ordination Geometry:

In this mixed-ligand system, the dtc (dithiocarbamate)
S—-Ni—S angle is only 78.1< and the corresponding SacSac
angle is 100.8<, thus amplifying the difference in bite
angles observed for the parent [FNi(SzCN(CzHs)=)=] and
[ i (S=CsCHsHCH=)=1 (II and III>. The effect of having dtc
trans to SacSac is to further strengthen (shorten) the Ni-
S (1,3-dithio) bond (ca. 2.156A= in the bis—-parent) to
2.1128A= and weaken (lengthen)> the Ni—-S (1,1-dithio) bond
(ca. 2.20A= in the bis—parent) to 2.2246A-.

Helpfully, the individual dtc and SacSac ligands may
also be rigourously compared bound to identical moities in
Wi (S=CN(CzHs)=) (P(CzHs)>=)>Cl (IV) (Chan et al., 1982>% and

Wi (S=C=CHsHCH=) (P{(CzHs)=)Cl (V) (Fackler and Masters,

1980>=. The intrinsic difference in dtc and SacSac Ni-S

bond lengths is then seen to be about 0.08A= {(i.e. 0.076

92



trans to Cl and 0.086 trans to P(C-Hs)>=), but the observed
difference is increased to 0.112A= in the present hybrid
(and diminished to 0.044A= for the parent complexes)
through the mutual ftrans influences of the two dithio
ligands. We note for example that the SacSac Ni—S bond
length in I (trans to ditc) resembles that trans tg Cl in
V, whereas the SacSac Ni—S bond in III {(trans to another
SacSac) resembles that trans to phosphine in V (cf. Table
3.4)

In summary, a consistent picture emerges for I to V
allowing us to assign N,N—-diethyldithiocarbamate a trans
influence similar to Cl, and to assign SacSac a irans
influence similar to P{(CzHs)z. These results fit with a

structural "trans effect' series such that:-—

I
I

]
P > S(SacSac) > Sd(dtc) > C1
I

1

trans—weakening ! trans—strengthening

|
MM—acid l T—base

The intraligand S———S distances are 3.26A< (1,3-
dithio) and 2.80A= (1,1-dithio), and the interligand
S(1)———S(2) distance is 3. 09A=. A}l these distances are
less than the sum of the sulphur van der Vaals radii of
3.48A= (Bondi, 1964)'= and allow the possibility of direct
S—-—-S electronic interaction.

The shortest non—-bonded intermolecular contact

involving nickel is to the methylene groups (C5) which lie



approximstely in the remining two octohadral sites, with
RNi———(C5) = 3.78A=, Ni——H(51) = 3.47A° and Ri——H(52) =
3.22A=. A very similar arrangement is found in the
crystal packing of [Ri(S=CN(CzHs)>=)>=1 (II), with a Ni———C
(methylene) distance of 3.54A=. No electronic influence
on the Ni®** jion is ascribed to this packing arrangement in

either case.

(ii> Ligand Geometry ¢1,1-dithio-chelate):

In the hybrid complex(I), the dithiocarbamate NCS=z=Ni
moiety is strictly planar (Cz axis), and there is only
slight rotation of the trigonal N(CzHs)= group from this
plane. Marginally longer S-C bonds and a slightly shorter
C—N bond in the hybrid complex than in [Fi(SzCN{(CzHs)=)z]
(II>, may indicate that resonance form (3) below plays a
more important role in the hybrid than in the symmetrical

complexes.

~s\c _ H/R . S\C - H/R . s\ ;/
JSNTSNT SN

(1> 2> (3>
An overall comparison of the structural data for the

1,1-dithio-ligand in complexes I and II reveals that there

are very few structural and genmetrii differences.
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Relevant bond lengths and angles for I, II and IV are

compared in Table 3. 3.

(iii) Ligand Geometry {(1,3-dithio-chelate)

Relevant data for I, III and V are compared in Table
3.4, In the hybrid, the S-C and C-C bond lengths are
identical to those found in [Ni(S=CzCHzHCH=)=]1 itself,
suggesting that the ligand geometry is rather insensitive
to the anticipated variation in charge distribution. The
close planarity of the NiSzCs chelate ring in the hybrid
is notable since it is not crystallographically imposed,
and significant folding across S=———S=' has been observed

in previous structures’.
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(a> Experimental

The compound [ Ni(Sz=CsCF=zHCH=) (S=CN(i—-CzH>>=21 (VI) was
prepared as previously reported in Chapter 2. Single
crystals suitable for X-ray diffraction studies were grown
by slow evaporation from a dichloromethane/60-80 petroleum
ether mixture.' A crystallographic study {(conducted by Dr.

A.J. Blake) on a flat needle crystal of dimensions 0.48 x

0.10 x 0.062mm identified the crystal as orthorhombic.

Crystal Data — Ci=HsF=NNiSa, M = 420.2, orthorhombic,
space group Poca, a = 23.007(16>, b = 14.918(11), c =
10.’?61(10)A°. V = 3693A==, Z = 8, D = 1.511gcm =, MoK«
radiation (A = 0.71069 A=), u = 15.08 cm', T = 293K, R =

0.0813.

The fractional co—ordinates for all atoms are given in
Table 3.5 Bond lengths and angles are shown in Table 3.6
and a drawing of the asymmetric molecule is presented in

Figure 3.2.
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(b> Results and Discussion

(i> The Rickel Co-ordination Geometry:

The crystal is composed of discrete neutral molecules,
(analogous to [Ni(Sz=CsCH=HCHs) (S=CN{(C=z=Hs)>=>1), with the
anticipated essentially planar but strongly asymmetric
NiSa co—ordination. The molecule itself is not precisely
planar, with a slight fold through S{(1) and S(2) (but less
significant than that found in [Ni(SacSac)=z=1'), such that
a dihedral angle of 2.0° occurs between the plane of best
fit through S(1)>, Ni(1l)>, S(2) and the plane of best fit
through the ligand atoms S(1), C{(1>, C(2), C(3>, S(2>.
This extent of folding is not repeated about S{(3> - S{4>
in the Ni(SzCN{(i-CzH»)=)> moiety. Further measurements
have shown the two ligand planes, defined by Ri(l), Sd4),
C(6>, S(3) and Ni(l)>, S(1>, C(1>, C2>, C(3>, S@2>, to be
inclined at 2.7=.

In this hybrid, the dtc Ni—-S bonds are noticeably
longer {(ca. 2.22A<) than those found in Ni(S=CNd{i-
CzH>)=>=]1 (VII> {(Ca. 2.18A=) and almost identical to the
dtc Fi—S bond lengths discovered in hybrid I (2.225A=).
The increase in the dtc Ni—S bond length in moving from
VII to VI (0.04A=) over moving from II to I (0.0224A), is

explained by the unexpected short Ni—-S bond lengths
attributed to the [Ni(SzCN(i-CsH>>=>=z] parent complex,

which contrast with those found in [FNi(S=CN{C=Hs)x)>=] and
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[Ni(S=CN(n-CzH>»>=>=] (both ca. 2.20A=>7-'=, Nevertheless,
the dtc Ni-S bonds (in the hybrid) remain virtually
identical, establishing that the inductive influence of
the CFz= substituent on the 1,3-dithiochelate is not
localised in the 1,1-dithio-ring system (i.e. no observed
augmentation of the trans effect).

As no crystallographic examination of the
[ Ni (S=zCsCF=zHCH=)>=1 complex has yet been reported,
comparison of the hybrid 1,3-dithio Ni-S bond lengths with
those found in the parent cannot be pursued. However, a
comparison between the two hybrids (I and VI) reveals that
the 1,3-dithio Ni—S bond lengths are closely similar, with
the asymmetry found in the [ Ni(S=CsCFzHCHs> (S=CN{i-
CzH»>=>]1 hybrid, due to the CFs substituent restricted to
ca. 0.01A= [Ni—S = 2.124A° (trans—CF=z) and 2.111A° (cis—
CF=>1.

The intraligand S———S distances are 3.27A= (1,3-
dithio) and 2.78A= (1,1-dithio), with interligand S—-S
distances of 3.11A= (S=—Ss, see Figure 3.2> and 3. 05A=
(S1—Sa4). All these distances are less than the sum of
sulphur van der Waals radii (3.48A=)'= and permit the
possibility of direct S——-S electronic interaction. These
S———S distances enforce a greater difference in S-FHi-S
bite angles (i.e. 1,3-dithio = 101.7<; 1,1-dithio =

77.5=), than found previously in hybrid I.
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ii) Ligand Geometry (1,1-dithio-chelate):

In VI, steric interaction between the terminal iso-
propyl substituents leads to the non—-equivalence of these
groups, resulting in the terminal methyl groups directed
towards sulphur on one side of the ligand, and the
hydrogen associated with the sulphur atom on the opposite
side {(as found in VII)>. The decrease in C-N and increase
in S-C bond lengths discovered in going from II to I,
associated with the increased importance of the 2—520;R2
canonical form, are surprisingly not enhanced in going
from VII to VI. This suggests that the 1,1-dithic—ring
geometry is rather insensitive to the anticipated
variation in charge distribution, induced by the
neighbouring stronger T-acceptor ligand (Sz=C=CFzHCH=).

Relevant bond lengths and angles for VI, VII and I are

compared in Table 3.7.

iii) Ligand Geometry (1,3-dithio—chelate)

Relevant data between hybrids VI and I are compared in
Table 3.8. Strikingly, the influence of the CFs
substituent is delocalised over the six—membered metallo-—
chelate ring. This produces an alternate increase and
decrease in bond lengths within the ligand (in comparison

to hybrid I), such that a bond that is shortemned is bound

by two longer bonds and vice—versa. These bond length
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alterations are shown below, with the corresponding bond

lengths found in I presented in parenthesis.

CHs
1.654 (1.684) A= //
s c
2.124A~ 1.385A°
(2.113) (1.380)
Ni C
2.111A°‘\\\\\ 1.3504A°
2.113> (1.380)
S C
1.696 (1.684)A= \

CFs

The internal angles of the 1,3-dithio—chelate are
largely unaltered from those observed in I, with the
exception of those angles directly affected by the CFs
su 'E)stituent. This stronger electron—withdrawing
substituent leads to an increase in S{1)-C{1>-C(2) by
2.5A=, which is compensated by the reduction of 2.8A= in
Fi(1)-S@2)-C(3).

This initial study of the Ni(Sz=CzsCFzHCHz?> moiety in
[ Hi (S=CsCFzHCHs) (S=CHN(i—-CsH>»)>=>]1, shows that in principle
the other 1,3-dithio—B-diketonate ligands, which have not
yet been crystallographically examined, can be readily
studied for the first time in a hybrid environment. For
example, our preliminary X-ray study of
[ Ni (S=C=PhHPh) (S=CR(i—CzH>>=>1'*, has determined, for the
first time, that the two phenyl substituents do not lie in
the same plane, in addition to being twisted out of the

plane of the 1,3-dithio—-fB-diketonate ring.
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herefore, complete X-ray structural analyses of a
hybrid series [HM(S=CzRHR') (S=zCRR"=>] (for constant ¥, R"
and R,R' = CHs, CFs, Ph) would enable effective
comparisons to be obtained, between the respective

structural parameters found in each complex.
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4.1 Introduction

— — -1
/s R /s\ R
\\ R"
X / |
1{/ y c—n/ M [
B // \R" N
s s R
b =2 | i 2
(I ID> (III)

The interpretation of the two successive one—electron
transfers observed in the complexes [ M(S=CzRHR')>=1 (III),
with respect to ligand—-orbital or metal—orbital
participation was initially tentative due to conflicting
theoretical predictions, previously introduced by
Schrauzer' and McCleverty® {(Chapter 1), combined with the
lack of sufficient experimental data. McCleverty proposed
that the planar delocalised 1,3-dithio—-f-diketonates (III)
would show similar reversible ligand—centred one—electromn
transfers, to those discovered in the dithiolenes (II).
Schrauzer however drew attention to the topological
disfinction between "odd"™ (1,1-dithio and 1,3-dithio) and
"even” (1,2-dithio) resonance—stabilized ligands and

conversely predicted that the remarkable redox properties
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discovered in the "even"™ systems would not be shared with
those of the "odd"™ complexes.

In studying the schematic MT-molecular orbital diagrams
for the "odd"™ and "even" dithio ligands (see Figure 4.1),
Schrauzer concluded that the "even"™ systems have a lowest
unoccupied orbital available that is only weakly anti-
bonding, allowing the existence of mono— and dianionic
chelates in addition to the neutral ligand. This
contrasts with the strong anti—-bonding LUMO T-molecular
orbitals of the "odd"™ systems, which imply that no
additional electrons would be accepted by these 1,1-dithio-
and 1,3—dithiochelates beyond the radical monoanion.

Since the 1,3—dithio—-ligand should be non—reducible,
the application of this "odd—even"™ criterion would
attribute the two polarographically observed reductions®
of [M(SzCsCHzHCH=>=] to successive M**/M* and H*/¥~
valency changes. In contrast, advanced molecular orbital
calculations for both [M(SzCzH=)>=z=] and [HM(SzCsHz)=]
systems have indicated dominant ligand character in the
respective redox—active orbitals”.

Subsequent experimental evidence also strongly
supports the assignment of the 1,3-dithio—-f-diketonate
reductions as ligand—-centred. Reduction
potential/Substituent effect correlations for the
[ Ni (S=zCsRHR'))=] systems by Hendrickson and co-workers® and
further studies by Bowden, Holloway and Geiger<, both shcv
linear plots,indicating orderly variations in E° red (1)

with differing substituents for the electron—transfer
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process [Ni(S=CzRHR')>=1°7"—, consistent with ligand-—
orbital participation,

The range of available Pd and Pt— centred bis—1, 3—
dithio-B-diketonates has recently been extended by Heath
and Leslie”. Importantly, these systems reveal that the
positions of the first and second reductions for a
particular ligand are virtually identical, independent of
the central metal ion (Ni,Pd,Pt). The last observation is
essential in establishing ligand participation, as the
metal-based (Ru***“**) reductions of [Ru(OzCzRHR'>=1l also
exhibit linear E® vs. ligand substituent Hammett inductive
parameter plots®, comparable to those reported for
[Ri(S=C=RHR')>=1=“'—, Heath and Leslie have also compared
Reduction potential/Substituent effect correlations for
[H(S=CzRHR"')>=1°“"~ {(odd) and [M(SzC=zR=>=1<7'" (even)
processes. The closely similar respective gradients once
again support ligand—-based redox activity in both species.

Spectroscopic confirmation of the ligand—centred
nature of the reductions in the [M{(SzCsRHR')=] systems
(M=Ni,Pd, Pt> was eventually achieved by recent low
temperature esr studies completed by Bowmaker and co-
workers® on the electrogenerated radical anions arising
from the first reductions of [Ni(SacSac)=1 and
[Pd(SacSac)=1. There is still room for doubt as to
whether the unpaired electron is delocalised over both the
mutually coplanar ligands as assumed® or restricted to

one.
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Therefore Schrauzers' "odd-even" criterion requires
re—examination since it was taken to mean that the LUMO in
[M(S=CsRHR')>=] was too strongly anti-bonding to accept
additional electrons beyond the monocanion (S=CsRHR')>—.

The [M{(S=CsRHR')=] acceptor orbital in fact lies at higher
energy than that found in the LUMO of [ M{(S=CzR=)=1 (by
almost 0.8 eV2>, but this leads to relatively negative
reversible reduction potentials in the metal bis—1,3-
dithio—B-diketonates, rather than the predicted absence of
ligand—mediated electron—transfer activity.

The main purpose of this chapter is to describe and
interpret the electrochemical behaviour of the hybrid 1,1-
1,3- dithio complexes [H(S=CHNR"=) (8S=C=RHR'?1. According
to the introductory analysis above, these may be expected
to contain one ncn*reducible.(1,1—dithio) and one
reducible (1,3-dithio) ligand. Thus tQQ hybrid complexes
are almost structurally isomeric with the “"even"™ bis-1,2-
dithio systems [ M(SzCzR=)>=1, but should have very
different properties.

In the following sections, the description of the
electrochemical behaviour of the hybrid systems (Sectiom
4.2) is preceded by a review of the important voltammetric
characteristics of [M{(Sz=CsRHR'>=1 (Section 4.1(b))> and
[ M(S=CNR"=)=] (Section 4.1 (c>). This turms out to

provide a helpful basis for discussion.
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(b> Yoltammetry of [M(SzCsRHR')=1 Complexes

Cathodic electrochemical investigations concerning the
parent complexes [M(SacSac)=] (M=Ni,Pd,Pt> have
established competing respective E.1Ez= and E.:CE= reductive
pathways (Scheme 4.1) through a.c., d.c. and cyclic

voltammetric analyses.

Scheme 4.1
By By
[M(SacSacl)=z] — [H(SacSacl)=z]1'"" <—— [H(SacSac)=1="
Ea E=
"Rearrangement®™ k
AU
—
[ {M(SacSacl)z}=1""<— [ {M(SacSac)=}=14"
E=

These competing pathways are shown in Figure 4.2, which
exhibits the voltammetry of the two [M(SacSac)=z=l
(M=Ni, Pd, Pt)> reductions.

The rearrangement was initially noted in polarographic
studies of [M(SacSac)=] by Bond, Heath and Martin in
1970=. Geiger proposed that a dimeric radical anion was
formed in the chemical step of the E.CEz mechanism®.
Kinetic studies by Heath and Leslie have positively
identified the identity of the rearrangement as a
dimerisation=:'1°.

The rate constant for the dimeriﬁﬁﬁnn process

increases in the order Ni<<Pd<Pt, with the [Pt (SacSac):=]
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Figure 4.2 - Cyclic Voltammograms of

M(SacSac)z_ Complexes (M=Ni,Pd,Pt).

0 Volts
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voltammogram dominated by this pathway {(i.e. path c
dominates over path b). Unlike the Pd and Pt systems,
[Ni (SacSac)=] shows little sign of rearrangement at
ambient temperature, whereas faster scan-rates or lower
temperatures are required to suppress the dimerisatiom in
both [Pd(SacSac)=] and [Pt(SacSac)=1, resulting in the
enhancement of waves a and b. In the substituted metal
bis—1,3-dithio—B—-diketonates, where R,R' = CF=, Ph or But,
the dimerisation is retarded due to steric constraints,
with conventional E:E= voltammograms observed (Figure
4.3).

Oxidation of the systems [M(SzCzRHR'J=] in a multi-
electron step, cleaves the chelate ligand from the metal
to yield the resonance-stabilised dithiolium ion (Scheme
4.2>, which can subsequently be reduced in a reversible

one—electron step to produce a neutral radical.

—4e

WV
v}

[ M(S=zC=RHR"' > =1

(S=CsRHR' >
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Figure 4.3 - Voltammetry of [PA(S,C,CF,HCH,),]

in Dichloromethane.

cv

!
0 V vs. Ag/AgCl -1.0
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(c) = WY

As previously mentioned, these 1,1-dithio—complexes
exhibit contrasting electrochemical behavicur with that
found in the metal bis—-1,3-dithio—B—diketonates.
Remarkably, the nickel-centred systems produce a series of
complexes which display all formal nickel oxidation states
from I to -IVY?,

Extensive studies for the neutral compounds
[RNi (S=CHR"=)=]1 reveal one quasi-reversible reduction at
quite negative potentials’': ' which is genuinely metal-

centred (Scheme 4.3).

' e
[Ni(II)(S=CRR"=)=] <——— [Fi(I)(S=CRR"=2)=1"

The E= value for the above reduction is also sensitive
to the inductive effects of R™, but to a lesser extent
than those ligand—-based first reductions of comparably
substituted [Fi(S=CzRHR')>=] systems. Electron spin-
resonance examinations of the mono—anion radical have
identified the predominant metal character in the redox-
active orbital’=.

The electrochemistry of the nickel bis-—
dialkyldithiocarbamates'' '<-'® is very complex,
particuiarly in the anodic range, with Schemes 4.4(a) -

4.4(c) determined by Hendrickson, Martin and Rhode'’.
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Scheme 4.4(3) {mechanism unknown)

— 4e
BINi*T (S=2CRR"2)=2] ———> 2[NiIVY(S=CRR"=)z1+ + Ni=+

Scheme 4.4C(bdi

e

[Ni*V(SzCNR"2)a]* T———  [FifT(S2CNR"2)sl

Scheme 4.4<C(b)ii
e
[Ni*** (S=CRR"=)=] \_——-_: [Ni**(S=CNR"=)>s1~
[NiT* (S=CNR"=)=] [Ni*T (S=CNR"=)=]
+ —-e +
%[ R=NCS>—S=>CNR=] &— ((S=CNR"-)>— =

(#  (S=CNR"=2)" detected through its oxidation by cyclic
voltammetry=°)

Scheme 4.4<c)
[RNi*VY(S=CAR"=)>z1" + (S=CNR"=)— —————} [Ni** (S=CRR"=>)=]

+

[ R=NCS=>—S=CRR=1

Similar studies of palladium and platinum bis-
dialkyldithiocarbamates by Van der Linden and Dix'Ss.'7
have established that the palladium systems exhibit quasi-
reversible cathodic behaviour analogous with that
discovered in the nickel systems (Scheme 4.3). For
[PLt(S=CNR"=>=1, the reductions are wholly irreversible'”

with ligand expulsion, and extremely negative E° values
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(beyond —-2.0V vs. Ag/AgCl) preclude detailed assignment.
However, the large shifts between the reduction potentials
of congeneric palladium and platinum complexes (-1.5V Pd
and —-2.0V Pt) tend to support metal-orbital participation.
Oxidation of the neutral complexes [M(Sz=CNR"=z)=] (M =
Pd,Pt) reveal ligand—transfer again, as in 4.4<(a), to form
tris-M(IV) compounds'” ([HM*V(Sz=CER"=)>s]1")>. Both M{IW
species are very unstable and rapidly decompose in
solution, particularly the cation [Pd*VY (S=CNR"=)=]1" which
immediately gives [Pd(S=CHNR"=)=1. The greater stability
of the Pt*v cationic complexes have enabled a
comprehensive analysis of their reduction processes'”, as

set out in Schemes 4.5¢a) — 4.5(b) below,.

Scheme 4.5¢a) (Presumed Course)
—4de

3[Pt“(S:CKR“z)z]'—————> 2[Pt*Y(S=CRR"=>=1" + Pt=~"

2e
[PtIV(Sz2CNR"2)3]l* —> [Pt**(S=CNR"=2)=]"

[PtTT(S=CRR"=)=1 + (S=CRR"=)" (%)
(¥ Detected by cyclic voltammetryd
Therefore, parallel metal—-based (M**/M*) cathodic

behaviour is probably followed by all d®-metal bis—

dialkyldithiocarbamates [ M(S=zCNR"=>=] (M=Ni,Pd,Pt>, as in
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4.3. In the anodic range, comparison of Schemes 4.4(b)
and 4.5(b) reveals 'a greater stability for Ni*** than
Pt*** (and presumably Pd***), since oxidation state III is
detected only in the nickel systems.

Consideration of the contrasting electrode processes
discovered in the parent systems [ M(S=C=RHR')>=] and
[ M(S=CRR"=)=]1 suggested that three distinct cathodic
electrochemical pathways were open to the

[ M(S=CzRHR' ) (S=CRR"=)1 hybrids:—

i) Reduction of the (S=CzRHR')> ligand.
ii) A M**/M* reductiocn of the metal centre.
iii)> Twg reductions, involving firstly the 1,3-
dithiochelate, followed by a more difficult MT*/M*

reduction (more negative E= value).

The anodic electrochemical behaviour of the hybrids
was rather more difficult to predict but metal-centred
oxidation, dithiocarbamate oxidation to the thiuram
disulphide, or dithio—-B-diketonate oxidation to the
dithiolium heterocycle are the recognisable alternatives.
In fact the latter seems to occur but the oxidations are
experimentally considerably obscurred by electrode-

coating.
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(a) Cathodic Investigations

The 1,1-dithio—1,3-dithio hybrid complexes all exhibit
a solitary accessible reduction, which is fully reversible
and corresponds to a one—electron reduction of the single
1,3-dithio—f~diketonate ligand. Charge donation from the
dithiccarbamate to the 1,3-dithiochelate (as described in
Chapter 2) causes the hybrid reduction to occur at more
negative potentials than those observed for the
corresponding process in the parent [M(SzCzRHR')>=1<"'", by
approximately 200 — 300 mV.

The distinction between the kinetically controlled
electrochemical behaviour of the parent compounds
[M(SacSac>=]1 (E.1Ez and E:CEs) and the [M{(S=CsRHR')=]
systems with bulkier substituents (simply E.Ez) is
mirrored in the hybrid systems, where the E.C mechanisms
exhibited by the [M(SacSac) (S=zCNR"=)] complexes are absent
in those hybrids with bulkier substitution of the 1,3-
dithio—-ligand. These latter systems display greater
reversibility and follow the simpler E: path, at least on
the voltammetric timescale. Scheme 4.6, below, summarises

the competing pathways found in the hybrid systems.
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e
—
[ M(S=CsRHR"' ) (S=CRR"=2)1°® <——— [ M(S=C=RHR"' ) (S=CRR"=>)>1"'—

E,

C WVhen R=R'=CHs

A%

Unknown Rearrangement Products

(Dimerisation?)

The partial irreversibility of the
[M(SacSac) (S=zCNR"=)] systems (shown in io./io+¢ ratios
ranging from 0.65-0.9) becomes more pronounced in the
central ion sequence Pd>Pt>Ni, differing from the order of
dimerisation rate constants for [M{(SacSac)=1"", which is
Pt>Pd>>Ri '©. Further electrochemical kinetic studies may
help to identify the nature of the rearrangement that
occurs in the transient radical monoanion
[ M(SacSac) (S=CRR"=>1"".

Reversibility comparisons for the hybrids, using
classical cyclic voltammetric criteria (Table 4.6), are
presented in Table 4.1. Faster scan-rates and lower
temperatures reduce the extent of rearrangement in the
[M(SacSac) (SzCRR"=>]1"'~ species. Figures 4.4 and 4.5
demonstrate the reversibility enhancements of the
[ M(SacSac) (S=CN(CzHs>=2>1="'~ electron—transfers (M=Pd, Pt>

on lowering the temperature from 290K to 233K.
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Figure 4.4 - A.c

and CV Temperature

Dependence
o/1-
of [rd(s,c C,CH,HCH,) (S,CN(C,H.),) ]
Reduction in __2932 (vs. Ag/AgCl).
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Figure

4.5 - A.c. and Cyclic Voltammetric

Temperature Dependence of

o/1-
[Pt(52g3§§3HCH3)(Sch(ngslzll

Reduction in Dichloromethane

(vs. Ag/AgCl).

o
w
(@]

| =

0 0,8 ~1.6 =i,8 =14

130



The nickel systems [Ni(SzCzRHR") (SzCN(i—-CzH>)=)1]

(R, R*=CHs, Ph; Ph,Ph; CFs,CHs and CFs,Ph) all exhibit
near—classical cyclic voltammetric criteria at ambient
temperatures, with no apparent sign of any monoanion
rearrangement. The systems [ M(SzCsCFzHCHz) (S=zCN{(CzHs)=)1
(M=Pd,Pt) exhibit slightly low io~/in¢f ratios of 0.90 at
ambient temperatures but once again show increased ipr/ipr
ratios at lower temperatures and faster scan-rates.

Although all the hybrid systems display one well-—
behaved reversible reduction, at modest E= wvalues, certain
bhybrid systems exhibit one additiomnal irreversible
electron—transfer in both the C.V. and a.c. modes, at more
negative potentials. These irreversible traces are all of
the same general appearance as that shown in Figure 4.6
for [Pt (S=CaCFzHCHz) (S=CN(C=zHs)>=>1.

The complexes [ Ni(SacSac) (SzCRR"=z)1 (R"=CH=z=, i-CzH>),
both show these irreversible signals close to —-2.0V,
relative to Ag/AgCl, with analgous irreversible traces
found in all three [M(SzCzCFzHCHz) (S=zCRR"=>] hybrids (Ni=-
1.78V, Pd=-1.36V, Pt=-1.73V) and alsoc in
[ Ni (S=CsPhHPh) (S=CN(i-CsH>)=>1 at —-1.63V.

The similarity in the E* values of the later
irreversible reductions for the nickel and platinum-
centred [M{(S=CzsCFzHCH=) (S=z=CNR"=>1" hybrid monoanions,
suggest that the reduction is once again ligand—based.
Therefore, at this early stage, the likely product of the
reduction appears to be [ M** (S=C=CFzHCH=) (S=CNR"=)>1=",

with the electron either completing the half-filled weakly
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anti—bonding orbital of the 1,3-dithio—B-diketonate or
entering the anti-bonding orbital of the
dialkyldithiccarbamate ligand (previously unaccessible in
the parent [ M(S=CNR"=)=] systems).

The assignment of predominant ligand-character to the
redox—active hybrid orbital involved in the first
reduction (which yields the radical moncaniocnic species
[ M(S=CsRHR' ) (S=CNR"=>1'") follows from two important

observations: —

1> Changing the central metal ion from Bi to Pd to Pt has
negligible effect on the position of E= red(l) in the
systems [ M(SzCzRHR'? (SzCNR"=z>1, with constant R,R' and
RY;

2) E° red(l) shows a linear dependence upon the inductive
influence of R and R', with very much the expected

sensitivity.

These two features have been previously witnessed in the
parent complexes [ M(SzCzRHR')>=], with dominant ligand-
character and little or no metal influence discovered in
the LUHMO.

These ordered behavioural patterns for the first-—
reduction processes [M(SzCsRHR')>=1°7'" and
[ M(S=CsRHR') (S=CNR"=>1=7'— (M=Ni,Pd,Pt) distinguish both
from the metal—-ion dependent reductioms,
[M(S=CHR"=-)>=1='—, which are rather scattered in

comparison and appear at quite negative potentials. This
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distinction is clearly reprsssented in the data sets (aX-
(c) and (d>—(£f> of Table 4.2, with the accentuated
potential differences between the platinum bis—
dialkyldithiocarbamate complexes and the analogous

[Pt (S=CsRHR') (S=CNR"=)] systems particularly indicative of
contrasting behaviour (i.e. a switch from metal—-based to
ligand—-mediated redox-activity in the'l"hybrid). The
proposal of ligand—-based hybrid reductions is strengthened
when the [M(S=CsCFzHCHz) (S=CRR"=)] systems, are
considered. These complexes not only exhibit potentials
which show little alteratiomn throughout the triad, as
previously discovered for [M(SzCzCFzHCH=)>=1=7'—, but
moreover, all E<red(l) values for these composite
compounds are well-removed from the more negative MTT/MT
steps of [H(S=CHER"=>=], maintaining a near cénstant 300mV
gap between [M(S=CsCFzHCH=)>=1°“'" and

[ H(S=CsCF=zHCHz) (S=CRR"=>1=“'—, regardless of the central
metal ion.

Further evidence regarding the nature of the first
hybrid reduction is gained from a systematic analysis of
the substituent (R,R')> influence on E<red(l), by means of
a Reduction potential (E=red(1))/Substituent effect
correlation. This correlation was tested using the hybrid
series [Ni(S=C=RHR') (S=CN{i—-CzH>>=>] (((g>—-(k), Table 4.2),
where R,R'=CHs,CH=; CHs, Ph; Ph, Ph; CFz,CHs and CFs, Ph.
An electrochemical inductive parameter scale, derived by
Heath and Leslie from similar correlation studies

involving [Pd(S=C=RHR')=] systems'®, was employed in the
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X R.R* Bis-1,3-Parent Hybrid Big-1,1-Parent RT
]!gSZEEEREEIZEIQIT— [ng ]_S 2 [Igs CER- 2 ]‘:,/1_

!] ;3_Szzlol'i—
(a) Fi CHs,CHs —0.94V -1.10V -1.32V CzHs
(b) Pd CHs,CHs —-0.96V -1.12V —1.48V C=Hs
(c) Pt CHs,CHs —-0.98V -1.18V -2.01V (1) C=Hs
(d) Fi CFa,CHs -0.43V -0.72V -1.50V i-CsH~>
(e) Pd CFs,CHs —-0.38V —-0.65V —1.48V C=Hs
(f) Pt CFs,CHs -0.41V —-0.74V -2.01V{t) CzHs
(g) Fi CHs,CHs —0.04V -1.16V -1.50V i-CsH>
(h) Hi CHsz,Ph -0.75V -0.68V -1.50V i-CzH~>
(i) Ni Ph,Ph -0.61V —-0. 85V -1.50V i-CsH»
(j> ¥i CFs,CH= -0.43V -0.72V -1.50V i-CsH>
(k) i CFs,Ph -0,25V -0.58V -1.50V i-CsH>
(1) i CHs,CHs> -0.94V -1.10V -1.33V CHa
(m) Pt CHsz,CH= -0.068V -1.19V -2, 05V (1) CaHs

(t) Electrochemical medium = 0.1N Bu.NBF./CHsCHN
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course of this study although the classical reported meta—
'HammettS or classical Taft inductive parameters'® would do
equally well. Improved correlation coefficients for all
[ M(S=C=RHR'>=z] systems (M=Ni,Pd,Pt), obtained by the
modified scale, lafgely arise from significant adjustment
of the Ph-substituent contribution in the chelates,
Therefore application of these same electrochemical
inductive parameters to the analogous hybrids
[ M(S=CsRHR"') (S=CRR"=>] should provide a comparable linear
correlation to that found in [ M{(S=CsRHR')>=]1, if a similar
redox—active orbital is involved. Normal Taft and
electrochemically modified parameters are both shown in

Table 4.3 below.

Table 4.3 - ; ¢ Substit & Tuducti

Parameters'©
R Taft (os™) Electrochemical (o)
Bu* -0.30 =0.25
CH= 0 0
Ph +0.60 +0.90
CFs +2.70 +2.80

Figure 4.7 reveals a linear dependénce of E<red(1) onmn
the sum of the substituent inductive parameters, Lor"+os“=,
for both the [Ni(S=CsRHR')>=1=7'" and [ Ni(SzCsRHR') (S=CN{i-
CsH>»)=)>1277— electron transfers. Least squares analysis

produce gradients of 183%5 mV and 153%7 mV per unit for
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Figure 4.7 - Substituent Sensitivity of

Delocalised 1,3 - Dithio - Ring

Nickel Complexes.
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the respective metal — bis—1,3-dithio—-B-diketonate and
1,1-dithio—-1,3-dithio—hybrid correlations.

The smaller gradient observed for the hybrid E=red (1)
versus Lor®tor® plot virtually establishes the true
susbstituent influence for a single 1,3-dithio—B8—
diketonate ligand as the adjacent ligand is fixed {(chosen
to be di—-isopropyldithicocarbamate in this data set>. In
other words, the series of ligands under consideration are
presented with a common binding site. Thus the noticeably
larger gradient obtained for the [M{(S=CsRHR')>=1=77— data
reflects the additional contribution of the identical
neighbouring ligand to the observed reduction potential.
This secondary neighbouring—ligand influence must also
grow linearly as the cumulative electron—withdrawing
strength of the substituents increases. Inspection of
Figure 4.7 shows that it adds approximately 20% (¢°/.1s3)
to the intrinsic R,R' influence of the 1,3-dithio
reduction.

Therefore the hybrid systems, [M(S=CRR"=) (S=C=RHR"')1,
reveal an E°red(1l) substituent dependence, which is fully
compatible with the degree to which the same substituent
groups influence the electrode potentials of both
[ M(S=CsRHR')>=] and [H{(S=CzR=)=1. This vindicates our
preparative search for molecules containing an isolated
SacSac-type ligand for electrochemical and spectroscopic
studies, and appears to suggest that successive charge-
trapped one—ligand reductions, coupled with secondary

a
inductive effects, provide/workable model for the
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reductive processes of the bis-1,3-dithio complexes,

[M(S=CzRHR')>=1.

(b> Anodic Investigations

Initial oxidative scans (0 to +2.0V versus Ag/AgCl) of
the hybrid systems reveal one strong irreversible wave,
with the subsequent reverse scan displaying a much weaker
wave, or two weaker waves near zero volts (as typified by
[ M(S=CsCFzHCH=) (S=CN(i—-CsH»)=)1, Figure 4.8). This
oxidative behaviour looks remarkably similar to that found
in the parent bis—1,3-dithio—-f-diketonate complexes and
suggests that the hybrid signals represent the oxidation
of the (SzCzRHR') ligand to the dithiolium ion, followed
by the reduction of this cation to the neutral radical
(weaker signal observed in the reverse scan). The anodic
electrochemical behaviour observed in the hybrids is
summarised in Table 4.4.

Repetition of the hybrid oxidative cycle however
results in the disappearance of both the signal assigned
to the irreversible 2e ligand/dithiolium-ion oxidation and
the subsequent dithioliumion reduction. This is a strong
indication of electrode tarnishing taking place. This may
explain the otherwise inconsistent features in the overall
anodic behaviour of the hybrid complexes. In particular
the observed voltammetric processes in the hybrid, whilst
qualitatively resembling the anodic cycles of the parent

[ H(S=CsRHR')=] systems, do not exhibit a similar ordered
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Figure 4.8 - Anodic Electrochemical Behaviour of

[wi (s,C,CF HCH,) (S,CN (1-C,H.) ;)] in

Dichloromethane.

+0.0 +0.4 V vs. Ag/AgCl +1.2 +1.6
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Subsequent
Complex Oxidation(V) Reduction (V>
). | U R R*
Ri C=zHs CH= CH= +1.23 +0.25
Pd CzHs CH= CH= +1.54 —-0.27
Pt CzHs CH=s CHsz +1.45 -0.17
Ni CH= CH=z CH= +1.14 +0.34
Pt CaHs CH= CH= +1.45 —0.16
Pd CzHs CFs CHs +1.80 @)
Pt C=z=Hs CF= CH= +1.64 —-0.23
Fi 1i-CsH» &rz CHa +1.38 +0.20,+0.25
Ni i—-CzH>» CHs CHs +1.25 +0. 16
Ni i—-CzH> CH= Ph +%1.28 -0.13
Ni i—-CzH> Ph Ph +1.24 —-0.08

(a) Very broad and extremely weak signal, making an

accurate assignment very difficult.
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progression in potential, dependent upon the inductive
influence of R and R' {irrespective of the metal centre),
akin to known [M{(S=CsRHR')=] oxidations and [S=CzsRHR'1™
reductions'® as shown in Table 4.5.

These gross discrepancies in E°® values cannot be
dismissed, and though we suspect they are artefacts of
irreversible electrode surface phenomena, the assignment
of the oxidative pathways adopted by the hybrid complexes

should be regarded as an open question at this stage.
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Table 4,.5'° Electrode Potentials for Electrochemically

— 1 1 H C&: 2

—de
R.R* [M(S=-C-RAR')=] =—> 2[S-C-RHR']1*++}¥2* [ S-C=RHR'1=/~
Bu*, Bu*® +1.12V —-0.46V
CHs, CHs +1.18V —-0.35V
Ph, CHs ' +1.23V —0.09V
Ph, Ph +1.37V 0. 00V
CFs, CHs +1.51V +0. 19V
CF=, Ph +1.69V +0.30V

a) Potentials calculated at 85% of the forward peak current
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(a) Electrochemical Methods

Cyclic voltammetric (C.V.) and a.c. voltammetric
techniques were employed in the electrochemical studies of

the hybrids [ M{(S=C=RHR') (S=CNR"=>1.

i> Cyclic Voltammetry

This method involves varying the potential of the
stationary electrode linearly with time. The rate at
which the potential is changed is recognigjgd as the scan—
rate, ¥ , and normally operates in the range 20-500mVs—'.
The scan—-rate effectively controls the time—scale of the
experiment.

Current responses in C.V. experiments are of peaked
form, though asymmetric, with the forward (Esf) and the
reverse (Ep«~) peak potentials well—-defined and easily
measured from the complete cyclic voltammetric trace
(Figure 4.9). On scanning the potential of the electrode
into the range where the reactant begins to be oxidised
(or reduced) at the electrode, a current increase occurs
and become more important as the potential gradually
increases, due to an increase in the rate of the reaction
occurring at the electrode surface. VWhen the reaction has
consumed most of the reactant near the electrode surface

(in the absence of any stirring actiomn), the current
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Figure 4.9 - Summary of Classical Cyclic

Voltammetric Parameters.
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becomes limited by the rate at which additional reactant
can diffuse to the electrode from the bulk of the
solution. The current maximum occurs when the tendency
towards increasing current is just matched by the trend
towards decreasing current, imposed by the depletion of
the reactant near the electrode surface. The latter of
these two effects predominates beyond the peak, where the
voltage scan direction is reversed in order to eventually
cause the reversal of the forward electrode reaction, with
a current maximum at Es¢y (Figure 4.9).

The complete current wave form which results from the
cyclic scan of a stable, reversible system is of a certain
symmetry such that i+ = is~, that is the forward peak
current is equivalent to the reverse peak current, with
the peaks symmetrically displaced from the E,,é value, such

that
E = (Bos + Eor)/2

The current is directly proportional to the bulk
concentration and the diffusion coefficients of the
electro—active species but the current maximum is also
dependent upon scan rate, such that is o J % The bulk
concentration undergoes negligible electrolysis in C.V.
experiments, as the very small electrode surface area

limits only pA currents to flow in the 10~ =M solutions

under study.
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ii> a.c. Voltammetry

Alternating current voltammetry (a.c.V.) essentially
involves superimposing a small alternating potential upon
the linear scanning {(d.c.) potential and recording only
the resultant alternating component of current as a
function of the d.c. potential. The wave form assumes a
peaked wave centred on the classiCal d.c. wave in the a.c.
mode. The superimposed voltage is sinusoidal in form,
with normally an amplitude of 10 mV, obtained in the
frequency {(w) range 10-1000 Hz. The time—scale of the
experiment is effectively controlled by the chosen
frequency. Peak current is linearly dependent on w and
directly proportional to the bulk concentration.

A.c. vmltammetfy is an extremely useful
electrochemical technique partly through its convenient
peak wave and its ability to differentiate signals that
are separated by as little as 40 mV {(d.c. polarogfaphy
requires a minimum separation of 200 mV to discriminate
between two adjacent waves). A.c. voltammetry also is
directly sensitive to the degree of reversibility, with

signals suppressed by sluggish charge transfer.

iii) Reversibility Criteria
In order to establish whether a particular electrode

process is both diffusion—limited and fully reversible

(i.e. rapid electron—-transfer in both forward and reverse
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scanning directions), the system should conform to the

classical electrochemical parameters listed in Table 4.6,

(b> Instrumentation

Voltammetric studies in 0.25 M BuaNBF./CH=Cl=z employed
a PAR 170 Electrochemical system (potentiostat and
programmer?, interfaced with a Metrohm ES505 cell stand and
three electrode cell configuration. A non—aqueous
Ag/AgCl/Cl—/CH=Cl= reference electrode {(against which
ferrocene was oxidised at +0.62V), separated by a further
fritted salt-bridge and a platinum counter—-electrode were
used in 2 5 ml or 10 ml jacketted glass cell. A.c. and
cyclic voltammograms were obtained by use of a platinum
yire or micro—disk working electrodes.

Cell solutions, normally =1.0 x 107= molar in complex,
were degassed with CHzClz—saturated argon and intermnal
cell temperatures in the range 230-295 K were monitored
using a Comark 5000 digital thermometer.

Routinely, all the electrochemistry was studied in
CH=Cl= due to the enhanced solubility of the parent
complexes [ M(SzCzRHR')>=] in this medium. Acetonitrile
however, was alsoc employed in the study of the systems
[Pt (S=CRR"=2)=]1 (R"=CzHs, CaHs>. This solvent involved the
same basic set up as described above but 0.1 M BuaNBF. was
found to be a sufficient electrolyte concentration.
Acetonitrile was used as it affords a larger cathodic

range than CH=Cl=, therefore enabling us to observe the
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Table 4.6

(ad

(b>

(c?

A.C. Voltammetry

Es = E*, independent of

concentration.
Vave highly symmetric with

a peak width 90 mV at half

peak height.

is ¥s. c.)!é plot is linear

through the origin.
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Reversibility Criteria at 298K

Cyclic Voltammetry

(@> %[Epr + Eorl=E,,

(b>

(c?

independent of
concentration and scan

rate.

ipf - ipr-, AEP=58 mV

for yaoy) plot is
linear through the

origin.



extreme negative metal-based irreversible reductions of

the two platinum bis-dialkyldithiccarbamates.

(c) HMaterials

All complexes described were prepared as detailed in
Chapter 2. Electrochemical grade CH=Cl= was stored over
KOH pellets, then distilled from P=0Os immediately prior to
use. Electrochemical grade acetonitrile was prepared by
an initial four-stage purification'® followed by
distilling three times over Pz0Os. The BuaNBF. supporting
electrolyte was prepared from BuaFNOH and HBF., in water,
recrystallised from a 1:1 ratio of anmalar methanol: water,

then rigourously dried at 363K in vacuo.
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5.1 Introduction

Comprehensive voltammetric investigations of the
delocalised systems [M(SzCzRHR')>=1 (M=Ni,Pd,Pt) by Heath and
Leslie' have uncovered the orderly electrochemical character
of the complexes [Pd(S=CsRHR')=], which enables the shift in
E°red (1) between [Pd(SacSac)=] and any other [Pd(S=CsRHR')=1]

complex to be represented by equation (1),

SEmV) = 100 Zo= = 200 {(or=rtor=r:) (& D]

where or®™ and or'= are electrochemically derived inductive
parameters. The corresponding nickel and platinum systems
exhibit near parallel relationships to those encountered in
the seles of [PAd(Sz=CsRHR')=] complexes.

Unfortunately this wealth of data cannot determine
whether the electron gained from the first reductiomn is
'trapped' on one ligand or delocalised over both chelate
rings. As only symmetrical bis—complexes are available for
examination (i.e. ligand a = ligand b), one obtains an
equivalent correlation for both localised and delocalised
models. In the localised approach; the electrom is
considered to be strongly influenced by the substituents on

just one ligand:

SE(mV) = 200 (r*rtor=x:)
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exactly comparable to a delocalised model where,
effectively, the electron spends half the time on each

ligand:

SE(mV) = 200 (¥o=rtlkor=r +hor"rtbor"r.)

2 200 (r=rtoros:)

However, the question of trapped or delocalised
electron—acceptance and E= substituent dependence in the
reductions of [M(S=CsRHR')=]1 complexes can be pursued by
investigating the electrochemical behaviour of metal — bis—
1,3-dithio—f—diketonates with disimilar ligands complexed to
the one metal centre (RiR=#Rs,Ra). Hendrickson, Hope, and
Martin have synthesised some complexes of this type (where
R:1,R>=0CzHs,CHs)Z but their studies were restricted to the
synthesis and routine characterisation of nickel (II)
systems, and no electrochemical properties have thus far
been reported for such asymmetric complexes.

In order to investigate further the charge distribution
of reduced [M(S=CsRHR')=] systems, we have synthesised new
asymmetric complexes [M(S=CsCFzHCHs) (S2CaCHsHCH=) 1]

(M=Hi,Pd, Pt). In this way we discovered, in conjunction
with our electrochemical data for the hybrid reductiomns

[ M(S=CsRHR') (S=CHER"=>1=-7'—, that the two one—electron
ligand—-mediated reductions of [ M(S=CsCFx2HCHs) (S2CasCHxHCH=)]
are, at least, consistent with localised electrochemical
behavionr, Hesentiatly e Have minsged t6. Gliow that Ehe Tet

E= value is precisely characteristic of a localised
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reduction of the more electron—-withdrawing ligand
(SzCsCF=HCH=), and equally that the second reduction is

precisely characteristic of a localised reduction of the

less electron withdrawing ligand (Sz=CzCHzHCHz=).
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5.2 Synthesis of [M(S=CsCF=HCH=) (S-C=CH=HCH=)] Systems

Scheme 5.1 below shows the preparative route to these

complexes:

[ M(S=CsCFzHCHxz) =1 [ M(S=CsCH=zHCH=) =1
Toluene (Room temperature
110°C, R= inert)>
=3 \.. L
CFx=

\_——..—
174
2 H-
N
e o s
CHs

s -

[ M(S=CsCFsHCH=? (S=C=sCH=HCH=)1

The Tep solution is a statistical 1:2:1 mixture for the
Pd and Pt systems (although approximately 1:4:1 for Ni),
rather than exhaustive conversion to the mixed species.
Thus chromatographic separation is essential for the
isolation of the asymmetric mixed product. The success of

this separation of the scrambled product from the reactants
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is dependent upon the reaction being irreversible at room
temperature, i.e. the synthesised mixed product is stable
towards disproportionation.

Preparation of the reactants was carried ocut as
described in Section 2.2. The mixed complexes were then
obtained by boiling equimolar amounts of the appropriate
starting materials in toluene (e.g. 0.1 mmole of each
complex in 45 ml) under a nitrogen atmosphere. The progress
of the reaction was monitored by in-situ visible
spectroscopy, which displays small but distinct changes in
the spectrum of the reaction mixture, as the concentration
of the asymmetric product increases with time.

Proton nmr comparisons were employed to confirm that the
reaction was really complete. On approaching equilibrium
gccording to visible spectroscopic observations, the mixture
was evaporated to dryness and the 'H spectrum in CD=Cl=
obtained. The mixture was then redissolved in toluemne and
heated for a further six hours, before obtaining a further
'H nmr spectrum. The observation of identical spectra
demonstrated that equilibrium had been attained.

In utilizing this dual spectroscopic approach, the
reaction rate to attain equilibrium was found to be similar
for all three hybrids (12 hours at 0.1 mmolar for Ni, Pd; 20
hours at 0.05 mmolar for Pt)>. Attempts to monitor the
progress of the reactions by in—situ 'H nmr studies in d4%-
toluene were not pursued, as the strong residual solvent
resonances in the methyl region of the spectrum (2-1.5 ppm)

obscurred the methyl signals of all three dithio—systems.
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Other nmr solvents were found to be unsuitable on the
grounds of reactant insolubility, or low boiling point (too
low to support the scrambling reaction).

Proton nmr investigations have shown that the final
equilibrium mixture consists of a 1:2:1 statistical
distribution of [M{(Sz=CsCFzHCHz)=1
[ M(S=CsCF=HCHs) (S2CsCHsHCH=Y1 : [ M{(S=CsCHzHCH=>=1 for the Pd
and Pt systems, with 1:4:1 more favourable for the Ni
reaction. These product distributions from the reactions
involving two T—acceptor ligands are notably different to
the exhaustive scrambling previously found in the hybrids
[ M(S=CHNR" =) (S=CsRHR'>]1. This observation emphasises the
mutually beneficial effect of combining T—donor and TI—
acceptor ligands, which we suggest is responsible for the
exclusive or very high yields of the 1,1-dithio—1,3—dithio
hybrid product.

The separation of each mixed complex from the reactants
was carried out by initially testing the suitability of
single and mixed solvent eluents (in varying proportions) on
small-scale silica—coated thin-layer chromatographic plates.
Having established the best eluent for each of the three
reaction mixtures, based on many trials, isolation of the
mixed product [M(SzCsCFzHCHz) (S=CsCH=HCH=>1 was perfectly
feasible at room temperature without reversion to the
reactants. This involved the use of a silica—packed
chromatographic column (M=Pd) or commercial high performance
silica—coated preparative—scale thin-layer chromatographic

plates (M=Ni,Pt). Characterisation of the purified product
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was established by mass spectroscopy, 'H nmr and electromnic
spectroscopy, prior to electrochemical investigations. As
only small amounts of each isolated composite complex were
obtained (5 - 20 mg), no re—-crystallisations were attempted.

Infra-red spectroscopy (4000-250 cm™ '), using KBr disks,
shows the spectra of the mixed products to consist of almost
exact superpositions of the parent spectra, with no new
vibrational bands. Likewise, the absorption bands found in
the electronic spectra of the mixed products closely suggest
a superposition of the bands observed in the two parent bis—
complexes, [M{(SzCsCFzHCHs)=] and [ M{(S=CsCH=HCH=)=1. Proton
nmr studies are likewise essentially additive but once again
confirm the small but important mutual influence of the
neighbouring ligands. Mass spectroscopic investigations
reveal three major m/e signals in every case, corresponding
£o the éarent ion and the two dithiolium ioms,
(S;CSCFQHCH3>+ and (S=CsCH=sHCH=>*, derived from the two 1,3-
dithio—B-diketonate ligénds.

The particular experimental procedures employed to

obtain each specific complex are reported below.

[ Ni (S=CsCFsHCH=Y=1 (0.043g, 0.lmmole) and
[ Ni (S=CsCHsHCH=)=1 (0.033g, 0.lmmole) were dissolved in

nitrogen—flushed toluene (45ml>. The resulting solution was
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slowly stirred and the passage of Nz maintained whilst the
system was heated to 110°C for a period of eighteen hours
(*H nmr studies showed that the reaction was complete after
twelve hours had elapsed). After removing, by filtrationm,
some insoluble solid produced by decompositions, the solvent
was evaporated to yield 0.054g of a wine—coloured solid.

The hybrid product was subsequently isolated from the two
precursors using silica—coated preparative thin—-layer
chromatographic plates and a mixed eluent of CCla:CH=Cl=
(3:1>. An oily product was converted to a wine—coloured

solid by the addition of ether,.

Yield = 0.009g (12%, or 18% of maximum based on 1:4:1

equilibrium ratio’

Hass Spectrum: m/e 3740 S%N1i (SzCzCFzHCH=) (S=C=CH=HCH=)>1™
m/e 185[ (S=zC=CF=sHCH=)1™

m/e 131[ (S=zCsCH=HCH=>1™

[ PA (S=C=CFzHCH=)=1 (0.05g, O.lmmole) and
[ PAS=C=CH=zHCH=Y>=1 (0.039g, 0.lmmole) were dissolved in
nitrogen—flushed toluene (45ml). The resulting solution was
slowly stirred and the passage of Nz maintained whilst the

system was heated to 110°C for a period of fifteen hours ('H
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nmr showed reaction to be complete after twelve hours had
elapsed). No decomposition was observed. The solvent was
removed to yield 0.085g of a violet solid.

Separation of the various components was then carried
out using a silica packed chromatographic columm. 60/80
petroleum ether was initially employed to isolate
[ PAd (S=zCsCF=zHCH=)=]1 from its rather more insocluble
counterparts. A final mixed eluent of 60/80 petroleum
ether: chloroform (4:1) was then used to separate the hybrid
product from [Pd(S=CzCH=HCHz)=]. The hybrid was originally
obtained as an o0il, but yielded a purple solid in contact

with ether.

Yield = 0.018g (20% or 40% of maximum based on 1:2:1

equilibrium ratioJ.

Mass Spectrum: m/e 422["'°%Pd(SzCsCFzHCH=) (S=CaCH=HCH=>1™"
m/e 185[ (SzCzCF=zHCH=>1™"

m/e 131[ (SzCzCH=HCH=>1™

[ Pt (S=C=CFzHCHs)Y=1 (0.028g, O0.05mmole) and
[ Pt (S=CsCHsHCHs)=1 (0.023g, 0.05mmole) were dissolved in
nitrogen—flushed toluene (40ml). The resulting solution was

slowly stirred and the passage of N= maintained whilst the
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system was heated to 110°C, 'H nmr spectroscopy revealed
that the reaction was complete after a period of twenty
hours,

The system was then immediately filtered and the solvent
removed to produce 0.036g of solid. Separation of the thrée
components was then completed using silica—coated
preparative thin—layer chromatographic plates and a mixed
eluent of CCla:CH=Cl= (3:1>. Amn oily product was converted

to a blue/purple solid on contact with ether.

Yield = 0.006g (12% or 24% of maximum based on 1:2:1

equilibrium ratiao).
Mass Spectrum: m/e 511[Pt(SzCsCFzHCH=) (S=C=CH=HCH=>1"
The dithiolium ion traces are present in the spectrum but
are of weaker intemnsity (particularly the m/e signal for

(S=CsCFsHCH=>"*> than those signals found in the Ri and Pd

centred mixed systems.
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5.3 Spectroscopic Characterisation

a) Electronic Spectroscopy

Similar band sequences emerge from the spectra of all
three hybrids [ M(SzCzCFzHCH=) (S=C=CH=HCH=>1 (M=Ni,Pd,Pt), as
the absorption bands discovered in these mixed compounds can
in almost every case be directly associated with the bands
found in the two parent complexes [ M(SzCsCFzHCHs)=1 and
[ M{(S=CsCHsHCHs>=1. Figure 5.1 clearly demonstrates this
simple additive effect. Moreover, these approximate
superpositions (i.e. hybrid spectrum = parent spectrum{(l) +
parent spectrum(2)) suggest that the two ligand chromophores
are largely independent and non—interacting. A bomparison

of hybrid and parent spectra is presented in Table 5.1.
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Figure 5.1 - Schematic Comparison of

[M(s ,C3RHCH,), ] (R=CF;,CH,) and

———-—-—_....._..—

[M(sz_3g§3HCH ) (S,C,CH HCH )J Electronic Spectra.
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— —_ — — o)

[N (C2CaCFaHCH= =] LN (S=2CaCF=HCH=) [ Ni (S2CaCH=HCH=) =1

Y i il

1) 594 nm 740 nm 1> 556 nm
2) 420 <(sh 1> 559 2) 420 (sh
3> 337 2> 450 (sh 3> 336
4) 272 2) 400 (sh> 4> 268
5) 242 3> 335 5) 242

4> 270

5) 242

[PA(S=CaClFalHCHa22]  [PAd(S=CaCF=HCH=> [Pd(S=CaCH=HCH=Y=]

£S2CaCHaHCH=2]
1> 570 nmd{sh) 1> 592 nm 2> 509 nm
2> 543 2) 515 3> 460 (sh>
3> 472 (sh> 3) 468 (sh) 4> 352
4> 368 4> 370 (sh> 5) 301
5> 304 5) 302 6> 257
6) 255 6) 256

[Pt (S>CaCF=HCHa)=]1  [PE(S=2CaCF=HCH=)  [PE(S=CaCH=HCHad=]

£S2CaCH=HCH=21
1> 635 nm 1> 636 nm 2) 574 nm
370 (sh> 2) 545 3> 336
3) 344 3> 342 4) 286
4) 268 4> 272 4) 263 (sh>
5) 240 5) 237 5> 242
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(a) Accurate extinction coefficients were not obtained for
the hybrid complexes, due to the limitation of no

recrystallised material.

(b> Rumerical identification of the bands refers to

relationships depicted in Figure 5.1.
(c> (sh) refers to a shoulder.

(d> Spectra were obtained om a Pye—Unicam SP4-800

Spectrometer, in the range 200-800 nm, wn Cn, Q\, .
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(b) 'H Rmr Spectroscopy

The *H nmr spectra of the diamagnetic asymmetric
complexes [ M(S=CsCFsHCH=) (S=CsCH-HCH=>1, M=Ni, P4, Pt,
(typified by [Ni(SzCasCFzHCHs) (S=CzCHzHCH=)1, displayed in
Figure 5.2) reveal chemical shift values which slightly
differ from those found in the parent complexes
[ M{(S=zCsCFzHCH=)=]1 and [M{(SzCzCHsHCH=)>=1] (Table 5.2 and
Figure 5.3). This observation once again demonstrates the
small shift contributions made by the neighbouring ligand.
In considering the methine protomn chemical shifts, the
magnitude of the remote substituent influence is
approximately +0.06 (£0.02) ppm for CFz in (S=Cz=CFzHCH=a),
identical to that deduced in Section 2.6(b). In fact, the
neighbouring ligand in luence on the methine proton
increases in the order Pd<{WNi=Pt, as displayed in Figure 5.3.

Further inspection of Figure 5.3 shows that the methyl
resonances for the Pt complexes shift to substantially lower
frequencies relative to the Pd and Ni analogues, and that
the intermal shifts between the parent and the mixed system
are also amplified in the order Pd<{Ni<{<Pt.

This sequence parallels the similar trends previously
noted in [M(SacSac)n1=3:2 (M=Ni*T*, Pd**, Pt**; Co***, Rh**%T,
Irtxx), [M(SOCs(0OCzHs)>HCHs>] (M=RNi**, P4**, Pt**; Co***,
Rhxxx JrIxIr) S.S and [M(S=CsRHR') (S=CNR"=>1, in Chapter 2.
Table 5.3 summarises the chemical shift displacements

observed in the parent/mixed complex transition.
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Flgare 5.2 = lH Nmr Spectrum of

[ vi (5,C,CF,HCH,) (S,C,CH,HCH, )]

CH3(2)
CDCl3
CH, (1)
CH (1) lCH(z)
8 £ 6 ppm 5 4 3 2
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Nized Complex

Parent Complexes
K Solvent  (SzCaCFaHCHa) (SoCaCHoHCHR) (S2CaCFaHCHA) (SoCaCHRHCHA)

(ppm) (ppmw (ppw> (ppm)

Pd CDzCl= 7.55( 7.25 7.60 (H) 7.20(H)

2.60(CH=) 2.57(CH=) 2.67 (CHs) 2.51(CH=)
¥i CD=2Cl= 7.47 (H) 7.22(H 7.56 (H) 7.15(H

2,37 (CHa) 2.42(CH=) 2.47 (CH2) 2.35(CH=)
Pt CD=Cl= 7.42(H)<=> 7.17<(H 7.50(H 7.10(H)

2.06(CHa) <®> 2,25(CHs> 2.22(CH=2) 2.13(CH=)
P4 CDCls 7.49 () 7.18(H 7.53(H 7.14

2.57(CH=) 2.54 (CH=) 2.63 (CH=) 2.49(CH=)
¥i CDCla 7.43(H) 7.16 (B 7.50(H) 7.10C(H)

2.36 (CHs) 2.40(CH>) 2.45(CHs) 2.34 (CH>)
Hotes

(a) The spectra were obtained on a Briicker WP80

spectrometer, operating at a field strength of 80.13 MH=z.

The methine: methyl ratios were as expected in the mixed
asymmetric complexes, that is 1:3 for (S=CsCF>sHCH=) and 1:6

for (S=C=CH=HCH=).

(b> The methyl signals in the platinum complex exist as

1:4:1 triplets, with the platinum satellites found at the

positions shown below:
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Complex ' Satellites = ~ )

{ppm) (Hz>
[ Pt (S=CsCF=zHCH=? 2.11, 2.02 7.1
(S=CsCH=HCH=) ] 2.30, 2.19 8.8
[Pt (S=CsCFzHCH=) =1 208%y 2: ET 7.7
[ Pt (S=CsCHzHCH=) =1 2.:18, 2.08 8.4

(c) Satellites from the “4Jee—n couplings were undetected.
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Figure 5.3 - Schematic Representation of
[M(s,CCF HCH,) (5,CoCH,HCH,) | and
[M(s,c ruCH.), ] (R=CF,,CH,) Chemical
Shifts.
* e — . — — — =
[M(52c3CF3HCH3)2], [M(SZCBCH3HCH3)2]
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* |
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* o
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| I I 1 i CD2C]‘2 L LL 3
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I
il
1
* ! |
! 8.
1 | I 11 CD2C12 L |
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* 1 I
! ' gL
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*
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l !
* | l
| S l |l [\ CDCl3 L i l 2
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Methine Proton Methyl Protons
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Identical electrochemical pathways are pursued by all
three [M(Sz=CsCF=HCHz) (S2CsCHsHCH=)] systems in both the
reductive and oxidative scans, with a possible dimerisation
of the first reduced species evident in all three mixed
complexes. Cyclic and a.c. voltammetric investigations of
all three systems in a 0.5M BuaNBFa/CH=Clz medium {(using
identical instrumentation to that outlined in Section
4.3(b)) readily identify the existence of similar reductive
pathways in each hybrid complex, typified by the
vjn-ltammng'ra.ns of [Pd(S=CsCFzHCH=) (S=CsCH=HCH=>1 in Figure
5.4. Scheme_5.2 summaries the electrode processes that are

observed.

e~ (al
[ M(Sz=CsCF3HCHa) (82CaCHzHCH2)1° '——— [ M{(SzCsCFsHCH=) (S2CsCH-HCH=) ] =

*Rearrangement’
o
(c)

[ {M(S=CsCFzHCHs) (52CsCHsHCHS) } =12~ [ M(Sz=C=CFsHCHs) (S=CaCH=HCH=) 1=~

ne- \L(b)

[ {M(S=CsCFsHCHs) (SzCsCH3HCH=) } 2] <=+~
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Step (b> proceeds at lower potentials than step (c) in all
three hybrid complexes.

Although steps (a) and (c) both represent two one-—
electron reductions (i.e. Red(1) and Red(2) of the intact
complex), step (a) (Red(1)) displays a faster rate of
electron transfer than step (c? (Red(22). (Thus, &Epﬁ60mv
for Red{(1> in all 3 hybrids, whereas AEp for Red(2) varies
between 110 and 160 mV). Experiments completed at 223K for
all 3 hybrids result in a more distinct return wave for the
second simple reduction [M{(S=CsCFzHCHz) (S=CsCHsHCH=)>1'—/=—
(wave (c)), with smaller forward to reverse peak
separations than those found for the same reduction at room
temperature.

A.c. voltammetry reveals waves of comparable intensity
for the processes located at Red{(l) and Red{(2) in the Pd
and Pt systems, although the classical reversibility
criterion of peak width at half height (80 mV for
completely reversible e~ transfer) increases on moving from
[ M(S=CsCFsHCHs) (S=2CsCH=HCH=)>1=7"7— (795 mV) to
[ M(S=CsCFzHCHz) (8S=zCsCHsHCH=)1'~7=~ (7120 mV). Therefore
steps (a) and (c) are consistent with stepwise one—electron
reductions of the two adjacent chelate rings. Step (&>
exhibits near classical electrochemical reversibility
criteria, whereas step (c) is only quasi-reversible.

Although the species represented by wave (b) cannot be
established at this stage, a dimer of the first reduced
species may be a plausible assignment, analogous to that

found through kinetic studies in the parent systems’.
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Ken
[M(SacSac)=]1"- ——> [ {M(SacSac)=}=12"; ketdkeaddkn:

Dimers of metal-bis—1,2-dithiolate complexes have also
been widely reported”—=, with X-ray crystallographic
studies determining that dimeric systems, involving 1,2-
dithiolate ligands, are also found in nickel group
chemistry e.g. the mixed system
[Ni (8=C=(CFz)=) (S=zCN(CzHs)>=)1= '° and the palladium and
platinum centred complexes, [M(SzCaHal)z=lz= '’. Moreover,
weak interactions have also been previously detected
between monomeric dithiolene anions'="1'=<,

Cyclic voltammetric investigations of all 3 hybrids at
low temperatures and fast scan rates once again reveal that
this rearrangement occurs quickest for the platinum
complex, as in the parent complexes [ M(SacSac)=], with wave
(b) least prominent in the Ni hybrid. The effective rate
of rearrangement (Pt>Pd>Ni) is best demonstrated by noting
that wave (b)>, which represents the rearranged species is
still evident on scanning at 500 mVs™' at 223K in the Pt-
centred complex, whereas scan rates of 10 Vs=' at 290K (or
100 mVs—' at 223K> for the Pd hybrid and 500 mVs—' at 290K
for the nickel hybrid, both result in the virtual
disappearance of step (b). Figure 5.5 contrasts the effect
of varying temperature and scan-rate on the cyclic
voltammograms of the Pd and Pt systems.

Almost identical current responses in stirred cyclic
voltammograms suggest that processes (a)> and <{(c¢?> both

involve one electron. There is a notable similarity in the
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reduction potentials for step (b)> in all three hybrids

[ M(S=CsCFsHCH=) (S=2CsCH=HCH=>1; —1.30V(Ni>, -1.21V<(Pd) and
—1.28V(Pt). These parallel reduction potentials of the
reputed dimer suggest a ligand-mediated process is
responsible for the emergence of wave (b).

Therefore initial voltammetric evidence implies that
the first reduced species of the hybrids,

[ M(S=CsCF=HCH=) (S=C=zCH=HCHs>1'~, participate in
dimerisation processes which are less effective than those
observed in the parent systems [ M(SacSac)=l1. The
dimerisation of the mixed product is probably not as
prominent due to the steric bulk of the CFs substituents
which suppress the possible dimerisation of
[M(S=zCsCFsHCH=>=1"". A summary of the two ligand
reductions and the rearrangement step of all three hybrid
complexes are presented in Table 5.4, in association with
the E<red(1l) and E<red(2) values of the parent compounds
[M(SacSac)=] and [M(S=CsCFzHCHs)>=1.

Two irréversible oxidations might be expected in the
oxidative scans of the composite complexes, corresponding
to the respective 2e oxidations of the (Sz=CsCH=HCH=)> and
(S=2CsCFsHCH=) ligands. However, on examining the anodic
electrochemistry of the hybrids, only one dithiolium ion
trace was observed, although the expected return wave
indicative of the dithiolium ion reduction to the neutral
radical was absent.

The oxidative signals are approximately half as intense

as those discovered in the parent systems [ M(Sz=CzRHR')>=1,
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suggesting that conly cone ligand participates in a 2e
oxidation. The incomplete voltammetric evidence makes it
difficult to determine which 1,3-dithio—f-diketonate ligand
participates in the oxidation, but the oxidation potential
of the nickel-centred asymmetric complex, +1.35V, favours
the involvement of the (S=CzCH=HCH=) chelate as expected.
The oxidations of the Pd (+1.68V) and Pt(+1.61V) centred
mixed complexes are unexpectedly difficult but these highly
irreversible processes may be associated with a large
overpotential, and there is also some evidence of
electrode—tarnishing, so that it is not appropriate to
consider the significance of these discrepancies at this

stage.
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Attempts to ascertain localised or delocalised electromn
acceptance in the [ M(S=CsCFxsHCHs) (S2CsCHoHCHx)1=-1—
reduction by direct interpolation of the first reductiomn
potentials of the mixed complexes (Table 5.4), on the plot
we constructed of Reduction potential of [M(S=CzRHR')=]
versus Summed Electrochemically Derived Taft Inductive
Parameter, provide a summed parameter of approximately 2.1
for all three mixed systems (Figure 5.6 displays this
feature for the [ Wi (S=CsCF>HCHs) (S=2CaCH=HCH=)>1="'—
reduction). The inferred Taft value for these mixed
complexes lies midway between the summed parameters for omne
ligand i.e. localised bebaviour (Z(or®cr, + 0%chy) = 2.8+0

= 2.8) and the summed parameter for two ligands i.e.

delocalised behaviour (I (¥o=cr, + ®/20%chy, = 1.4).

The major problem that arises in using this simplistic
numerical approach is the assumption that the
experimentally observed [M(Sz=CsCFsHCH=)=21<“'" reduction,
even if localised, is insulated from the effects of remnte
substituents. On the localised model, the problem with the
data for all the symmetrical bis—complexes is that each
individual redox—active ligand is found on a different
binding site, as the partnering ligand also changes.
Therefore the characteristic ligand reduction potentials

mist be corrected for this neighbouring substituent effect,
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Figure 5.6 - Measurement of Summed Taft
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in order to properly merge our data for symmetric and
asymmetric bis—1,3-dithio systems.

Fortunately, our voltammetric examinations of the
asymmetric hybrids [ M(S=CsRHR') (S=z=CNR"=>] have determined
the Red(1l) potentials for a series of 1,3-dithio—B-
diketonate ligands. The Red(1) potential for the localised
reduction of any 1,3-dithio—B-diketonate ligand oppesite to
the parent (SzCzCHzHCH=) can then be readily predicted.
This prediction should hold good only if the model is good,
i.e. there is negligible covalent interaction between the
adjoining ligands and negligible inductive influence
arising from the 'spectator' M(SzCsCHsHCH=) binding site.

Thus comparison of the reduction potentials of
[ i (S=CsCH=sHCH=s)=1=7'~ (-0.94V) and [Ni(S=CN{i-

CzH7)=2) (S2CsCH=HCH=)>=1= '~ (-1.16V) shows that the
eiectron—donation from the 1,1—-dithiochelate results in a
more difficult 1,3-dithio—f-diketonate reduction by 220 mV.
Similarly the diethyl—-dithiocarbamate ligands in the

[ M(S=CsCH=sHCH=) (S=CN(C=zHs)=1=“'— (M=Pd,Pt) transitions
cause more difficult 1,3-dithio—8—-diketonate reductions by
160 and 200 mV for the respective palladium and platinum—
centred hybrids. The effective localised Red(1l) values of
the (S=C=RHR') ligands, obtained by removing the potential
shift due to the 1,1-dithiochelate are summarised in Table
5.9,

Therefore voltammetric investigations of the mixed
complexes [ M(Sz=CsCFsHCH=) (S=CsCH=HCH=>] (M=Ni,Pd,Pt)> with

the first reduction conforming to the 'trapping' of the
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M __R.,R*  Effective Red(1) [M(S-CeRHR ')=]77—

Ni #CHs,CHs -0.94V | -0.94V
Ni  Ph,CHs —-0.76V -0. 75V
Ni  Ph,Ph -0.63V -0.61V
Ni *#CFs,CHs -0.50V -0.43V
Ni  CFs,Ph -0.36V -0.25V
Pd #*CHs,CHs -0.96V -0.96V
Pd 2*CFs,CH= -0.49V -0.38V
Pt #CHs,CHs -0.98V -0.98YV
Pt *CFs,CHs -0.54V ~0.41V
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slsctron on the chelate with greater electron—withdrawing
capacity, (SzCsCFzHCH=), would theoretically lead to Red(1)
values of —0.50V(Ni)>; —0,49V(Pd) and -0.54V(Pt). Imn
contrast completely delocalised behaviour would result in
Red (1) values of —-0.69V(Ni)>; -0.67V(Pd> and —0.70V(Pt).
Direct comparisons of the experimentally cbserved
potentials for the [M(SzCsCFsHCHz) (SzCsCHzHCHz>1=7"—
reduction with those predicted localised and delocalised
Red (1) values (Table 5.6 below) reveal good agreement
between the localised Red(1l) prediction and the observed

experimental reductions.

oSN —

Observed Red(l> | @ Predicted Red (1)
M Localised Delocalised |
Ni -0.56V -0,50V —-0.69V
P4 —0.,' 93V —-0.49V ~. 67T
Pt -0.56V —-0.54V —-0.70V

If we assume the second reduction of the bis—1,3—-dithio
complexes, [M(SzCsRHR')>=]1'"72", to be localised on the
ligand opposite the one involved in the first reduction, we
can contrast localised Red(2) values for the

[ M(S=CsCFzHCH=) (S=CsCHaHCH=)1'~“=~ reduction (i.e.
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[H{SacSac?=]1'"“=") with predicticns for reductions
involving both ligands, i.e. delocalised. The theoretical
and experimentally observed potentials are compared in

Table 5.7 belaw.

Table 5.7 c ; & Prodichad i 01 1 Red (2
Values for the [M(S=C=CF=HCH=)
LS=C=CH=HCH=>1'—“2—~ Reduction

_ | Observed Red(2) Localised Red(2)  I[Delocalised Red(2)
. | (CMCS-CoCH=HCH=Y=1'"72-) = (Predicted) |
Ni —-1.38V —-1.42V —L: BV
Pd —1..39Y —-1.44V =], LTV
Pt -1.44Y ~=%...48Y —1 .20

The similarities in the Red(2) values of
{H(SQCSCHEHCHa)z]‘_’Z_ and the mixed complexes support the
proposal that the second electron is 'trapped' on the
(S=CsCH=zHCH=> ligand.

Moreover, our recognition that the two ligand-mediated
reductions of [ M(Sz=CsCFzHCH=) (S=C<CH=HCH=)>] involve
orbitals which are successively high in (Sz=CsCFzHCHz)
(Red(1)) and (S=CsCHsHCHs) character (Red(2)), despite an
approximate difference of 840 mV)>, suggests that the two
ligand-based reductions of the [M(SzCsRHR')>=z=] systems
(Red (2) — Red(1)=500 mV) are also similarly localised. A

posslb\e, schematic MO summary of the
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[Ni (S=2CsCFsHCHs=) (S=CsCH=HCH=)1=—, [NFNi(SzCsCFzHCH=)>=12" and
[Ni (S=zCsCH=HCH=)=1=~ radical dianions is presented in
Figure 5.7.

Thus our preliminary voltammetric studies, limited to
the [M(S=CsCFzHCHs) (S=CsCH=HCH=s>]1 asymmetric complexes
(M=Ni,Pd,Pt), indicate that the successive ligand—-based
reductions of the mixed complex (and both [ M(S=CzCFzHCHz)=]
and [M(SzCsCHzHCH=)>=1) involve localised electron—
acceptance. The first electron enters the CFs—stabilised
LUMO, with the second electron entering a different orbital
(high in (SzCsCHsHCH=) character) rather than being the
second electron in the lower energy CFz—stabilised LUMO.

Although our electrochemical investigations of the
asymmetric [ M(S=CsCF=zHCHs) (S=CsCH=HCH=)1 systems strongly
suggest localised electron—acceptance occurring in the two
ligandﬁbased reductions of the bis—1,3—-dithio—B-—
diketonates, further analogous studies are required to
strengthen our proposal for predominant localised
behaviour. Voltammetric examinations of the asymmetric
complexes [ M(SzCzCFzHCFz) (S=zCsCH=HCH=)>1 (M=Ni,Pd,Pt) would
be most beneficial, due to the large difference that would
exist between the predicted localised and delocalised
Red (1) or Red(2) poéentials (approximately 500 mV).

However [Pt (S=CsCFzHCHs)=] has not yet been synthesised,
and the corresponding Ni'S and Pd' complexes have only been
obtained in very small yields by the Martin—Stewart
template procedure. Thus, the preparations of the mixed

systems [ M(S=C=CF=HPh) (S=CsCH=HCH=>1 (M=Ni,Pd,Pt) appear to
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Figure 5.7 - Proposed” M.0. Schemes for
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be more plausible as a further electrochemical model, due
to the parent complexes [ M(SzCzCFzHPh)=] being readily

accessible for Ni, Pd and Pt.
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REDOX-ACTIVE DELOCALIZED ORGAND-SULPHUR CHELATES
OF NICKEL, PALLADIUM AND PLATINUM;
ODD AND EVEN LIGANDS, AND HYBRID SYSTEMS

By lan H. Anderson, G.A. Heath, and J.H. Leslie
Dept of Chemistry, University of Edinburgh, UK.

Voltammetric investigations in CHCl of many variously-substituted
planar bis(dithio-1,3-diketonate) complexes [M(S2C3RHR)2 (I; M =
Ni,Pd, or Pt and R,R' = Bu, CF3, Me, or Ph), including many new
palladium and platinum complexes, confirm two reversible reductions
in each case.l The successive one-electron transfers are found to be
ligand-centred in [M(SzC;RHR)z] as in the '1,2-dithienes'
[M?SZCZRZ)Z](II), despite their difference in topology. An orderly

dependence of reduction potentials on substituent influence (o f) is
displayed by all such systems. In contrast, 1,1-dithiochelates such

as [M(S2CNR2)2] accept an electron only at more negative potentials,
with reduction of the metal centre.

an

We have now prepared a range of hybrid (1,3-dithio)(1,1-dithio)
complexes, typified by [H(SacSachdedtc)] (II1;M=Ni,Pd,Pt), which
make an interesting contrast with the 'isomeric' bis(1,2-dithio)systems.

The hybrid complexes gain additional stability from juxtaposition of
mutually complementary X -acceptor and A-donor ligands. X-ray

structural data define the strongly asymmetric nature of the planar

MS4 core (Figure).2 The electrochemical behaviour corresponds to
isolated one-electron reduction of the SacSac ligand, and electronic
spectra show recognizable separate M(SacSac) and M(dedtc) chromophores.

(111, M = i)

A. Heath and J.H. Leslie, J.C.S. Dalton 1983, 1587.
.H. Anderson, G.A. Heath and M. Walkinshaw, in press.



